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Abstract. A mathematical model is presented that
describes the ionic transport across the cortical thick
ascending limb (cTAL) of the Henle�s loop, taking into
account its tubular geometry. A comprehensive
description of the cTAL is given for the first time in
terms of potential, ion concentrations and ion fluxes
along the tubule. For given ion concentrations at the
entrance of the tubule, the model simulates steady-
state profiles and allows the fitting of existing experi-
mentally measured values at its exit. Moreover, the
model expands the potentialities of experiments in situ
and enables testing the effect of different perturbations
induced by drugs or mutation-altering transport
activity. One of themain insights given by this model is
the increase of the lumenal electrical potential from the
entrance to the exit of the tubule with a profile deter-
mined by the transepithelial electrical potential differ-
ence and by the chemical gradients along the lumen,
both reflecting transepithelial salt transport. Further-
more, model and experimental results are consistent,
showing that when the TAL is perfused at high rates
with a dilutedNaCl solution in relation to the bath, the
transepithelial electrical potential difference increases
from 6.7 to 23.0 mV and the potential difference across
the basolateral barrier changes very little. The model
predicts that the same static head is obtained inde-
pendently of theNaCl concentration at the entrance of
the tubule. A final important insight concerns the
lowest reported NaCl concentrations (20�30 mM) at
the exit of the tubule, which is controlled by a very tight
epithelium,where the back-leak is substantially reduced.
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Introduction

The production of concentrated urine in the mam-
malian kidney results from the combination of the
transport activity of the nephrons with their three-
dimensional arrangement (Wirz, Hargitay & Kuhn,
1951). Therefore, the study of kidney function has
been focused on the characterization of its ana-
tomofunctional components (transport systems, cells,
tubules, vessels, etc.) and on the construction of
mathematical models encoding these data together
with the geometrical factors. A considerable number
of these models have been published (Stephenson,
1992; Weinstein, 1994; Wexler, Kalaba & Marsh,
1991) covering from segments of the nephrons
(Weinstein, 2003) to multitube units including the
vascular component (Stephenson, 1992).

Experimental studies to obtain key morphologi-
cal and kinetic parameters and to test mathematical
models would ideally be performed for the same ani-
mal and under the same physiological situations. This
is not always possible. Some segments of the nephrons
can be approached in situ by micropuncture tech-
niques (proximal and distal tubules, collecting ducts,
etc.), while others remain inaccessible to this ap-
proach. Such is the case of the cortical thick ascending
limb (cTAL) of the loop of Henle. Published in vitro
perfusion experimental studies, however, cover all the
nephron segments. In particular, Greger (1985) stud-
ied in great detail the rabbit cTAL using high perfu-
sion rates, under which the system can be treated as a
flat sheet bathed by two semi-infinite compartments.
Fernandes & Ferreira (1991) modeled their results
with reasonable fidelity (FF model).

To simulate the behavior of the cTAL under
in situ conditions, we present an expansion of the FF
model by encoding the geometric properties of a tube.
In the present work, we built a water-impermeable
tubular extension of the flat sheet FF model in which,Correspondence to: Teresa F. Moura; email: tfm@dq.fct.unl.pt
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as the fluid flows in the lumen, salt reabsorption occurs
through the walls and a hypotonic fluid is produced at
the exit of the tubule (Burg, 1982; Greger, 1985;
Jamison &Gehrig, 1992). In this system, ion transport
is now dependent on the rate of volume flow. The
present model differs from that of Reeves, Molony &
Andreoli (1988) because it considers the tubular
geometry and the transporting barrier is described as a
proper epithelium comprising the cell compartment
and including diffusional and mediate ion fluxes. Such
tubular expansion of the flat sheet FF model entails
the ability to predict other aspects of the system
behavior such as changes in cell volume, paracellular
and transcellular ion fluxes and the behavior of the
apical and basolateral membranes. The model was
developed using the Berkeley Madonna software
(http://www.berkeleymadonna.com/).

Transient and steady-state simulations are pre-
sented in order to understand and to evaluate cTAL
performance and the physiological mechanisms. In
the absence of in situ experimental studies for this
nephron segment, the model was tested against
experimental in vitro data. Therefore, model input
conditions were selected according to the conditions
used in previously published experimental studies
(Greger, 1981, 1985; Burg & Green, 1973; Reeves
et al., 1988; Katz, Doucet & Morel, 1979; Rocha &
Kokko, 1973; Greger & Schlatter, 1983; Wirz et al.,
1951; Oberleithner et al., 1982; Greger et al., 1983,
1984) and the calculated output variables are com-
pared with their experimental measured values (Burg
& Green, 1973; Rocha & Kokko, 1973; Imai, 1977).

Methods

NUMERICAL MODEL

Our mathematical model is a tubular extension of the flat sheet FF

model where transepithelial ion fluxes (diffusional and mediated)

are taken into account, as shown in Figure 1. As described (Fer-

nandes & Ferreira, 1991) under open circuit conditions, net

transport of NaCl from the lumen to the extracellular interstitial

compartments is driven by the Na+/K+-ATPase. No net transport

of K+ across the epithelium is detected as the K+ recirculates in

both cellular barriers. In the apical barrier it enters through Na+-

2Cl)-K+ cotransport and leaves through a diffusional pathway

(channels), while in the basolateral barrier it enters via Na+/K+-

ATPase and leaves through K+-Cl) cotransport and K+ channels.

The lumen-positive potential difference drives the positive ions

toward the extracellular interstitium, while the Cl) ions move in the

opposite direction through the diffusional junction pathway. Under

steady-state and open circuit conditions, two Cl) ions per one Na+

cross the cells, thus creating a positive circulating current as one

Cl) ion moves through the junctions back to the lumen. The flat

sheet FF model considers the flat epithelial sheet separating two

semi-infinite compartments, so the ion concentrations in both

extracellular mediums remain constant. Interestingly, as we extend

this model to a tubular geometry, concentrations along the tubule

lumen decrease due to NaCl reabsorption; this changes the driving

force for the transepithelial NaCl fluxes and eventually leads to

inversion of the Na+ flux across the junction pathway. Conse-

quently, inclusion of the tubular geometrical characteristic in the

FF model is essential for the description of cTAL function and

evaluation of its physiological performance.

For the tubular model, all the nomenclature used is summa-

rized in Appendix 1.

GEOMETRY OF THE CTAL AND COMPOSITION OF FLUIDS

For the rabbit kidney, the tubule is a cylinder with an internal

radius (r) in the range 6-12 lm (Katz et al., 1979; Greger, 1981;

Reeves et al., 1988), a cell wall thickness (s) of 1-2 lm (Greger,

1985) and a tubule length (L) usually varying 1.05-1.65 mm (Burg

& Green, 1973) but L values as high as 3.4 mm are also reported

(Reeves et al., 1988). The experimental data available for the rabbit

and mouse tubules (Burg & Green, 1973; Reeves et al., 1988; Rocha

& Kokko, 1973) perfused at flow rates (f) varying 0.4-2.8 nl Æ min)1

showed a decrease in osmolarity along the tubule lumen. To

achieve constancy of perfusate composition, other authors (Greger

& Schlatter, 1983) used much higher f values (10-20 nl Æ min)1).

We considered the L value fixed at 1 mm and f values around

1 nl Æmin)1, corresponding to a linear flow rate of 3.18 mm Æ min)1,
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Fig. 1. Epithelial cell model for cTAL, according to the flat sheet

FF model (Fernandes & Ferreira, 1991), with two parallel path-

ways, transcellular and paracellular. The transcellular pathway

comprises two barriers, the apical and the basolateral, in series with

the cytoplasm. In the apical membrane, there are Na+-2Cl)-K+

cotransport (Jap(cot,X)) and channels for Na+, K+ and Cl)

(Jap(G,X)). In the basolateral membrane, there are Na+-K+-AT-

Pase (Jbl(pump,X)), K
+-Cl) cotransport (Jbl(cot,X)) and channels for

the three ions (Jbl(G,X)). In the paracellular pathway (shunt), there

are conductances for the three ions (Jsh(G,X)). The weights of the

arrows in the Goldman fluxes indicate the direction of the net fluxes

in the reference state.
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when analyzing the dependence of the model on several parame-

ters. However, f values have been varied from 0.01 to 2 nl Æ min)1

when studying the effect of f/L. A s value of 1.5 lm was assumed

for all model calculations.

Three compartments were taken into account: the cell (c), the

lumen (lu) and the extracellular interstitial fluid (exc). The model

applies to the cortical portion of the TAL, where the osmolarity of

the extracellular interstitial fluid (osmexc) is considered constant

(Wirz et al., 1951) over its whole length and where the fluid at the

entrance of the tubule lumen is isotonic with the extracellular

interstitial fluid. According to Greger (1985), Na+, K+ and Cl) are

the only electrophysiologically relevant ions in these fluids; and the

respective extracellular concentrations used were 145, 5, 150 mM,

with a total osmolarity of 300 mOsm.

It is assumed that cells only contain as diffusible species Na+,

K+ and Cl) at the respective initial concentrations of 15 mM

(Oberleithner et al., 1982), 145 mM (Greger et al., 1984) and 29

mM (Greger et al., 1983). The quantity of the nondiffusible anions

(QA) and their average valence (zA) are adjusted initially in the

model, considering that the cells are in osmotic equilibrium with

the extracellular interstitial fluid and that electroneutrality applies

in the cell compartment.

MODEL PARAMETERS AND INPUT VARIABLES

The flat sheet FF model has the following parameter types, which

are also used in the tubular model (Table 1):

• PM(X) - The nine permeabilities of the three barriers (M) of the

epithelium for the three diffusible ions (X, with valence zX). The

barriers considered are the apical (ap) and basolateral (bl)

membranes and the junctions also called the shunt pathway (sh).

The diffusible ions are chloride (Cl)), potassium (K+) and

sodium (Na+).

• JM(Tr,mx) - The three maximum fluxes (mx) of the mediated

transporters (Tr) located in the barrier (M): the Na+-2Cl�-K+

cotransport (cot) in the apical barrier, the K+-Cl) cotransport

(cot) and the Na+�K+-ATPase pump (pump) in the basolateral

barrier.

• KM(Tr,X) - The three affinity constants for the cotransport in the

apical membrane and two affinity constants for the pump in the

basolateral membrane.

Additional parameters were included for the tubular model of

cTAL: QA, zA, s, r, f and L.

Some values of the model parameters were taken directly from

the literature, while others were calculated using the strategy

adapted from the flat sheet FF model (Fernandes & Ferreira, 1991)

for the reference state (summarized in Appendix 2, eq. 1a-32a). The

calculations take into account: (1) reliable stabilized interrelations

between ion fluxes (eq. 1a-6a) and Psh(X) value ratios (eq. 7a-8a); (2)

charge, tonicity and mass conservation principles (eq. 9a-16a); (3)

diffusional fluxes follow the Goldman Hodgkin and Katz equation

(eq. 17a-25a); (4) mediated fluxes follow particular kinetics (eq. 26a-

32a). The flat sheet FF model calculates the reference state values

for the nine PM(X), the three JM(Tr,mx), QA and zA. These values

(Table 1) are used as parameters in the tubular model.

The nine diffusible ion concentrations ([X ]CP_Ref) in the three

compartments (CP) and the volume of the cell compartment

(voluc_Ref) are used as input variables in the flat sheet FF model

(reference state) and remain constant during the computations of

the parameters. However, for the tubular model, only the three

extracellular interstitial ion concentrations ([X ]exc) used as input

variables remain constant and at the same value for all the n-seg-

ments during the whole simulation. Additionally, the input values

for the three ion concentrations at the entrance of the tube lumen

remain constant, [X ]lu(i=0).

TUBULAR MODEL OF CTAL

Our numerical strategy is similar to that used by Chang & Fujita

(1999) for the distal tubule. An epithelial tubule is divided into n

cylindrical segments, each with characteristics corresponding to the

FF model and dimensions r, s and segment height Dx (= L/n). This

strategy simplifies the calculus as the differential equations used in

the model for each i-segment are only a function of time. The

dependence on tubule position will be determined by the values of

the different variables computed for the different i-segments.

The cylinder epithelial walls are water-impermeable and

reabsorb NaCl from the flowing lumenal fluid. The composition of

the extracellular interstitial fluid is assumed constant, correspond-

ing to a semi-infinite compartment. The tubular model was built in

two steps. In the first step, the tubule lumen is filled with a fluid

with the same composition as the extracellular interstitial fluid (exc,

Table 1). In the second step, this fluid is fed into the entrance of the

lumen tube (with constant ion concentrations, [X ]lu,i=0) at a

constant flow rate (f) and the transepithelial ion fluxes across the n-

segments are then computed until a steady state is reached (control

state). This steady state corresponds to an established profile of

decreasing concentrations along the tube lumen, assuming homo-

geneous solution in each segment for the lumen and cell com-

partments; radial lumen concentration gradients were not taken

into account. The variables are computed for the entrance and

exit of each i-segment, thus giving a total of n + 1 values. The

Table 1. Model parameters and reference state input/output values

Px_Ref (Cm-s)1) · 107 K (mM) [X] (mM)

ap bl sh ap_cot Pump bl_cot Exc Cell

Na+ 0.36* 0.41* 246* 2.5 2.6 145 15

K+ 1,843* 100* 295* 1.5 0.56 5 145

Cl) 5.0* 440* 98* 55 29

Jmx (nmolÆcm)2Æs)1) 3.1* 1.1* 2.8 x 108*

V (mV) 78 )70 8

Itot (lAÆcm)2) )150
A 111*

zA )1.2*
r = 10 lm s = 1.5 lm f = 1 nlÆmin)1 L = 1 mm

Initial values for the intracellular (Cell) and extracellular (Exc) ion concentrations and electrical potential differences and the values of some

of the parameters taken directly from the literature. *Values of the remaining parameters of the model that were calculated in the reference

state according to the flat sheet FF model (Fernandes & Ferreira, 1991).
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composition of the fluid collected at the exit of the tubule is taken

as the one in the last segment.

The variables computed (dependent on time and position of

the tubule) are as follows:

• The nine diffusional fluxes (JM(G,X,i)) through apical and

basolateral membranes and junction pathway and the seven

mediated fluxes (JM(Tr,X,i)) for the diffusible ions. Fluxes are

considered positive in the direction lumen to cell to extracellular

interstitial fluid (eq. 1-16).

• The concentrations [X ]CP(i) of the three diffusible ions in each of

the compartments (CP), intracellular (c) and lumen (lu); the

intracellular concentration of nondiffusible species [A]c(i); and

the osmolarity of the lumen (osmlu(i)) (eq. 17-24).

• The volume of the intracellular compartment (voluc(i)) (eq. 25).

• The quantities QCP(X,i) of the three diffusible ions in each of the

compartments (CP), intracellular (c) and lumen (lu) (eq. 26-31).

• The three dimensionless potential differences across the three

barriers (Eap(i), Ebl(i), EOC(i)) (eq. 32-34).

The tubular model considers the parameter values and the

initial values for all variables equal to their reference state values

(Table 1). Furthermore, the kinetic equations describing the ion

fluxes in each i-segment (eq. 1-16) and the three saturation ratios

are identical to the equations used in the reference state, taking into

account the appropriate replacement for the ion concentrations

and for the electrical potential differences for that specific i-seg-

ment. The nine diffusional fluxes JM(G,X,i) were calculated assum-

ing the Goldman Hodgkin and Katz equation:

JM G;X;ið Þ ¼ PM Xð Þ � X½ �CP1 ið Þ � ezX �EM ið Þ � X½ �CP2 ið Þ

� �
�ZX � EM ið Þ

.
ezX �EM ið Þ � 1
� � eq.1� 9

The two Na+-K+ pump fluxes were calculated as follows:

Jbl pump;Na; ið Þ ¼ Jbl pump;mxð Þ � Satbl pump;ið Þ eq.10� 11

Jbl pump;K; ið Þ ¼ � 2=3ð Þ � Jbl pump;Na; ið Þ

with

Satbl pump;ið Þ ¼ 1

,
1þ

Kbl pumpNað Þ
Na½ �c ið Þ

" #" #3

� 1

,
1þ

Kbl pumpKð Þ
K½ �exc ið Þ

" #" #2

The three Na+-K+-2Cl) cotransport fluxes were calculated as

follows:

Jap cot;Na;ið Þ ¼ Jap cot;mxð Þ � Satap cot;ið Þ eq.12� 14

Jap cot;K;ið Þ ¼ Jap cot;Na;ið Þ

Jap cot;Cl;ið Þ ¼ 2 � Jap cot;Na;ið Þ

with

Finally, the two K+-Cl) cotransport fluxes were calculated as

follows:

Jbl cot;K;ið Þ ¼ Jbl cot;mxð Þ � Satbl cot;ið Þ eq.15� 16

Jbl cot;Cl;ið Þ ¼ Jbl cot;K;ið Þ

with

Satbl cot;ið Þ ¼ Cl½ �c ið Þ K½ �c ið Þ � Cl½ �exc ið Þ K½ �exc ið Þ

The concentrations of the three diffusible ions in the lumen (eq.

17�19) and cell compartments [X ]CP(i) (eq. 20�22) and of the

nondiffusible species concentration [A]c(i) (eq. 23) are calculated

from the ratio of their respective quantities (QCP(X,i), QA) and

compartment volumes (voluCP(i)):

X½ �lu X;ið Þ ¼ Qlu X;ið Þ
�
volulu ið Þ eq.17� 23

X½ �c X;ið Þ ¼ Qc X;ið Þ
�
voluc ið Þ

A½ �c ið Þ ¼ QA

�
voluc ið Þ

The lumen osmolarity (osmlu(i)) is calculated as the sum of the ion

concentrations in the lumen for each segment:

osmlu ið Þ ¼ Na½ �lu ið Þ þ K½ �lu ið Þ þ Cl½ �lu ið Þ eq.24

Furthermore, for each i-segment, the model equation system is

comprised of a tonicity balance equation (eq. 25) and eight differ-

ential equations (eq. 26-33) to calculate nine variables: the voluc(i),

the six QCP(i) and the two VM(i).

The voluc(i) is calculated by the tonicity balance equation

that describes the osmotic equilibrium between intracellular and

extracellular interstitial fluid, considering osmexc = 300 mOsm

and the initial value of voluc_Ref defined in Appendix 1. QA is an

input variable calculated in the reference state that remains

constant at the same value for all the n-segments throughout the

calculations.

voluc ið Þ ¼ Qc Na;ið Þ þ Qc K;ið Þ þ Qc Cl;ið Þ þ QA

� ��
osmexc eq.25

Three of the differential equations (eq. 26�28) are mass balances

for the intracellular ion quantities for each i-segment:

d=dt Qc Na;ið Þ
� �

¼ Jap G;Na;ið Þ þ Jap cot;ið Þ � 3 Jbl pump;ið Þ

� Jbl G;Na;ið Þ
eq.26� 28

d=dt Qc K;ið Þ
� �

¼ Jap G;K;ið Þ þ Jap cot;ið Þ

þ 2 Jbl pump;ið Þ � Jbl G;K;ið Þ � Jblðcot;iÞ

d=dt Qc cl; ið Þð Þ ¼ Jap G;Cl;ið Þ þ 2 Jap cot;ið Þ � Jbl G;Cl;ið Þ

� Jbl cot;ið Þ

For each i-segment, the lumen volume (volulu(i)) and the wall area

(Ar) are constant and equal to ~p � r2�D x and 2�pr�Dx, respectively.
Lumen ion quantities in the different segments are calculated from

the differences between the quantities that enter and exit each

segment. The entrance is the quantity that leaves the previous lu-

Satap cot;ið Þ ¼ 1

,
1þ

Kap cot;Nað Þ
Na½ �lu ið Þ

" #" #
� 1

,
1þ

Kap cot;Kð Þ
K½ �lu ið Þ

" #" #
� 1

,
1þ

Kap cot;Clð Þ
Cl½ �lu ið Þ

" #" #2
� 1

,
1þ

Kap cot;Nað Þ
Na½ �c ið Þ

" #" #

� 1

,
1þ

Kap cot;Kð Þ
K½ �c ið Þ

" #" #
� 1

,
1þ

Kap cot;Clð Þ
Cl½ �c ið Þ

" #" #2
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men segment f Æ [X ]lu(i-1), while the exit has two components, the

transfer of the fluid to the next segment f Æ [X ]lu(i) and the reab-

sorption of the epithelial cells Ab(X,i), where X is the diffusible ion

species (Na+, K+ or Cl)). Therefore, three of the differential

equations (eq. 29-31) are mass balances for the lumen ion quantities

for each i-segment:

d=dt Qlu X;ið Þ
� �

¼ f � X½ �lu i�1ð Þ � X½ �lu ið Þ

� �
� Ab X;ið Þ eq.29� 31

with the absorption rate (Ab(X,i)) of X through the epithelial wall of

each i-segment defined as follows:

Ab X;ið Þ ¼ Ar � Jap cot;X;ið Þ þ Jap G;X;ið Þ þ Jsh G;X;ið Þ
� �

For example, for the first two segments, eq. 29�31 would be

written as follows:

d=dt Qlu X;1ð Þ
� �

¼ f � X½ �lu 0ð Þ � X½ �lu 1ð Þ

� �
� AbðX;1Þ

d=dt Qlu X;2ð Þ
� �

¼ f � X½ �lu 1ð Þ � X½ �lu 2ð Þ

� �
� Ab X;2ð Þ

Thus, generally:

d=dt Qlu X;ið Þ
� �

¼ f � X½ �lu i�1ð Þ � X½ �lu ið Þ

� �
� Ab X;ið Þ

Notice that for the entrance of the first segment, [X ]lu,i=0 takes the

value given to the model as an input variable, whereas for the

subsequent segments [X ]lu,i‡1 values are calculated by the model

(eq. 17-19).

The potential difference across a barrier is evaluated taking

into account the relation V = Qch/CM, where Qch is the total

electrical charge and CM is the membrane capacitance. If ions flow

across the barrier, the total electrical charge may be altered and V

will change accordingly:

dV

dt
¼ 1

CM

dQch

dt

with

dQch

dt
¼ Itotal ¼

X
X

F � zX � JXð Þ

therefore

dV

dt
¼ F

CM

X
X

zx � JX

The electrical potential differences VOc(i) and VM(i) are converted

into the dimensionless variables EOC(i) and EM(i), respectively, as

defined in Appendix 1. So for each i-segment, the potential differ-

ences Eap(i) and Ebl(i) will depend upon the net charge fluxes. As

both cotransports are electroneutral, only the diffusional and pump

fluxes are considered:

d=dt Eap ið Þ
� �

¼ �factor � Jap G;Na;ið Þ þ Jap G;K;ið Þ þ JblðPump; iÞ
�

� Jap G;Cl;ið Þ þ Jsh G;Na;ið Þ þ Jsh G;K;ið Þ � Jsh G;Cl;ið ÞÞ eq.32� 33

d=dt Ebl ið Þ
� �

¼ �factor � Jbl G;Na;ið Þ þ Jbl G;K;ið Þ þ Jbl Pump;ið Þ
�

� Jbl G;Cl;ið Þ þ Jsh G;Na;ið Þ þ Jsh G;K;ið Þ � Jsh G;Cl;ið ÞÞ

The total transepithelial potential difference EOC(i) is the sum of

Eap(i) with Ebl(i):

Eoc ið Þ ¼ Eap ið Þ þ Ebl ið Þ eq.34

It has been conventional to find approximations (albeit very

good ones) to the membrane potential using electroneutrality.

However, the use of such approximations can be difficult as it

requires the finding of numerical roots of complex systems of

nonlinear algebraic equations. Nowadays numerical solutions of

differential equations are easier to obtain, so it is more convenient

to use this more exact and direct formulation (eq. 32�33). For any

plausible capacitance, the time constant is extremely small and,

except for an initial very short transient, all the results are totally

independent of the value of the capacitance.

The time-dependent differential equations were calculated by

the Rosenbrock Stiff method, a variable step-size method (Macey,

Oster & Zahnley, 2003), with a tolerance value 10)3, a step-size

higher than 0.01 s and an allowed variance for the output steady-

state values of 0.007%. Steady state was assumed when calculated

output values did not differ with model running time more than

0.001%. This was observed for model running time higher than 35

s. Control steady-state calculations were carried out for a total

number of segments, n = 150. We verify that further increases in

the number of segments do not alter the output values by more

than 1.2%. We also estimated that the output values from simu-

lations with 10 and 100 segments did not differ by more than 3%,

which is acceptable compared with the associated experimental

error. Therefore, in model calculations performed for fitting

experimental data, a number of 10 was selected to minimize the

time of calculus.

MODEL OUTPUTS

Among the variables that can be computed (dependent on time and

position of the tubule) are the concentration of nondiffusible spe-

cies, [A]c(i) (eq. 23); the concentrations of the three diffusible ions,

[X ]CP(i), in the intracellular (eq. 20�22) and lumen (eq. 17�19)

compartments; the volume of the intracellular compartment,

voluC(i) (eq. 25); the dimensionless potential differences across the

cellular barriers, EM(i) (eq. 32�33); all diffusional and mediated

fluxes, J (channels, cotransporters, pump and shunt, eq. 1�16); and

the osmolarity of the lumen (eq. 24).

In addition, the behavior of another set of variables is ana-

lyzed. For each diffusible ion, its total flux across the three barriers

is computed as well as its equilibrium potential and the respective

ion conductance of the specific barrier.

The total flux (JM(tot,X,i)) and equilibrium potential (EqM(X,i))

of X ion across the M barrier are calculated as follows:

JM tot;X;ið Þ ¼
X
Tr

JM Tr;X;ið Þ þ JM G;X;ið Þ eq.35� 36

EqM X;ið Þ ¼ 1000 � ln X½ �CP1
�
X½ �CP2

� �
� RT= zx � Fð Þ

The conductances (GM(X,i), SÆcm)2) for all three diffusible ions

across all barriers are calculated as follows:

GM X;z;ið Þ ¼ PM X;ið Þ � zX � F2
� ��

R � Tð Þ � ezx �EM � 1þ ezx �EM
� ��

� X½ �CP1ezx �EM � 1� zx � EMð Þezx�EM � 1ð Þ

� X½ �CP2Þ
�

ezx �EM � 1
� �2

eq.37

At this stage, an analysis of the functional properties of the system

can be performed by looking at the properties of the lumenal fluid

along and at the end of the tubule under several geometries, volume

flow rates and compositions of the lumenal fluid at the entrance of

the tubule. Once the control state was obtained, the model was used
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to fit experimental data and to introduce perturbations, such as the

effect of transport inhibitors (furosemide, ouabain, etc.).

Results and Discussion

CONTROL STATE: BEHAVIOR OF THE SYSTEM AT STEADY

STATE

Values for some of the parameters in the model were
taken directly from the literature (Fernandes &
Ferreira, 1991), while the remaining values were
computed assuming a steady state (reference state,
Table 1). The time and space (position) dependence
in the tubular model of the potential differences, cell
volume, intracellular and lumen ionic concentrations,
ion fluxes of the different transporters on the apical
and basolateral membranes as well as shunt pathway
were then computed.

The time needed for each variable to reach a
steady profile along the tubular segments was differ-
ent; thus, the total simulation time was chosen to be
five times larger than the duration of 90% of the
slowest transient. Typical curves for the time depen-
dence of the osmolarity (osmlu) profile are presented
in Figure 2a. It can be observed that the steady state
is reached within the first 35 s. The remaining panels
of Figure 2 report steady-state profiles.

Figure 2b shows that the lumen ion concentra-
tions ([X ]lu(i)) at the end of the tubule fall to about
half their initial values. In particular, Na+ and Cl)

concentrations decrease to 55%, giving rise to a
hypotonic fluid at the exit of the tubule, where the
final osmolarity is around 171 mOsm. The total
transepithelial ion fluxes (JTot(X,i)) responsible for the
formation of the hypotonic fluid along the tubule are
represented in Figure 2c. The curve for the total
chloride reabsorption is almost identical to that of the
total Na+ reabsorption, a fact that indicates that this
epithelium is a sodium chloride transporter, as pro-
posed by Greger & Schlatter (1983). As the fluid in
the lumen travels along the tubule, it becomes more
and more hypotonic, so the shunt becomes a secreting
pathway. As expected, the contribution of this path-
way to the fluxes of both ions (Jsh(X,i)) is different as
the transepithelial potential difference (VOC) is
lumen-positive. For Cl), it is a secreting pathway
from the entrance to the exit of the tubule as both
concentration and electrical potential gradients are in
the same direction (Greger & Schlatter, 1983)
(Fig. 2c). For Na+, however, the contribution of the
diffusional driving force due to the Na+ concentra-
tion gradient (toward the lumen) eventually exceeds
the electrical driving force (toward the extracellular
compartment), thus giving rise to Na+ secretion to-
ward the end of tubule. Due to the low K+ concen-
tration in the lumen and extracellular interstitial
fluid, the K+ fluxes across the shunt pathway can be

neglected (not shown). Figure 2d shows the ion con-
ductances of the shunt pathway (G(sh(X,Tot))) along
the tubule. Na+ is the major contributor to the total
shunt conductance, followed by Cl).

In the model (Fig. 1), the major chloride reab-
sorption in the apical membrane is due to operation
of the Na+-2Cl�-K+ cotransport (Jap(cot,Cl)), while
in the basolateral membrane the chloride movements
are due to both K+-Cl) cotransport (Jbl(cot,Cl)) and a
Goldman flux (Jbl(G,Cl)) via chloride channels.
Additionally, the results of Figure 2e were obtained
taking into account the description of Greger &
Schlatter (1983) that the cotransport is responsible
for 30% of the total chloride flux in this membrane.
As for Na+, it enters the cell via the cotransport in
the apical membrane (Jap(cot,Na)) and exits through
the pump on the basolateral side (Jbl(pump,Na)) at a
similar rate as the Goldman fluxes (JM(G,Na)) across
both cellular barriers are so low that they can be ig-
nored (not shown). The total pump flux for Na+ over
the whole epithelial cell wall calculated by our model
gives a value of 2.9 pmolÆcm)1Æs)1, which is very
similar to the experimental value (2.7 pmolÆcm)1Æs)1)
reported by Katz et al. (1979).

The total transepithelial K+ flux is much smaller
than those of Na+ and Cl), although its flux across
the apical barrier (Jap(cot,K)) via the cotransporter is
very large. This is easily explained by the high K+

permeability (Pap(K)) of the apical membrane that
enables the almost total recycling of potassium back
to the lumen (Jap(G,K)), whereas in the basolateral
membrane the pump flux (Jbl(pump,K)) is canceled
out by the sum of the cotransport (Jbl(cot,K)) and
Goldman fluxes (Jbl(cot,K)) so that the net transfer of
potassium across the epithelium is very small
(Fig. 2f). These results are in agreement with those
reported by Greger & Schlatter (1983).

The intracellular compartment is negative rela-
tive to both extracellular compartments. The apical
barrier is more polarized than the basolateral barrier
with lumen positive in relation to the extracellu-
lar interstitial fluid. The K+ equilibrium potential
(Eqap(K)) is the major contributor to the apical po-
tential difference, while for the basolateral electrical
potential difference the major contributions are from
the K+ and Cl) equilibrium potentials (Eqap(K) and
Eqap(cl)) (Table 2).

Although the ion concentrations of the lumenal
fluid ([X ]lu) decrease to almost half of their initial
values at the exit of the tubule, the intracellular ion
concentrations ([X ]c) for Na+, K+ and Cl) only
change to 63%, 104% and 76% of their initial values,
respectively, and the cell volume (voluc(i)) only de-
creases to 95%.

The potential profiles calculated for VOC, Vap

and Vbl are almost linear. The maximum deviation
from linearity was 15%. As a result of these potential
profiles, our model predicts an electrical potential
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difference in the lumen between the entrance and the
exit of the tubule (Table 2).

This condition could lead to an additional elec-
trodiffusible term (Weinstein, 1994) in the calculation
of the total ion quantities in the lumen ([X ]lu). In
contrast with the results reported for the distal tubule
(Chang & Fujita, 1999), inclusion of these terms in
our cTAL model showed no significant differences in
the profiles of the variables presented in Figure 2
(<2.5%). Therefore, the overall salt transport across
the tubule wall in the presence and absence of these
terms differed by <0.5%, so they were neglected.
Furthermore, it has been reported that 20% of total
Ca2+ is reabsorbed in the ascending limb of Henle�s
loop (Suki, 1979), and a transepithelial Ca2+ per-
meability of 7.7 · 10)6 cm Æ s)1 was estimated
(Bourdeau & Burg, 1979). Simulations have been run
with our model using this Ca2+ permeability value
for the shunt pathway and Ca2+ concentrations of
1.2 mM for the fluid at the entrance of the tubule as
well as for the extracellular interstitial fluid. The re-
sults obtained with and without taking Ca2+ fluxes

into account differ by <4% for the VOC values cal-
culated. Therefore, Ca2+ fluxes were disregarded.

FITTING EXPERIMENTAL DATA

Figure 3a shows the dependence of [Na]collected (i.e.
[Na+]lu(n)) at the exit of the tubule on the maximum
pump flux (Jbl(pump,mx)). Volume flow rates per unit
length (f/L, nlÆmin)1 mm)1) of 0.33, 0.2 and 0.01 have
been used in these simulations. The top curves were
computed using the reference shunt permeabilities
(Table 1; Psh(Na) = 246 x 10)7, Psh(Cl) = 98 x 10)7

and Psh(K) = 295 x 10)7 cmÆs)1), while the bottom
curves simulate a tighter tubule where the shunt
permeabilities for the three ions were reduced to a
fraction of their reference values (Psh(X) = 0.25
Psh(X_Ref), i.e., Psh(Na) = 62 x 10)7, Psh(Cl) = 25 x
10)7 and Psh(K) = 74 x 10)7 cm s)1). It can be ob-
served that the limiting value for concentration of
Na+ collected at the exit, the Na+ static head con-
centration (Burg, 1982), depends only on the shunt
conductance. Static heads of 52 and 25 mM were
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Fig. 2. Profiles for different variables as a

function of tubule length (mm). (a) Curves

showing the evolution of lumen osmolarity

(mOsm). Different simulation times (s)

(0.1, 4, 10 and >35) were used. After 35 s

of simulation, all curves overlap as steady

state is reached within this period. (b)

Lumen ion concentrations (mM). (c) Total

transepithelial and shunt fluxes for Na+

and Cl- (nmol Æ cm)2 Æ s)1). (d) Shunt
conductances: total, sodium, potassium

and chloride (mS Æ cm)2). (e) Chloride

fluxes (nmol Æ cm)2 Æ s)1): apical and
basolateral cotransporters and basolateral

Goldman. (f) Potassium fluxes (nmol Æ
cm)2 Æ s)1): apical cotransport and
Goldman and basolateral cotransport and

pump. Parameters, n = 150.
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found using shunt permeabilities of Psh(X_Ref) (Ta-
ble 1) and 0.25 P

sh(X_Ref)
, respectively. The tighter the

epithelium for the same maximum pump flux, the
lower will be the static head obtained.

The maximum pump flux (Jbl(pump,mx)) required
to reach the static head decreases with the flow rate
per tubule length (f/L). A very low f/L (0.01 nl Æ
min)1 Æ mm)1) was used to guarantee that the results
reported in Figure 3b correspond to the limiting
values for the Na+ collected (static head). Figure 3b
shows the dependence of the static head on the shunt
permeabilities. It can be observed that for very leaky
epithelia the cTAL has no dilution power while for
very tight epithelia the tube is able to remove almost
all the Na+ from the lumen. Published data for val-
ues obtained at the exit of cTAL or the beginning of
the distal tubule range from 75 mM to as low as 20
mM (Burg, 1982; Gottschalk & Mylle, 1959; Jamison
& Gehrig, 1992; Stephenson, 1987). These values
were taken as the physiological range and are well
within our simulated results.

It has been reported by several authors (Jamison
& Gehrig, 1992) that in perfused tubules the overall
Na+ reabsorption increases with the Na+ tubular
load. Figure 3c reports calculations that reproduce
these observations. The total Na+ reabsorption was
calculated as the Na+ flux integrated over the total
length of the tubule (length integrated Jtot (Na), pmol
cm)2 Æ s)1) and the tubular load (NaLoad, pmol Æ
min)1 Æ mm)1) was calculated as the product (f/L)
[NaCl]entrance. The horizontal dotted lines are the
boundaries of the published experimental values
(Burg, 1982; Burg & Green, 1973; Jamison & Gehrig,
1992; Jamison, 1987; Katz et al., 1979) and are well
within the calculated values. Figure 3d shows the
transcellular and paracellular contributions for the
total Na+ flux as a function of the shunt permeabili-
ties (Psh(X)). As expected, the transcellular contribu-
tion is roughly constant, while the paracellular
contribution has a steeper variation for Psh(X)/
Psh(X_Ref)<1, leading to the increase in the total Na+

reabsorption observed. These curves were obtained

Table 2. Electrical potential differences across both epithelial barriers and equilibrium potentials for K+ and Cl)

VOC Vap Vbl EqapK EqblK EqblCl

entrance 8.03 79.41 )71.39 90.30 )90.30 )45.69
exit 14.09 90.04 )75.95 101.15 )91.27 )52.81
difference 6.06 10.63 )4.56 10.85 )0.97 )7.12

Values of the electrical potential differences and of the K+ equilibrium potentials across both membrane barriers and the Cl) equilibrium

potential across the basolateral barrier (in mV) calculated for the entrance and exit of the tubule in the control state. The last row in the table

shows the differences of these variables calculated from the exit to the entrance of the tubule.
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simulated using Psh(X_Ref), while bottom
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Static head as a function of Psh(X)/
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range. (c) Total Na+ reabsorption (pmol Æ
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considering high f values so that the tubular load was
maximized and the transport capacity was saturated.

For fitting purposes, when a reasonably large
number of experimental points was available, they
were partitioned into frequency classes and the means
and standard errors of the mean (SEM) for each class
were computed. The original points and the mean-
s ± SEM were plotted together. The best fits to the
experimental points were obtained by adjusting the
values of the maximum pump flux and the shunt
permeabilities (Jbl(pump,mx), Psh(X)).

Figure 4a and b shows the adapted data taken
from Burg & Green (1973) for the Na+ and Cl)

concentrations in the collected fluid (mM) as a func-

tion of f/L (nl Æ min)1 Æ mm)1). The solid lines show
the fits obtained for each variable with two sets of
parameters (Jbl(pump(mx) = 0.63 Jbl(pump(mx_Ref),
Psh(X) = 1.46 Psh(X_Ref) and Jbl(pump,mx) = 0.57
Jbl(pump,mx_Ref), Psh(X) = 0.60 Psh(X_Ref)). The
dashed lines show the results with the parameters
used in the fitting of the VOC (Fig. 4c). Since the
experimental conditions and the variables fitted were
so different, there was a need to change the fitting
parameters without falling into an incoherent choice
of parameters between both fittings.

Figure 4c is a plot of the data also taken from
Burg & Green (1973) for the VOC (mV) measured as a
function of the NaCl concentration (mM) in the per-
fusion solution with two different flow rate condi-
tions. All data points were corrected for the liquid
junction potential that exists in these experiments
between the perfusion solution and the bath, using a
modified Henderson equation as suggested by Burg &
Green. The two experimental conditions (f = 0.001
and 1 nl Æ min)1) were simulated using the same set of
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parameter values (Jbl(pump,mx) = 0.33 Jbl(pump,mx_Ref),
Psh(X) = 0.80 Psh(X_Ref) and Kap(cot,Cl) reduced to 15
mM), differing only on the flow rate. A very low
value (0.001 nl Æ min)1) was used to simulate the no-
flow experimental condition, while the control value
(1 nl Æ min)1) was used in the flow condition.

Figure 5 reports the dependence of the ratio of
the osmolarities (collected/perfusion) on the
perfusion rate (f). Rocha & Kokko (1973) obtained
the data in outer TAL medullary segments
bathed and perfused with ultrafiltrated serum of
the same rabbit. The two lines show the fits
obtained with the model using two sets of parame-
ter values (Jbl(pump,mx) = 0.97 Jbl(pump,mx), Psh(X) =
3.03 Psh(X_Ref) and Jbl(pump,mx) = 1.58 Jbl(pump,mx_-

Ref), Psh(X) = 3.82 Psh(X_Ref)). These parameters
values are in accordance with the fact that the me-
dullar TAL reabsorbs a higher quantity of NaCl but
is unable to achieve the dilution observed for the
cortical TAL (Jamison & Gehrig, 1992).

In Jamison (1987), the medullary TAL is de-
scribed as an epithelia leakier and with greater NaCl
transport capacity than the cTAL. These character-
istics correspond to the higher Psh(X) and Jbl(pump,mx)

values used in our simulations (Fig. 5).
Figure 6 shows the data points of the dependence

of VOC (% control) as a function of furosemide con-
centration (lM) taken from Imai (1977). The sig-
moidal curve represents the simulated dose response
of VOC as a function of furosemide concentration
obtained with our model. In order to simulate the
inhibitory effect of furosemide on the apical
cotransporter, we used the reported experimental
curve for sodium excretion as a function of furose-
midés plasma concentration (Brater, 1983), and from
these independent data, the inhibitory kinetic
parameters were estimated (K0.5 = 9.8 lM). Accord-
ing to this inhibitory curve, at the lower concentra-
tion tested, 1 lM, no inhibition is found, whereas at
100 lM the cotransport is fully inhibited. We can
observe that the behavior of our model follows the

pattern of the experimental data points. This is a
typical example of the capability of the model to
predict the behavior upon given perturbations, based
on the selection of a specific parameter value. The
model can be used quantitatively as a tool to select
the best experimental strategies, by identifying the
most sensitive variables to a given parameter per-
turbation.

Figure 7 displays the simulations published by
Reeves et al. (1988) and produced by our model of
the Cl) concentration at the end of the tubule as a
function of tubule length (L), when the perfusion
fluid had initial concentrations of Cl) of 150, 100 and
50 mM. The results of Reeves et al. (1988) that
coincided with ours were computed for 3-mm tubules
with a flow rate 2.5 nl Æ min)1. As discussed before,
we can either increase L or decrease f to obtain the
same static head. To have a direct comparison be-
tween the results from Reeves et al. (1988) and ours,
we chose to keep the same f values and to extend the
value of L to an unreal length of 10 mm; the same
static head would be obtained by decreasing f values.
All curves converged to the same static head at a
value of 72.5 mM.

Discussion

The present tubular model brought relevant insight
into cTAL performance. Whereas the FF model was
limited to simulating data on the cTAL gathered
under highly unphysiological conditions (very high
perfusion rates, unphysiological baths, etc.), the new
tubular version predicts the behavior of cTAL under
physiological conditions (micropuncture studies
in situ) and provides a comprehensive description of
the cTAL. The tubular model enables us to calculate
the values of the ion concentrations and electrical
potential differences at the output of the tubule once
they are known at the entry and simulates their
steady-state profiles along the tubule. To our
knowledge, this latter information has not been ob-
tained experimentally.

Overall the behavior of the TAL is the result of
the balance between three quantities: tubular load,
tubular reabsorption and tubular leak. The model
results show that the first two dominate the perfor-
mance in the first half of the tubule while the leak
grows in importance with the dilution of the tubular
fluid and determines the maximum dilution capacity;
an extreme example of this effect is the case of Na+

flux through the junction pathway which changes
direction as it approaches the end of the tube.

Simulations of in vitro experiments in which the
TAL was perfused under a variety of situations
show that our model can reproduce the experimental
data at low perfusion rates, when the tubular
geometry plays an important role. Our model pre-
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Fig. 7. Simulated curves of the [Cl]lu (mM) as a function of tubule

length (mm), adapted from Reeves et al. (1988) (dashed lines) and

obtained with our model using the same value of f = 2.5 nlÆmin)1

(solid lines). Values of the adjusted parameters were

Jbl(pump,mx) = 0.8 Jbl(pump,mx_Ref) and Psh(X) = 1.63 P sh(X_Ref).

Parameters, n = 150.
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dicts that the lumenal electrical potential increases
from the beginning to the end of the tubule
(Table 2). Two components determine this electrical
potential profile along the tubule: the transepithelial
electrical potential difference and the chemical gra-
dients along the lumen, both reflecting transepithe-
lial salt transport. When TAL is perfused at high
rates with a diluted NaCl solution in relation to the
bath, the transepithelial electrical potential differ-
ence increases from 6.7 to 23.0 mV (Burg et al.,
1973). Under similar conditions, the potential dif-
ference across the basolateral barrier changes very
little (Bell, Lapointe & Cardinal, 1989). Our model
simulates both results. The production of an elec-
trical potential gradient along the lumen simulated
with our model can be seen as a simple extension of
these results.

According to the experimental results of Burg &
Green (1973), when tubules were perfused with con-
centrations of 80 mM of Na+ the [Na+]collected de-
creased, whereas with perfusate concentrations
around 50 mM the [Na+]collected increased. Jamison
& Gehrig (1992) also reported that below certain lu-
men NaCl concentrations the reabsorption process is
balanced by an equivalent back-leak. Given a set of
parameter values, our model predicts that the same
static head is obtained independently of the NaCl
concentration at the entrance of the tubule. In Fig-
ure 7, the flow rate per unit length considered was the
same used by Reeves et al. (1988), where the static
head was only obtained at 10 mm, an unreal tubule
length. The same static head could be obtained within
a 1-mm tubule by increasing the maximum pump flux
by a factor of 4 or decreasing the flow rate per unit
length to 0.35 nl Æ min)1 Æ mm)1.

The lowest values reported in the literature for
in vivo experiments go as low as 20�30 mM NaCl
concentration at the end of the tubule (Jamison &
Gehrig, 1992). Our model predicts that such a low
value can only be obtained for very tight epithelium
(Psh(X) = 0.2 Psh(X_Ref)), where the back-leak is
substantially reduced and with a very low flow rate
(Fig. 3b).

Throughout, we demonstrated a systematic good
agreement between the predicted model results and
the experimental data gathered at the entrance and
the exit of the cTAL published by independent re-
search groups. Therefore, we are confidant that the
present model predicts well the concentration and
potential profiles existing along the tubule, to be
confirmed if and when experimental observations
in vivo are feasible.

A greater level of visualization and understand-
ing of the key features of ion transport along the
tubule is obtained by use of this model, allowing the
design of future experiments. We believe that this
model can be particularly useful as a tool to identify
the more sensible measurable variables, when per-

turbations are introduced with drug inhibitors of
transporters.
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Appendix 1: Glossary

GENERAL SYMBOLS

J flux
I current
P permeability
X diffusible ion
Z valence
V electrical potential difference
E dimensionless electrical potential difference
osm osmolarity
volu volume
Q quantity
K affinity constant
G conductance

SUBSCRIPTS

A nondiffusible species
ap apical cell membrane
bl basolateral cell membrane
c cell compartment
cot cotransport
CP1, CP2 compartments separated by a barrier
exc extracellular interstitial fluid
i exit of the ith segment of the tubule
lu lumen
M barrier of epithelium
mx maximum transport rate
pump pump
Ref reference state
sh shunt barrier
tot total
Tr specific transporter
X diffusible ion

NOMENCLATURE

Ab (X,i) quantity of ion X absorbed through the
apical membrane in the ith segment per unit time,
mol s)1

Ar area of the apical membrane for one segment, cm2,
defined as 2p r2Dx
CM capacitance of barrier M, 1 lF Æ cm)2

EqM(X,i) equilibrium potential of ion (X) across bar-
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rier (M) calculated as ln([X ]CP1/[X ]CP2) RT/(zx Æ F),
mV
EM_Ref dimensionless quantity defined as F Æ VM_Ref/
(R Æ T) in the reference state (m V)
EOC_Ref dimensionless quantity defined as Eap_Ref+
Ebl_Ref

EM(i) dimensionless quantity defined as FVM(i)/(RÆT)
in the ith segment (mV)
EOC(i) dimensionless quantity defined as Eap(i)+Ebl(i)

F Faraday�s constant, 96,500 CÆmol)1

f longitudinal flow through the tubule, nl Æ min)1

factor dimensionless quantity defined as F2/(CM RÆT)
GM(X,i) conductance of the barrier (M) for the ion
(X), in Fig. 2d, mS Æ cm)2, and in the text, S Æ cm)2

Itot total transepithelial current density, lA Æ cm)2

JM(G,X,i) Goldman flux for the X ion at the M (ap, bl
or sh) barrier in the ith segment, mol Æ cm)2Æs)1

JTot(X,i) total flux of ion X across epithelium,
JTot(X,i)=Jap(Tot,X,i)+Jsh(X,i), mol cm)2Æs)1

JM(Tot,X,i) total flux of ion X across M barrier, mol
cm)2Æs)1

JM(Tr,mx) maximum transport rate for specific trans-
port system Tr (cot or pump) in the M (ap or bl)
barrier, mol cm)2Æs)1

JM(Tr,X,i) mediated flux of specific transport system Tr
(cot or pump) transport system for the X ion at the M
(ap, bl or sh) barrier in the ith segment, mol cm)2Æs)1

KM(Tr,X) affinity constant in the M (ap or bl) barrier
of the specific transport system Tr (cot or pump) for
ion X (mM), mmol Æ dm)3

L tubule length, 1 mm
osmCP_Ref osmolarity of the CP (c, lu or exc) com-
partment in the reference state, mOsm
osmCP(i) osmolarity of the CP (lu or c) compartment
in the ith segment, mOsm
PM(X) permeability of the M barrier to the ion X,
cm Æ s)1

Qch total electrical charge, C
Qc(X,i) quantity of X (Na, K, Cl and A) at the ith

segment in the cellular compartment per area of
apical membrane, mol Æ cm)2

Qlu(X,i) quantity of X (Na, K, Cl) at the ith segment in
the lumenal compartment, mol
R molar gas constant 8.314 J Æ mol)1 Æ K)1

r internal tubule radius, 10 lm
rMX flux ratios M barrier for X ion or transport
system used in the reference state (rapNa, rapK, rapCl,
rblNa, rblcot)
SatM(Tr_Ref) dimensionless saturation fraction in the
M (ap or bl) barrier of the transport system Tr (cot or
pump) in the reference state
SatM(Tr,i) dimensionless saturation fraction in the M
(ap or bl) barrier of the transport system Tr (cot or
pump) in the ith segment
T absolute temperature, 310 K
VM_Ref electrical potential difference across the bar-
rier (M) in the reference state (mV)
VM(i) electrical potential difference across the barrier

(M) in the ith segment (mV)
voluc_Ref cell volume associated with each segment for
the reference state, cm3Æcm-2, of apical membrane,
defined as (p Æ (r+s)2-p Æ r2) Æ Dx/Ar
voluc(i) intracellular volume of each segment per area
of apical membrane, cm3Æcm-2

volulu(i) volume of each lumen segment, cm3; defined
as p Æ r2 Æ Dx
[X ]CP_Ref concentration of the X ion in compartment
CP (c, lu or exc) in the reference state, mM
[X ]CP(i) concentration of X (Na, K, Cl or A) in
compartment CP (c, lu or exc) in the ith segment, mM
Dx length of each segment, cm
s tubule wall thicknessm, 1.5 lm

Appendix 2: The Flat Sheet FF Model�Reference

State

The strategy used to compute the reference state was
adapted from Fernandes & Ferreira (1991) and is
presented here for convenience. The reference state is
the first part of the flat sheet FF model, where the
epithelial cell wall is fully characterized by the values
of the specific system parameters (PM(X), JM(Tr,mx),
KM(Tr,X)). It takes advantage of some values taken
directly from the literature and uses these as input
variables for the calculation of the remaining
parameters. Sets of predefined ratios between ion
fluxes and shunt permeabilities and conservation
relationships (electroneutrality, isotonicity and mass
conservation) are used for these calculations. The
Goldman Hodgkin and Katz equation calculates
diffusion ion fluxes, while the cotransporters and
pump fluxes make use of different kinetics. We review
here the set of equations used in the reference state
(eq. 1a�32a). All the parameters and variables used
in these equations can be found in Appendix 1. The
predefined ratios between diffusional and cotransport
fluxes across the apical barrier (eq. 1a�3a) establish
that the permeability values for Na+ and Cl) are very
low and the permeability for K+ is very high (K+

recirculates across this barrier by entering via the
cotransport and leaving through the channels).

rapNa ¼ Jap G;Na Refð Þ
�
Jap cot Refð Þ ¼ 0:01 eq.1a� 3a

rapCl ¼ �Jap G;Cl Refð Þ
�

2 � Jap cot Refð Þ
� �

¼ 0:01

rapK ¼ �Jap G;K Refð Þ
�
Japðcot RefÞ ¼ 0:99

For the basolateral membrane, the predefined ratios
establish that the cotransport is responsible for only
30% of total Cl) flux across this barrier, leaving 70%
for the diffusion flux (Greger & Schlatter, 1983), while
for Na+, 99% of the total flux through this barrier is
due to the operation of the pump, leaving for the dif-
fusional flux a minimal contribution (eq. 4a�6a).
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rbl cot ¼ Jblðcot;Cl RefÞ
�

Jap cot;Cl Refð Þ þ Jap G;Cl Refð Þ
� �

¼ 0:3

rblCl ¼ Jbl G;Cl Refð Þ
�

Jap cot;Cl Refð Þ þ Jap G;Cl Refð Þ
� �

¼ 0:7

rblNa ¼ �Jbl G;Na Refð Þ
�
Jbl pump;Na Refð Þ ¼ 0:01

eq.4a�6a

For the shunt pathway, the predefined ratios
considered between the shunt permeabilities are as
follows:

rshNa ¼ Psh Nað Þ
�
Psh Clð Þ ¼ 2:5 eq.7a�8a

rshK ¼ Psh Kð Þ
�
Psh Clð Þ ¼ 3:0

Furthermore, electroneutrality is also implicit in the
application of Kirchhoff�s laws to the flat sheet FF
model. Thus, the total current across the apical
membrane (Iap) equals the current across the baso-
lateral membrane (Ibl) and the total transepithelial
current (Itotal) is the sum of the current that crosses
the cellular and the junction (Ish) pathways (eq.
9a�10a).

Iap ¼ Ibl eq.9a�10a

Itotal ¼ Iap þ Ish

The values of these currents are evaluated from the
sum of the ionic currents (for Na+, K+ and Cl))
across each barrier (diffusional and transporter,
IX = zX F JX, where zX is the valence of the ion
X = Na+, K+ and Cl)). As the apical and basolat-
eral cotransporters are both electroneutral, the cal-
culation of these currents reduces to the sum of the
diffusional currents in the apical barrier and shunt
pathway, while in the case of the basolateral mem-
brane, the contribution of the pump fluxes must be
also considered.

Iap ¼ F
X
X

zXJap G;X Refð Þ eq.11a�13a

Ibl ¼ F
X
X

 
zXJbl ðG;X RefÞ

!
þ Jbl pump;Na Refð Þ

"

þJbl pump;K Refð Þ�
Ish ¼ F

X
X

zXJsh G;X Refð Þ

The conservation relationships consider the cells in
osmotic equilibrium with the extracellular interstitial
fluid, and electroneutrality is assumed in all com-
partments. Eqs. 14a�15a encode these relations for
the cellular compartment, where osmexc is the osmo-

larity of the extracellular interstitial fluid. These
equations are used to calculate zA and [A]c_Ref:

Na½ �c Refþ K½ �c Refþ Cl½ �c Refþ A½ �c Ref ¼ osmexc

Na½ �c Refþ K½ �c Ref� Cl½ �c Refþ zA A½ �c Ref ¼ 0

eq.14a�15a

Given the values of voluc_Ref (Appendix 1) and of
[A]c_Ref, the total quantity of nondiffusible species is as
follows:

QA ¼ A½ �c Ref � voluc Ref eq.16a

The Goldman Hodgkin and Katz equation for the
diffusional ion fluxes is as follows:

JM G;X Refð Þ ¼ PM Xð Þ eq.17a�25a

� X½ �CP1 Ref � ezX�EM Ref � X½ �CP2 Ref

� �
zX

�EM Ref

.
ezX�EM Ref �1
� �

EM_Ref and EOC_Ref are defined in Appendix 1.The
kinetic equations for the different mediated fluxes
were taken directly from the flat sheet FF model. For
the Na+-K+ pump, the fluxes for Na+ and K+ were
calculated as follows:

Jbl pump;Na Refð Þ ¼ Jbl pump;mx Refð Þ �Satbl pump Refð Þ

eq.26a�27a

Jbl pump;K Refð Þ ¼ � 2=3ð Þ � Jbl pump;Na Refð Þ

with

Satbl pump Refð Þ ¼ 1

,
1þ

Kbl pump;Nað Þ
Na½ �c Ref

� �" #3

� 1

,
1þ

Kbl pump;Kð Þ
K½ �exc Ref

� �" #2

For the Na+-K+-2Cl) cotransport, the fluxes for the
three ions were calculated as follows:

Jap cot;Na Refð Þ ¼ Jap cot;mx Refð Þ � Satap cot Refð Þ

eq.28a� 30a

Jap cot;K Refð Þ ¼ Jap cot;Na Refð Þ

Jap cot;Cl Refð Þ ¼ 2 � Jap cot;Na Refð Þ

with

Satap cot Refð Þ ¼ 1

,
1þ

Kap cot;Nað Þ
Na½ �lu Ref

� �" #
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� 1

,
1þ

Kap cot;Kð Þ
K½ �lu Ref

� �" #
� 1

�
1þ

Kap cot;Clð Þ
Cl½ �lu Ref

� �� �2

� 1

�
1þ

Kap cot;Nað Þ
Na½ �c Ref

� �� �
� 1

�
1þ

Kap cot;Kð Þ
K½ �c Ref

� �� �

� 1

�
1þ

Kap cot;Clð Þ
Cl½ �c Ref

� �� �2
For the K+-Cl) cotransport, the fluxes for the two
ions in the basolateral membrane were calculated as
follows:

Jbl cot;K Refð Þ ¼ Jbl cot;mx Refð Þ � Satbl cot Refð Þ

Jbl cot;Cl Refð Þ ¼ Jbl cot;K Refð Þ

with

Satbl cot Refð Þ ¼ Cl½ �c Ref K½ �c Ref � Cl½ �exc Ref K½ �exc Ref

eq.31a� 32a

COMPUTATION STRATEGY

Given all the predefined relations stated above, in the
steady-state andopen circuit conditions (Greger, 1985)
the cTALmodel represented in Figure 1 considers that
around twoCl) ions perNa+cross the cells, generating
a circulating current (Icc) that flows through the cells
from the lumen to the extracellular interstitial andback
through the junction pathway (eq. 9a�10a, Itotal = 0,
Icc = Iap = Ibl = - Ish). The values used as input
variables in the reference state are Icc, the eight ratios
defined in eq. 1a�8a, the potential differences Vap and
Vbl (consequentlyEap andEbl), the nine concentrations
of the three ions in all compartments [X ]CP_Ref, the
osmolarity osmexc, the five affinity constants of the
transporters and the cell volume voluc_Ref. In spite of
assuming a flat sheet geometry and to ensure consis-
tency between reference state and tubular module,
voluc_Ref is calculated on the basis of the tridimensional
structure of the tube: r, s and (Dx (seeAppendix 1). The
output variables of the reference state are the maxi-
mum capacity of the transporters JM(Tr,mx), the nine
permeabilities PM(X) and the quantity QA and valence
of the nondiffusible species zA. The input and output
values are listed in Table 1.
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