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Weinstein, Alan M. A mathematical model of rat distal convoluted
tubule. I. Cotransporter function in early DCT. Am J Physiol Renal
Physiol 289: F699-F720, 2005. First published April 26, 2005;
doi:10.1152/ajprenal.00043.2005.—A model of rat early distal con-
voluted tubule (DCT) is developed in conjunction with a kinetic
representation of the thiazide-sensitive NaCl cotransporter (TSC).
Realistic constraints on cell membrane electrical conductance require
that most of the peritubular CI™ reabsorption proceeds via a KCI
cotransporter,along with most of the K* recycled from the Na-K-
ATPase. The model tubule reproduces the saturable C1™~ reabsorption
of DCT but not the micropuncture finding of linear Na™ flux in
response to load, more likely a feature of late DCT (CNT). As in
proximal tubule, early DCT HCO; reabsorption is mediated by a
luminal Na®™/H™ exchanger (NHE), but in contrast to proximal tubule,
the DCT exchanger is operating closer to equilibrium. In the model
DCT, two consequences of the lesser driving force for NHE exchange
are an acidic cytosol and wider swings in NHE flux with perturbations
of luminal composition. Variations in luminal NaCl provide a chal-
lenge to cell volume, which can be blunted by volume dependence of
the KCl cotransporter. Cell swelling can also be induced by increases
in peritubular K* concentration. In this case, volume-dependent
inhibition of TSC could provide volume homeostasis that also en-
hances distal Na™ delivery, and ultimately enhances renal K* excre-
tion. In the model DCT, proton secretion is blunted by peritubular
HCOy, so that there is little contribution by this segment to the
maintenance of metabolic alkalosis. During alkalosis, the model
predicts that increasing luminal NaCl concentration enhances NHE
flux, so that these calculations provide no support for a role of early
DCT in recovery from Cl™ depletion alkalosis.

thiazide-sensitive cotransporter; sodium reabsorption; cell volume
homeostasis; metabolic alkalosis

THE EARLY DISTAL CONVOLUTED TUBULE (DCT) IS AN IMPORTANT site
for renal Na™ and HCO; reabsorption (53). With volume flow
rate perhaps 20% of glomerular filtration rate and luminal Na™
concentration slightly under half that of plasma, one has an
estimate that Na* delivery is just under 10% of filtered load.
Distal micropuncture has demonstrated that in normal circum-
stances about three-fourths of this Na™ load is reabsorbed prior
to the collecting duct, divided more or less equally between
early DCT and connecting tubule (11, 17, 22, 33, 46, 58). This
requires reabsorption of ~3-4% of filtered Na* in a 1-mm
tubule segment, yielding a Na* transport rate about half that of
proximal tubule. Reabsorption is, however, load dependent,
and can vary severalfold. This Na™ flux is mostly NaCl, via the
thiazide-sensitive cotransporter (TSC), but it is also via luminal
Na®™/H" exchange (NHE). The magnitude of the HCO; load
to DCT is roughly 6% of filtered load, so that for all 36,000
nephrons, it is approximately 1.7 wmol/min, and still perhaps

two- or threefold greater than net acid excretion for the rat (5,
43, 78). If half of this delivered load is reabsorbed by early
DCT, the rate of HCO;5 reabsorption is about a third that of
proximal tubule. Within the DCT cell, the possibility that TSC
or NHE fluxes may perturb cytosolic Na* concentration, and
that each cytosolic anion (CI~ or HCO5) may perturb the
concentration of the other, provides for mutual interaction
between the two luminal Na™ entry pathways. Additional
complexity is added when peritubular anion exit pathways are
considered, and these interactions are susceptible to examina-
tion in DCT models.

The first mathematical model of DCT was the work of
Chang and Fujita (7, 9). Although their first version (7) did not
represent acid/base transport, their second version (9) was a
comprehensive model that included both early DCT and CNT
segments. A key feature of these models was a kinetic repre-
sentation of the TSC based on data from the cloned flounder
transporter (8). One of the strengths of their modeling effort
was the care taken by Chang and Fujita to ensure fidelity of the
model solute fluxes with experimental data. Since that work,
however, additional data have become available specifically
for the kinetics of rat TSC. It is also possible to improve the
DCT cell representation by inclusion of the recently docu-
mented peritubular KCI cotransporter and thus remediate an
unrealistically low peritubular electrical resistance. In the
present model, cell volume is allowed to vary with changes in
solute content. This provides a simulation that can be used to
consider volume challenges to DCT that come with changes in
luminal solute delivery or with peritubular composition. It also
provides a means of representing volume-dependent compen-
satory mechanisms that can be examined for their homeostatic
effect and their impact on transport. In the present work, the
focus is exclusively on the early DCT cell, with its electroneu-
tral Na™ entry pathways (TSC and NHE), in series with
electroneutral peritubular anion exit pathways (KCI cotransport
and CI"/HCO;5 exchange). In the companion manuscript
(76a), this early DCT segment will be placed in series with
CNT to encompass transport by the “micropuncture accessi-
ble” DCT.

A KINETIC MODEL OF THE THIAZIDE-SENSITIVE
NaCl COTRANSPORTER

Figure 1 is a scheme for the NaCl cotransporter, similar to
that considered by Chang and Fujita (8). The empty carrier is
denoted by X’ or X" according to its availability on the external
(luminal) or internal (cytosolic) face of the cell membrane, and
ion binding is not assumed to be ordered. The scheme differs
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Fig. 1. Scheme for the NaCl cotransporter, similar to that considered by Chang
and Fujita (8). The empty carrier is denoted by X' or X” according to its
availability on the external (luminal) or internal (cytosolic) face of the cell
membrane.It is assumed that binding is rapid relative to translocation (equi-
librium binding) and that affinities are symmetric.

from theirs by omitting metolazone, and by the assumption of
equilibrium solute binding. In the model of Chang and Fujita,
binding and unbinding of solutes were represented explicitly
with forward and backward rate coefficients. However, they
observed that when solute concentrations were in the physio-
logical range, binding was rapid relative to translocation, so
that the assumption of equilibrium solute binding produced
only trivial differences in predicted transmembrane NaCl flux.
Following Chang and Fujita, it is also assumed that binding
affinities are symmetric across the membrane. Denote by x, x;,
Xe, and xpc the concentrations of X, Na-X, Cl-X, and NaCl-X on
each membrane face, with the appropriate (') or (") designation.
Similarly, n" and ¢’ (n” and c”) denote the luminal (and
cytosolic) concentrations of Na* and Cl ™.

Set K, and K. as the equilibrium binding concentration
(mM) for Na™ and CI~ to the unloaded carrier. Then, one can
define the normalized concentrations

L S )
K, X' K, X'

pr=C =% gtk )
K. X' K. X

If K, is the equilibrium binding concentration for Cl™ to the
Na*-loaded carrier, and K, that for Na® to the Cl™ -loaded
carrier, then the density of fully loaded carrier, x, is expressed

h KHC Kﬂ ° KHC

Recognizing the thermodynamic constraint, K,* K. = Kc*Ken,
either expression could serve as the denominator for xy.

The coefficients o — <y depend only on the known solute
concentrations and affinities and allow the species of bound
carrier to be expressed in terms of free carrier on either side of
the membrane.Thus the conservation of total carrier, xt, is
represented

A MODEL OF EARLY DCT

I+ +B +vy) X+ +"+R" +Y)X"=x @

In the scheme of Fig. 1, only an empty or fully loaded carrier
can traverse the membrane. Translocation of an empty carrier
is represented by rate coefficients Py and Py" for influx and
efflux and by Py and P, for a loaded carrier. By virtue of
model symmetry, Pj* Py = P(* Pfe. The second model equation
states that at stationary state, there is no net flux of carrier

(unloaded plus loaded):
(Ph+ Piy) x' = (PE+ Piy) X' =0 (9)

When these two equations are solved for x" and x”, one obtains
! xT " " " " xT ! ! !
x:7[PO+Pnc'Y] x:7[P0+PnC’Y:I (6)
2 2
in which

S=(+o +B ) (Ph+PLy)
£+ o+ B ) - (P + Piy)

(7)

Thus the unidirectional Na™ influx, J,, and efflux, J{, are

’ [ 'xTP‘,lC'y, ” /AN

JNa:Pnc'yx: 2 [PO+PHCY] (8)
xrP ey o

o= PRy =g [P Py Q)

so that net NaCl flux into the cell is

X X ! "

I =[PP = PLP 1 ==5— (' —¥)  (10)
3, 2
These flux equations are the basis for fitting the model TSC to
experimental data. The number of free parameters is reduced
by half with the assumption of affinity symmetry (with respect
to inside and outside binding sites), and by half again with the
assumption of equilibrium binding. Finally, the thermody-
namic constraint on the coefficients around a cycle brings the
number of free parameters to five: K, K¢, Kne, Po, and Pjc. One
of the translocation rates, Pg, is set arbitrarily and corresponds
to assignment of the TSC density. (Equivalently, this density
disappears when the experimental data are normalized to a
“control” flux.) To obtain TSC model parameters, Chang and
Fujita (8) relied on data from Tran et al. (59), who examined
metolazone binding to renal cortical vesicles as a function of
ambient Na™ and C1™. They also used flux data from Fig. 2 in
the study of Gamba et al. (24), in which the TSC was expressed
in oocytes and Na™ uptake was displayed as a function of
ambient Na™ and Cl~ concentrations. Since that model was
published, there has been a more comprehensive study of the
kinetics of Na™ flux into oocytes expressing the TSC. In the
work of Monroy et al. (49), the authors present two series of
uptake experiments: in the first, external Na™ is fixed at one of
several values, and for each value, an apparent K,,, for external
Cl™ is determined; in the second series, external Cl™ is fixed,
and for each value, an apparent K,, for external Na™ is
determined.

To analyze the experiments of Monroy et al., one can start
with the equation for unidirectional Na* influx and compute
the maximal Na™ influx as o’ is allowed to grow large, JNa. max
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Then, the external Na* concentration at which the flux JX, is half-maximal is obtained by solving for a’ in the linear equation

1 T o/ Hy[PI+PLY) + (L + "+ B+ ) - P

2 o 3 (2
namely,
K.(Na’) o = (1+B)-(Py+Pry)+ (1 +a"+B" +v) P (13)
K, 2.+ [(B'KSK,e) = 11+ (P5+ PLy") + (B'KSK,) - (1 + " + B + ) - P

In this equation, the K, for Na™ is a function of the external
CI™ concentration, equivalently, B’. A similar equation (with
o' and B’ interchanged) is obtained for the C1™ concentration,
which drives half-maximal Na™ influx for a fixed external Na™
concentration. For this case, “maximal” is understood to mean
the limit as external CI~ concentration is increased, while
leaving Na* constant.

Table 1 displays four sets of kinetic coefficients for the
model TSC. The first column contains those obtained from
Chang and Fujita (8). The second column coefficients were
obtained from a fit of the five independent kinetic coefficients
to the data in Fig. 3 of Monroy et al. (49). In those experiments,
early unidirectional Na™ uptake into oocytes was measured as
a function of external Na™ concentration (with C1~ fixed at 40
mM), or as a function of external Cl1~ concentration (with Na*
fixed at 40 mM). To do this fit, the model requires specification
of the internal ion concentrations, which were not reported.
However, the authors indicate that for 24 h before the uptake
studies the oocytes were kept in medium that contained 96 mM
Na™, but was Cl~ free. Accordingly, for the calculations here,
the internal Na* and Cl~ concentrations were assumed to be
10 and 2 mM, respectively. It should be noted that in the
calculations of Chang and Fujita (8), the internal concentra-
tions were assumed to be 10 and 40 mM, but in the data used
for that work, a Cl -free incubation was not part of the
protocol. In calculations not shown, these kinetic parameters
were not found sensitive to the internal ion concentrations. To
do the fit, a sum-squared error function between the model
predictions and the data was created, and the minimization
routine VEOSAD (Harwell Subroutine Library) was applied.
Figure 2 shows simulations of the experiments in Fig. 3 from
Monroy et al. (49) (along with their data points) for each of the
sets of coefficients in Table 1. In the top panels, the parameters

of Chang and Fujita (8) are used, and these predict an uptake
that is less sensitive to external solutes than is observed. In this
regard, it should be acknowledged that the experimental pro-
tocol of Gamba et al. (24) used to obtain these coefficients was
different from that of Monroy et al. (49); in particular, flux
studies by Gamba et al. (24) were done at 22°, whereas Monroy
et al. (49) worked at 30°.

Alternatively, one can use the theoretical expression for the
value of the apparent K, of ion uptake (Eq. 13) to fit the model
to data. This allows all of the studies performed by Monroy et
al. (49), and summarized in their Tables 1 and 2, to register in
the parameter fit. In their Table 1, the apparent K, for CI~
uptake was determined for five external Na* concentrations (2,
5, 10, 20, and 40 mM); in their Table 2, the apparent K, for
Na™ uptake was determined for six values of external ClI~ (2,
4, 8, 10, 20, and 40 mM). When this is done (again using
VEO8AD as the minimization routine), the results of Fig. 3 are
obtained. The bars in the fop panels show the K, data, in which
one ion is fixed in the external bath and the other varied. The
bars in the botfom panels are the model predictions for the
same experiments, using the parameter set that minimizes the
square of the difference from the 11 experimental K. The
coefficients obtained from this fit are summarized in column 4
of Table 1. The experiments in Fig. 3 in Monroy et al. (49)
generated the data displayed as the rightmost column of each of
the panels. When the optimal coefficients are used to simulate
the experiments in Fig. 3 of Monroy et al., the bottom panel of
Fig. 2 is obtained. Consistent with the lower predicted K, the
predicted ion sensitivities are greater than observed in the
single study. Finally, it is possible to fit the five model
parameters to the two K, determinations from Fig. 3 of
Monroy et al., ignoring the individual data points. Another set
of optimal coefficients is obtained from this procedure, and

Table 1. Equilibrium and rate constants for the renal NaCl cotransporter

Chang and Fujita

Monroy Figure 3 Monroy Figure 3 Monroy Tables 1 and 2

Reactions Coefficient Point Fit Km Fit Km Fit
Kn X+ Na<Na—X 4.182 0.442 0.761 0.293
K. X+Cl<C—-X 49.826 2.107 109.0 112.7
Kne Na — X + Cl < NaCl — X 10.650 0.515 0.574 0.565
Ken Cl = X + Na <> NaCl — X 0.894 0.108 0.00401 0.00147
P X =X 0.4587x10° 12.490%x10° 5.416x10° 4.295%10°
Py’ X <X 0.100x10° 0.100x10° 0.100x10° 0.100x10°
Pl NaCl — X' — NaCl — X" 1000. 7222. 6952. 7692.
Pnc” NaCl — X' < NaCl — X" 218. 58. 128. 179.
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Fig. 2. Sodium influx into oocytes expressing rat thi- - . - =
azide-sensitive NaCl cotransporter (TSC). Model pre- 0.6 — 0.6 - > —
dictions (solid curves) are compared with the data from
Fig. 3 of Monroy et al. (49). In the left panels, external - ) o B - ! L B
Cl~ was fixed, and Na* varied; for the right panels, Fig 3 point fit Fig 3 point fit
external Nat was fixed, and C1~ varied. Curves in the 0.0 T 0.0 T B
top panels were obtained using coefficients from Chang 1.2 T T T T T T T T 1.2 T T T T T T T T
and Fujita (8); in the second tier, coefficients were >< <
obtained from a least-squares fit of the present model to o - - 7
the points shown; in the third tier, the model was used . . . >
to fit the apparent K, of the data points; for the bottom 0.6 — 0.6 - B
tier, the coefficients were obtained from a best fit to all
11 K determinations from Monroy et al. (49). - — - —

Fig 3 Km fit Fig 3 Km fit
0.0 I T T TR N N N B 0.0 I T T N N RO N R
1.2 T T T T T T T 1T 1.2 T T T T T T T 1T

Tables 1 & 2 Km fit
ool—1 v v ool—t v 001

Tables 1 & 2 Km fit

0.0  10. 20. 30. 40. 50. 0.0  10. 20. 30. 40. 50.
External Na (mM) External Cl (mM)

these are shown in column 3 of Table 1. They are clearly quite membrane (IE), basal cell membrane (IS), or interspace basement
different from those of the point fit, with a 52-fold decrease in membrane (ES). Along the tubule lumen, axial flows of solute are
Cl~ affinity of the empty carrier, and a 27-fold increase in C1~  designated Fy(i) (mmol/s). The 12 model solutes are Na™, K™,
affinity of the Na*-bound carrier. Nevertheless, when these Cl~, HCO; , CO,, H,COs, HPOi_,HzPO; , NH3, NHI JH', and
optimal coefficients are used to simulate the experiment, the urea, as well two impemeant species within the cells, a nonreac-
panels of the third row of Fig. 2 are obtained. The predicted tive anion and cytosolic buffer. These are the minimal set of
curves are nearly identical to those of the second row of panels  solutes that will permit representation of net acid excretion.

and provide an alternative set of coefficients compatible with To formulate the equations of mass conservation with mul-
the data. In the DCT model developed below, the coefficients tiple reacting solutes, consider first an expression for the
of Table 1, column 4, which are based upon the maximum generation of each species within each model compartment.
amount of experimental data, are used to provide a kinetic =~ Within a cell or interspace, the generation of i [s(i)] is equal to
model of the TSC. its net export plus its accumulation

MODEL FORMULATION

d
. 1)) = i) + Jis()) — Ju(@) + — [VICi()] (14)
The model DCT will follow the scheme that has been used dr

previously for a tubule with a single cell type (76). In brief, the

rnod?l will b.e formulate.d both as a.].)CT epithelium, WiFh sp(i) = Jus(i) — Jyg(i) — Ji(i) + E[VECE(i)] (15)
specified luminal and peritubular conditions, or as a tubule, in dr

which luminal concentrations vary axially. Figure 4 displays

both models, in which cellular and lateral intercellular (LIS) Where V, is the compartment volume (cm*/cm?). Within the
compartments line the tubule lumen. Within each compartment ~ tubule lumen, solute generation is appreciated as an increase in
the concentration of species 11Ss designated Ca(i), where o is axial ﬂux, as transport into the epithelium, or as local accumu-
lumen (M), interspace (E), cell (I) or peritubular solution (S). lation.

Within the epithelium, the flux of solute i across membrane of3 OF (i 5

is denoted Jop(i) (mmol-s_hgmz),. where off may refer to ¢ ;) = m®) + Byl (i) + Jur(D)] + — [AuCr(D)] (16)
luminal cell membrane (MI), tight junction (ME), lateral cell ox ot
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1002 ‘v Jaquiadaq uo Bio'ABojoisAyd-eualdfe wol) papeojumoq



http://ajprenal.physiology.org

A MODEL OF EARLY DCT

Apparent Cl Km (mM)

F703

Apparent Na Km (mM)

HHHW

Monroy et al.
Table2

Fig. 3. Effect of counter-ion concentration on
the K, of TSC transport. In the left-hand panels,
external Na* was fixed at 1 of the 5 values on

the abcissa, and C1~ varied to obtain a transport
Ko; for the right-hand panels, external C1~ was-
was fixed at 1 of the 6 values on the abcissa, and

Model Prediction .

Na™* varied. The fop panels display the data from
Monroy et al. (49); the bottom panels show the
model predictions using the coefficients obtained
- as a best-fit to all the K, data.

60. 60.
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0.0 0.0

2 5 10 20 40 2

Bath Na (mM)

where By is the tubule circumference, and Ay is the tubule
cross-sectional area. With this notation, the equations of mass
conservation for the nonreacting species (Na*, K*, CI~, and

urea) are written
s.()=0 (17)

where a = E, I, or M. For the phosphate and for the ammonia
buffer pairs, there is conservation of total buffer

s,(HPO?") + 5,(H,PO;) =0
s«(NH;) + s,(NH;) =0

(18)
(19)

Although peritubular Pco, will be specified, the CO, concen-
trations of the cells, interspace, and lumen are model variables.
The relevant reactions are

kq
H* + HCO; = H,CO, = H,0 + CO,
iy

(20)

where dissociation of H,CO3 is rapid and assumed to be at
equilibrium. Because HCO; and H,COs; are interconverted,
mass conservation requires

s, (HCO3) + s5,(H,CO;)
=V [kC(CO,) — kC (H,CO5)]

for « = I or E, whereas for the tubule lumen

(21)

HUUQﬁ

40

Bath Cl (mM)

sy(HCO3) + sy(H,CO5)
= Au[k,C\(CO,) — kiC(H,CO5)]

(22)

In each compartment (o =
CO; is expressed

I, E, or M), conservation of total

5,(HCO;3) + 5,(H,CO;) + 5,(CO,) =0 (23)
Corresponding to conservation of protons is the equation for
conservation of charge for all the buffer reactions

Ez,-sa(i) =0 (24)

where z; is the valence of species i. In this model, conservation
of charge for the buffer reactions (Eg. 24) takes the form
so(H") + 5,(NHy) — 5,(HCO;) — 5,(HPO; ) = 0 (25)
The solute equations are completed with the chemical equilib-
ria of the buffer pairs HPOff:HzPOZ s NH3:NH;r , and HCO5 :
H>COs;. Corresponding to the electrical potentials, i, for o =
E, I, or M, is the equation for electroneutrality

22Cu) =0 (26)

where for the cellular compartment (o = I), the sum includes
the contribution of the impermeant anion plus the unprotonated
impermeant buffer.
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Fig. 4. Schematic representation of distal convoluted tubule (DCT) epithelium,
consisting of DCT cell and lateral intercellular space, and a tubule model, whose
lumen is lined by this epithelium. Intraepithelial fluxes are designated Jug(i), where
the subscripts af refer to luminal cell membrane (MI), tight junction (ME), lateral
cell membrane (IE), basal cell membrane (IS), or interspace basement membrane
(ES). Along the tubule lumen, axial flows are designated Fu(i).

>

x=0.1 cm

With respect to water flows, volume conservation equations
for lumen, interspace, and cell can be used to compute the three
unknowns: luminal volume flow, lateral interspace hydrostatic
pressure, and cell volume. (Cell hydrostatic pressure is set
equal to luminal pressure; total cell impermeant content is
assumed fixed.) Across each cell membrane, the volume fluxes
are proportional to the hydrosmotic driving forces. With re-
spect to the lateral interspace, its volume, Vg, and its basement
membrane area, Ags, are functions of interspace hydrostatic
pressure, pg:

Ve _ Ass

= (27)
Ve Agso

= 1.0 + ve(ps — py)
where Vgg and Agso are reference values for volume and outlet
area, and vg is a compliance. Solute transport is either elec-
trodiffusive (e.g., via a channel), coupled to the electrochem-
ical potential gradients of other solutes (e.g., via a cotrans-
porter or an antiporter), or coupled to metabolic energy (via an
ATPase). This is expressed in the model by the flux equation
. o[ Cald) = Cali)e
JaB(l) = haB(l)CaB(l) 1— eilﬂﬂ(i)

28)
+ D Laplial) = Bali)] + T
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In this equation, the first term is the Goldman relation for ionic
fluxes, where h,p(i) is a solute permeability, and C.(i) and
Cg(i) are the concentrations of i in compartments o and (3.
Here,

Lanl) = 2 (b — ) (29)

ofy )= RT d”a lpB

is a normalized electrical potential difference (PD), where z; is
the valence of i, and Y, — g is the PD between compartments
a and B. The second term of the solute flux equation specifies
the coupled transport of species i and j according to linear

nonequilibrium thermodynamics, where the electrochemical
potential of j in compartment o is

l‘_l‘a(j) = RT ln [Cot(])] + ZjFl'Ja

For each of these transporters, the assumption of fixed stoichi-
ometry for the coupled fluxes allows the activity of each
transporter to be specified by a single coefficient. The excep-
tions to this representation of coupled fluxes are the two
sodium transporters of the luminal membrane for which kinetic
models are available, namely, the TSC, developed above, and
an Na*/H™ exchanger (73). For each of these transporters, a
single density parameter suffices to represent its activity. In
this model, there is a single transport ATPase, the peritubular
Na-K-ATPase, represented by the expression

(30)

Jie(Na")
C,(Na* Ty T
- [J?S(Na+>]m[ (Na') [ o) ]
C(Na®) + Ky, | [ Ca(K") + Ky
Kv. =02 X 10*3. 10+LK+)
Na = U YT 833%x 107 S8
. C,(Na")
Ke=01X10"{10+ ————=
18.5 X 10

in which the half-maximal Na™ concentration, Ky,, increases
linearly with internal K™, and the half-maximal K™ concen-
tration, Kk, increases linearly with external Na™ (25). The
pump flux of K* plus NH; reflects the 3:2 stoichiometry

Jie (KY) + Ji(NHY) = — (2/3)/5(Na”) (32)

with the transport of either K* or NH, determined by their
relative affinities, Kx and KNH4+

JiE(NHY) _ Ce(NHY) K
Ji(K") Ce(K)

(33)

KNHI
MODEL PARAMETERS

The parameters for the model epithelium were selected so
that the tubule might correspond to the early DCT of the rat.
The data available for comparison come almost exclusively
from flux determinations and electrophysiology performed in
the setting of micropuncture and microperfusion experiments.
To illustrate the variability within this database, a number of
measurements for DCT have been summarized in a table as an
APPENDIX. Some variability in transmural fluxes derives from
differences in DCT solute delivery (axial flow rate and con-
centration), because delivery modulates reabsorption and se-
cretion by this segment. As a consequence, comparisons of
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Distal Convoluted Tubule Cell

127. Na 3Na  253.
127. ©l 2K -161.
K 156.
222 Na

I Na 12.2 cl 156
58 K K 147.8 K -4.7

cl 177
312 Na HCO3 9.7 o ais
PO4 14.7 HCO3 13.1

-31.2 H NH4 0.75
39 K pH 7.027 cl 747
39 cl PD -96.3 HCO3 747
Na  -65.7
H 65.7

Fig. 5. Schematic of distal convoluted tubule (DCT) cell showing coupled
transport pathways and ion channels within luminal and peritubular mem-
branes. The cell solute concentrations (mM) and solute fluxes
(pmol-min~'-mm™") correspond to a midtubule cell (0.5 mm from the tubule inlet).
PD, potential difference.

model with data mandate fidelity of the simulation to the
experimental conditions. Additionally, some of the variability
of experimental flux determinations derives from technique,
specifically with respect to Na™, fluxes measured during mi-
croperfusion appear to be substantially less than those obtained
in micropuncture studies. Nevertheless, a small number of
workers have been able to microperfuse both early and late
segments of DCT in isolation, and these data permit one to
estimate relative contributions of DCT and CNT to the overall
solute flux. In particular, a relatively uniform rate of Na*
reabsorption along DCT, observed in early micropuncture (46),
was confirmed in segmental microperfusion (10, 19). Alterna-
tively, although DCT K™ secretion was initially plotted as a
linear function of tubule distance (45), nearly all occurs beyond
the early segment (57, 61). With respect to HCO;5 reabsorp-
tion, there is considerable variability in the fluxes, but mi-
croperfusion data suggest that the early DCT is an important, if
not the dominant site for H* secretion.

Figure 5 displays the important transporters of the model
DCT cell, and Table 2 contains the assigned permeability
coefficients expressed per unit area of epithelium. To rational-
ize them to unit membrane permeabilities, one divides by the
area of luminal membrane (4.7 cm?/cm? epithelium), of lateral
cell membrane (64.3 cm?cm? epithelium), or of basal cell
membrane (4.7 cm?/cm? epithelium), chosen in accordance
with the measurements of Pfaller (50). In all cases, the unit
permeabilities of lateral and basal membranes were assumed
equal. The model TSC developed above is situated within the
luminal membrane, and in parallel with this is an Na®/H™"
exchanger. The Na®/H* antiporter has been demonstrated
functionally (21, 69) and identified as NHE2 (6). There are
insufficient data to develop a kinetic representation of NHE2,
so for this model the kinetics of NHE3 have been used (73). Of
note, although an H"-ATPase had been incorporated into a
prior DCT model (9), it does not appear here because this
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pump has not been detected in early DCT using either transport
inhibitors (2, 21, 70) or antibody staining (4, 51). The electrical
properties of the luminal membrane have been examined only
in the rabbit, in which the conductance was principally for K™
with a smaller Na®™ component (80), although the absolute
magnitudes of these conductances are not known. In the rat, the
transition between DCT and CNT is less distinct than in the
rabbit, with the identification of sodium channels (ENaC)
within DCT (39). With the model parameters in Table 2, the
luminal membrane K* and Na™ conductances are 3.5 and 0.4
mS/cm?, yielding an overall electrical resistance 250 Q-cm?. It
is assumed that the NHj -to-K™ permeability ratio for the
luminal K* channel is 20%. Finally, a KCI cotransport path-
way within the luminal cell membrane has been postulated
on the basis of transport studies demonstrating an electroneu-
tral dependence of K™ secretion on luminal C1~ concentration
(18, 61).

Within the peritubular cell membrane, the Na-K-ATPase
mediates exit of Na® in exchange for K™ plus NH, with
stoichiometry 3-Na™:2-(K™ plus NH} ). The relative affinities
of K™ and NH;, for the Na-K-ATPase, are comparable in
proximal tubule (34), but in inner medullary collecting duct the
K™ affinity is greater by a factor of 4 (67). This ratio is not
known for DCT, so in view of its cortical location, and to
minimize DCT ammonia reabsorption, equal affinities were
assumed. In the model, the major pathway for K* and Cl~ exit
across the peritubular membrane is the K-Cl cotransporter. In
rabbit DCT, KCC4 is present within the peritubular membrane
(64), whereas human DCT contains RNA for KCC1 (38). The
magnitude of the permeability of this exit pathway will be
considered in the calculations below, but its critical role in this
model stands in contrast to the exclusive reliance on parallel
K™ and Cl~ conductances in the peritubular membrane by
Chang and Fujita (7, 9). Both K* and C1~ conductances have
been identified electrophysiologically in the DCT peritubular
membrane of the rabbit, with that for K™ dominant (63, 80).
These ionic permeabilities are also included in this model (in a
ratio of 3:1, K™-to-Cl7), but it will be shown that realistic
constraints on the overall peritubular conductance limit the
traffic through these two pathways to a small component of the
peritubular flux. For the K* permeability in Table 2, the K*
conductance of the peritubular (combined lateral and basal)
membrane is 12.5 mS/cm?; the Cl~ conductance is 5.4 mS/
cm?. The overall peritubular conductance is 19.4 mS/cm?,
corresponding to a resistance, 52 {)-cm?, about fivefold more
conductive than the luminal cell membrane. It is assumed that
the NH, -to-K™ permeability ratio for the peritubular K*
channel is 20%. It is also assumed that HCO5 permeates the
Cl™ channel, with a HCO;5 -to-Cl™ permeability ratio of 1:2.
Nevertheless, to accommodate the necessary HCO; exit path-
way is an electroneutral C1"/HCO; flux, the major peritubular
HCO;5; exchanger. In this regard, AE2 has been identified
within the peritubular membrane of rat DCT (1). The Na*/H™"
exchanger NHEI1 has been localized to the peritubular mem-
brane of DCT (3) and is represented here using linear nonequi-
librium thermodynamic formalism. In the model, its presence
helps to stabilize cell pH along the tubule length.

Membrane permeabilities have also been assigned for the
nonionic species: water, CO,, HoCOs, urea, and NHs. In the rat
DCT, the volume fluxes measured by Costanzo (10) suggest
that the early segment has about half the water permeability of
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Table 2. DCT Parameters
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Constants
RT, J/mmol 2.57
F, C/mEq 96.5
pK(HCO3) 3.57
pK(HPO?") 6.80
pK(NH3) 9.15
CO: Hydration/Dehydration Rates
Uncatalyzed Lumen Cell Interspace
ki, 57! 0.145 1.45 145 145
ka, s7! 49.6 496 49600 49600
Dimensions
Tubule diameter, cm 0.0015
Areas, cm?/cm? epithelium
Apical cell membrane (AMI) 4.7
Lateral cell membrane (AIE) 64.3
Basal cell membrane (AIS) 4.7
Tight junction (AME) 0.001
LIS basement membrane (AES) 0.02[1.0+0.1(pe—pn]
Volumes, cm?/cm? epithelium
Reference cell volume (Vi) 0.75X1073
Cell impermeant [Ci(Imp)] 70mM
Cell impermeant valence (Zimp) —-1.0
Cell impermeant buffer (total) 40mM
Impermeant buffer pK 7.50
Interspace volume (Vg) 0.8X1074[1.0+0.1(pe—p1)]
Membrane Properties
Tight Junction Interspace-Basal Cell-Apical Cell-Lateral Cell-Basal
(ME) (ES) (MI) (IE) IS)
Water permeability (P + A), cm?/s 0.0020 0.71 0.0055 0.54 0.039
Solute permeabilities (h; - A), 10~ >cm? - s~ ! - cm ™2 epithelium
Na* 0.80 63. 0.34 0.00 0.00
K* 0.80 84. 2.82 7.72 0.56
Cl™ 0.50 84. 0.00 2.57 0.19
HCO; 0.50 42. 0.00 1.29 0.094
H>COs 0.50 63. 610 8,400 610
CO2 0.50 63. 7.1x10% 9.6X10° 7.1x10%
HPO?~ 0.10 42. 0.00 0.13 0.0094
H>PO, 0.10 42. 0.00 0.13 0.0094
Urea 0.20 42. 0.94 13. 0.94
NHs 0.80 52. 940 13,000 940
NH; 0.80 84. 0.56 1.54 0.11
H" 0.80 419. 0.94 12.9 0.94
NET coefficients (L; * A), 1072 mmol?-J~! - s~ - cm~2 epithelium
K* - ClI™ 18.8 1,290 94.0
Na*/H* 257. 18.8
ClI"/HCO; 965. 70.5
Na, — HPO?~ 12.9 0.94
TSC density, nmol/cm? epithelium 70.5
NHE density, nmol/cm? epithelium 940.
Na-K-ATPase [J*{(Na)max], nmol * s~! « cm ™2 25,700 1,880

DCT, distal convoluted tubule; NHE, Na*/H* exchange; TSC, thiazide-sensitive NaCl cotransporter.

the late segment. If one assumes luminal diameters of 15 and
18 wm, respectively (20), the observed fluxes translate into
overall epithelial water permeabilities of 1.1 X 10~* and 2.1 X
107* ml-s~'-cm™2-0osmol ™!, or water permeabilities equal to
0.0059 and 0.012 cm/s for early and late DCT. In the model,
the peritubular membrane water permeability was taken to be
that used for the inner medullary collecting duct (IMCD) cell
(74), so that with a luminal membrane water permeability
~15% of peritubular (per unit membrane area), the overall
epithelial water permeability was reproduced. In the absence of

specific data for CO,, the unit permeabilities for luminal and
peritubular membranes were taken equal, and set to the value
used for both membranes in IMCD. A similar choice was made
for the H,CO5 permeability. In the case of urea, again absent
data, the unit permeabilities for luminal and peritubular mem-
branes were also set equal to the unit permeability used
previously for proximal tubule (2.0 X 107° cm/s) (71). With
this choice (plus the small tight junctional urea permeability),
one recovers the measured value for rat DCT urea permeabil-
ity, 1.0 X 107> cm/s (30). For this DCT model, the unit
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membrane permeabilities to NH3 were also set equal to the
value taken for proximal tubule membranes (2.0 X 1073 cm/s)
(72). It was found that if the value for NH3; permeability were
set much higher, then the model DCT would show unrealisti-
cally high rates of ammonia reabsorption.

There are few epithelial permeability measurements to guide
the selection of tight junctional parameters of DCT. The
overall electrical conductance increases as one proceeds from
early to late DCT, with measured values of 2.6 going to 4.0
mS/cm? (44), from 6 to 25 mS/cm? (12), and from 6.8 to 16.1
mS/cm? (11). When these data are combined with an estimate
of the Na*-to-Cl~ conductance ratio, 1.75 (early) and 2.67
(late), one has meaningful constraints on the two important
tight junction permeabilities (44). In Table 2, the Na* and Cl1~
permeability coefficients are 8.0 X 107> and 5.0 X 107> cm/s,
respectively. When luminal Na™* is 65 mM and luminal Cl~ is
56 mM, these permeability coefficients translate into conduc-
tances of 3.0 and 1.5 mS/cm?, and this accounts for ~90% of
the tight junction conductance.In this model, both tight junc-
tional and transcellular pathways contribute to the overall K™
permeability. Good and Wright (28) found DCT K™ flux to be
a linear function of luminal K" concentration (their Fig. 7),
and the slope yields an estimate of 9.3 X 10~ cm/s for the K*
permeability of a tubule of 2.2-mm length and 15-pm diame-
ter. In the model tight junction, the permeabilities of Na*, K*,
and NH, were set equal. With this assignment, and the cell
membrane K* permeabilities estimated from the electrical
considerations above, the overall DCT epithelial K™ perme-
ability matches that derived from the data of Good and Wright.
For the tight junction permeabilities of HCO5;, CO,, and
H,COs3, values equal to that for CI~ were used, and for
phosphate species, 20% of the Cl~ permeability. Tight junc-
tional urea permeability was set at 25% of Na™ permeability,
relatively small compared with its transcellular permeability.

All membrane and tight junction reflection coefficients are
assumed to be 1.0, whereas those for interspace basement
membrane are 0.0. The interspace basement membrane con-
ductance was assumed to be about two orders of magnitude
greater than that of the tight junction, and solute permeabilities
were proportional to diffusivity in free solution. The values
shown are those used previously for the interspace basement
membrane of IMCD (74). Staining for carbonic anhydrase is
positive within the DCT cell, especially in the basal region
(40). Accordingly, rate constants for hydration of CO, were
assumed to be 1,000-fold greater than those for the uncatalyzed
reaction in both cytosol and lateral intercellular space. (Full
catalysis would be 10,000-fold greater, but increasing the
model rate constant had little effect on the predicted concen-
trations and fluxes.) Within the tubule lumen, a collapse of the
acid lumen by infusion of carbonic anhydrase (—0.83 pH unit)
was first noted by Rector et al. (52), and an acid disequilibrium
pH of —0.37 unit was found under control conditions by
Malnic et al. (43). Alternatively, DuBose et al. (16) only
observed a disequilibrium pH under conditions of high HCO5
delivery (—0.49 unit). In the model, luminal catalysis was
taken to be 10-fold greater than the uncatalyzed coefficients.
This was slow enough to still yield a disequilibrium pH (~0.4
units; see below), but it was found that if the uncatalyzed rate
coefficients were used, then an unrealistically low luminal pH
was obtained (close to 6.0), which shut off proton secretion by
the luminal Na*/H* within the model DCT.
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MODEL CALCULATIONS

Table 3 contains the open-circuit solution of the DCT
epithelial model when luminal conditions are those expected
near the tubule inlet (see appENDIX). Luminal Na*, K™, Cl-,
and HCO; were taken to be 65, 2.0, 56, and 8§ mM, respec-
tively. Ambient Pco, was assumed to be 40 mmHg, and H,COs3
was taken to be in equilibrium for this baseline calculation.
With these choices, luminal pH was 6.93; when the calcula-
tions were extended to the full 1-mm tubule, the rapid devel-
opment of a disequilibrium pH, along with HCO; reabsorption
depressed luminal pH toward 6.4. With regard to selecting the
ambient Pco,, these luminal pH values seem more compatible
with micropuncture measurements compared with an ambient
Pco, of 50 mmHg, which had been used previously in proximal
tubule models (71). There is experimental support for selecting
cortical Pco, close to that of arterial plasma (13), although this
value remains a point of controversy (15). Total luminal
phosphate is 4 mM, total luminal ammonia 3.2 mM, and
luminal urea 30 mM. Peritubular ammonia was assumed to be
0.2 mM, as done previously for cortical capillaries, and ratio-
nalized as being midway between observed rat renal artery and
renal venous ammonia concentrations (72). Under these con-
ditions, luminal PD is —5 mV, dependent largely on the small
inward Na™ current across the luminal cell membrane. This
current corresponds to a flux of 21 pmol-mm~!-min~!, and
should be seen in relation to the TSC and NHE fluxes of 95 and
125 pmol-mm ™~ '-min~!, respectively. This NHE flux is high
but drops sharply with luminal acidification, so that by midtu-
bule, the magnitudes of TSC and NHE fluxes are 127 and 31
pmol-mm ™~ !-min~!. These midtubule fluxes are displayed in
Fig. 5. At the tubule inlet, backflux through the luminal KCl
cotransporter is small, —4.4 pmol-mm ™~ '-min~', but not an
insignificant fraction of the secretory flux through the K™
channel, —8.9 pmol-mm ™! min~".

In the baseline calculation, peritubular transport of Na™ by the
Na-K-ATPase is 295 pmol-mm ™~ '-min~!, composed of the 241
pmol-mm~'-min~! that entered across the luminal membrane
plus peritubular entry from Na*/H" exchange (48 pmol-mm!-
min~!) and a small phosphate flux (6 pmol-mm™~!-min~!). The
cation uptake by the Na-K-ATPase for K* and NH,, respec-
tively, is 180 and 17 pmol-mm ™ !-min~!. Of this K* entry, 168
pmol-mm ™~ !~min~"! returns across the peritubular KCI cotrans-
porter, accompanied by Cl™ that came from both luminal TSC
and peritubular C1"/HCO;5 in nearly equal measure. Even in
midtubule (Fig. 5), where there is substantially less luminal NHE
flux, there is still a major contribution from peritubular anion
exchange to the KCI flux, due to cytosolic acidosis and activation
of peritubular NHE. Of note, the K™ flux across the peritubular
K™ channel is close to zero, corresponding to the fact that K* is
nearly at electrochemical equilibrium across the peritubular mem-
brane. In addition to the 17 pmol-mm™~'-min~! of active peritu-
bular NH;, uptake, there is reabsorption of 5.6 pmol-mm™ '
min~! across the luminal membrane, due mostly to NH, /H*
exchange across the NHE. These together (plus a small luminal
NH; entry) yield a peritubular efflux of NH3 of 24 pmol-mm!-
min~!, a small net ammonia reabsorption, but a more significant
cellular acidification. By midtubule, with considerably diminished
fluxes through luminal NHE, net ammonia reabsorption is re-
duced by 90% and the acidification due to NH; /NH3 exchange is
reduced by two-thirds.
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Table 3. Model solution for initial DCT
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Intensive Variables

Lumen Interspace Cell Blood
Volume, cm? 0.84%X1074 6.36X107*
Electrical potential, mV —=5.01 —-0.22 —-94.9 0.000
Pressure, mmHg 0.00 0.47 0.00 0.00
Concentration, mM
Na* 65.0 150.5 15.9 144.0
K" 2.00 4.40 151.4 5.00
Cl~ 55.9 119.2 18.6 120.5
HCO; 8.00 31.7 24.1 24.0
H>CO3 3.53x1073 3.71x1073 3.33x1073 3.53x1073
CO> 1.20 1.20 1.20 1.20
HPO?~ 2.29 2.02 9.50 2.08
H>PO, 1.71 0.40 2.23 0.52
Urea 30.0 5.28 6.84 5.00
NH3 1.89X1072 9.23X1073 1.50X1072 3.51x1073
NH; 3.17 0.41 0.79 0.20
pH 6.925 7.501 7.429 7.403
Impermeant 0.00 82.5 2.00
Buf 21.7
Hbuf 25.5
Osmolality, mosmol/kgH>O 169.2 315.1 313.0 304.5
Total Membrane Fluxes
Tight
Junction Interspace-Basal Cell-Apical Cell-Lateral Cell-Basal
(ME) (ES) (MI) (IE) (IS)
Volume flux, nl's™'~cm™2 5.25 25.4 14.2 20.2 —6.00
Solute flux, pmol-s™!-cm ™2
Na*t —841. 7,076. 8,510. 7.917. 592.
K* —23.8 —418. —469. —394. =756
Cl~ —239. 2,811. 3,187. 3,049. 137.
HCO; —101. 4014. 0.00 5,019. 4,200.
H2COs 0.00 0.21 1.23 —=31.9 —1.23
COz 0.02 28.5 2,280. —844. —2,280.
HPO?~ 1.05 39.0 0.00 —-10.6 —.62
H.PO, 1.51 —36.5 0.00 10.4 0.76
Urea 494 250. 218. 200. 17.3
NH3 0.08 3.14 36.3 744. 108.
NH;" 19.5 185. 199. —576. —41.2
H* 0.00 —.03 —4,543. 1,597. 104.
Membrane Flux Components
Coupled fluxes, pmol's™'-cm ™2
Nat — ClI™ 3,343.
Na*/H* (Na*) 4,406. —1,597. —104.
Na*/H* (H") —4,543. 1,597. 104.
Na*/H* (NH;") 137. 0.00 0.00
K* - ClI™ —156. 5,551. 372.
Na,HPO?~ (Na™) —195. —14.0
Na,HPO?~ (HPO?") —-97.5 —6.99
Pump fluxes, pmol-s~'-cm 2
Na-K-ATpase (Na™) 9,713. 710.
Na-K-ATpase (K™) —5,925. —433.
Na-K-ATpase (NH;") —554. —40.5

Buf and HBuf, unprotonated and protonated cytosolic impermeant buffer, respectively.

The epithelial model of DCT can be used to simulate
experimental determination of the epithelial solute and water
permeabilities under ideal conditions. For these calculations,
luminal and peritubular solute concentrations were taken close
to physiological values (luminal Na* = 70, K* = 5.0,Cl~ =
49.1, HCO; = 25, urea = 5.0, and NH; = 1.0 mM; peritu-
bular Na* = 140, K™ = 5.0, CI” = 119.1, HCO; = 25,
urea = 5.0, and NH; = 1.0 mM), and a neutral luminal

impermeant at 140 mM was added to minimize convective
fluxes. Then, for the solute species, Na*, K™, CI~, HCO;,
urea, NH4+ , and the impermeant, the luminal concentration was
first increased and then decreased by 0.1 mM. The resulting
flux changes (computed under short-circuit conditions) were
averaged (for increase and decrease) and used to compute the
solute permeabilities, fnms(7), or, in the case of the impermeant,
the DCT water permeability. Finally, the transepithelial PD

AJP-Renal Physiol - VOL 289 « OCTOBER 2005 « www.ajprenal.org

1002 ‘v Jaquiadaq uo Bio'ABojoisAyd-eualdfe wol) papeojumoq



http://ajprenal.physiology.org

A MODEL OF EARLY DCT

Table 4. DCT model epithelial permeabilities

Ps, cm/s 7.0x1073
Solute Permeabilities
RT;
Inas, cm/s X105 gass, MS/em? % cm/sx10°°
C

Na* 243 2.78 0.76
K" 8.68 1.61 8.90
Cl™ 1.04 1.81 0.63
HCO; 0.46 0.51 0.56
NH; 19.15 0.09 2.48
Urea 1.07

NH3; 528.

was increased and decreased by 0.1 mV, and the flux changes
in charged species yielded the partial conductance, gms(?)
(mS/cm?) or the conductive permeability (cm/s). The results of
these calculations are contained in Table 4. Here, one sees the
concordance of K" permeabilities, whether determined from a
concentration or voltage perturbation, and similarly for HCO5 .
This is different from the case of Na™ or C1~ or NH;r , in which
concentration perturbations yield greater permeability values,
due to the presence of electroneutral luminal entry pathways.
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The discrepancy in permeabilities is a factor of 3 for Na™, but
only 50% for C1-, reflecting the relative permeabilities of the
NHE and TSC pathways. As the model was configured, the
overall epithelial conductance is ~6.7 mS/cm?, with a Na™:
CI™ partial conductance ratio of 1.5; the epithelial K* perme-
ability largely reflects the transcellular pathway; and the epi-
thelial urea permeability, 1.1 X 1073 cm/s, is close to the
measured value. In these calculations, an epithelial NH3 per-
meability is computed from the NH3 flux across the luminal
membrane and tight junction, during the perturbations of lu-
minal NH;r , using the increment in luminal NHs.

Figures 6 and 7 display the results of calculations from the
DCT tubule model, in which the abcissa is tubule length over
a I-mm segment, and the initial conditions are identical to
those in Table 3. In Fig. 6, the panels on the left show the
luminal PD and the concentrations of Na™, K*, Cl~,and urea;
on the right are axial volume and solute flows.The figure
illustrates that this tubule is a site for NaCl reabsorption and
K™ secretion, with little change in volume or urea flow. Table
5 quantifies these changes, indicating reabsorption of ~40% of
entering Na™ (155 pmol-mm ™~ !-min~"!) with 34% of entering
Cl~ (114 pmol-mm™~'+min~!). Thus with a 10% decrease in
volume flow, there is an overall decrease in the luminal
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Fig. 6. Solute concentrations and flows along
the early DCT. With the inlet conditions as in
Table 3, and entering flow of 6 nl/min, the
model equations are solved along a 0.1-cm

segment of DCT.
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Fig. 7. Acid-base flows along the early DCT. 10.0 50
With the inlet conditions as in table 3, and ' T ' T
entering flow of 6 nl/min, the model equations - [TA] — — TA flow —
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concentrations of Na* and C1~ from 65 to 43 mM and from 56
to 41 mM, and these changes occur uniformly over the tubule
length. A departure from this uniformity appears in the small
length near the inlet where the DCT hyperpolarizes. With
reference to Fig. 7, this region is the locus in which the lumen
acidifies with the development of a disequilibrium pH. In Fig.
7, the left panels include the luminal pH and the concentrations
of HCOy , titratable acid (TA), and NH;r , and the panels on the
right show the axial flows of these species plus “net acid flow”
(NH; + TA — HCO; flows). The bottom left panel shows the
disequilibrium pH calculated either for an open system, with
the Pco, fixed at 40 mmHg, or for a closed system, in which
there is conservation of total CO,. The open system calculation
is likely the one that corresponds more closely to the measure-
ments by DuBose et al. (16). For the closed system, there is a
prediction of the equilibrium Pco,, and that is shown in the
bottom right panel. After the initial development of an acid
disequilibrium pH of ~0.4 units, the model predicts a rela-
tively constant luminal pH of 6.4 with progressivere absorption
of ~51% of delivered HCO; (25 pmol-mm ™ !-min~!). There
is negligible change in the flow of ammonia or TA (after the
initial acidification). Corresponding to the early luminal acid-
ification, there is cytosolic acidification (not shown), which

Distance along the tubule (cm)

alters cell HCO; and Cl™ concentrations, and thus impacts
cytosolic and ultimately luminal PD in this region.

Figure 8 uses the epithelial model to address the issue of the
magnitude of peritubular KCI cotransport. In these calcula-
tions, the permeability coefficient of the cotransporter was
decreased from the control value, in steps, and then the peri-
tubular permeabilities for K" and CI~ were adjusted (keeping
the ratio constant) to maintain the baseline transcellular epi-
thelial Na™ flux. The point of full KCI cotransport (abcissa =
1.0) corresponds to the parameters of this model; the point of
zero KCl cotransport corresponds to the choice Chang and
Fujita (7, 9) made for their DCT model. The luminal and
peritubular conditions for these calculations correspond to
those of the mid-DCT segment, in which the luminal acid
disequilibrium is fully developed. The bottom panel displays
the peritubular conductances for K* and C1~, which satisfy the
constraint on Na™ flux. The top panels show the fluxes of Cl~
and H* across the luminal cell membrane, the cell Cl~ and
HCOj5 concentrations, and the peritubular PD for these calcu-
lations. It is clear that with the exception of peritubular PD,
there is virtually no difference in cytosolic conditions or in
transcellular fluxes with the replacement of the cotransporter
by parallel conductances. The major difference is in the total
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Table 5. DCT solute reabsorption

Concentration, mmol/l

Lumen (x = 0) Lumen (x = 1 mm) Blood
Na* 65.0 43.4 144.0
K* 2.0 4.1 5.0
Cl~ 55.9 40.9 120.5
HCO; 8.0 4.3 24.0
H>COs3 3.5%X1073 6.6X1073 3.5%X1073
CO> 1.2 1.2 1.2
HPOf’ 2.3 1.2 2.1
H>PO, 1.7 3.2 0.5
Urea 30.0 31.9 5.0
NH3 18.9X1073 5.8X1073 3.5X1073
NH; 3.2 3.4 0.2
IMP 0.0 0.0 2.0
Osmolality 169.3 133.7 304.5
pH 6.925 6.387 7.403

Flows Per Tubule, pmol/min

Lumen Lumen Fractional

(x=0) (x = 1 mm) Reabsorption Reabsorption
Na* 390.0 234.7 155.3 0.40
K* 12.0 22.3 —-10.3 —0.86
Cl~ 335.3 221.2 114.1 0.34
HCO; 48.0 23.4 24.6 0.51
HPOf’ 13.7 6.7 7.1 0.52
H>PO, 10.3 17.3 —=7.0 —0.68
TA 5.5 12.5 —=7.0 —-1.29
NH; 19.0 18.2 0.8 0.04
Urea 180.0 172.2 7.8 0.04

conductance of the peritubular cell membrane, which varies
from 18.7 mS/cm? (53 Q-cm?) with the KCI cotransport
coefficient of this model, to 124 mS/cm? (0.8 Q-cm?) when
only conductive pathways are present. The actual value for the
conductance of this membrane is not known; however, it is
known that in rat proximal tubule the peritubular resistance is
90 Q-cm? (23), and in rat CCT principal cells 24 Q-cm? (54),
so the choice for this model DCT is within that range. A value
of 24 Q-cm? for this model would correspond to a KCI
permeability coefficient 80% of that selected as the baseline.

In contrast to proximal tubule, the DCT cell routinely faces
wide variations in luminal Na™ concentration. This poses a
challenge to the epithelium to vary Na™* reabsorption in re-
sponse to load, while maintaining cell volume within reason-
able bounds and avoiding derangements of acid-base balance.
Figure 9 contains results from the DCT epithelial model
predicting the impact of varying luminal NaCl on cell volume,
cytosolic concentrations, and solute fluxes in an early DCT
cell. Boundary conditions are as in Table 3, with the exception
of luminal Na™, which is varied along with C1~, and which
appears on the abcissa. The fop left panel shows the DCT cell
volume, which remains within a 10% band around its midpoint
value (~6.1 X 10~* cm?/cm?). The notable finding is in the
right panels in which the C1~ flux displays a transport maxi-
mum, with an apparent half-maximal Na™ concentration of 21
mM (luminal C1™ concentration = 12 mM), compatible with
the kinetics of the TSC. (Of note, the CI™ flux corresponding
to luminal Na®™ = 15 mM is secretory and is not shown. The
corresponding luminal CI~ = 6 mM, a value that could not be
reached in this DCT, because Cl~ reabsorption ceases at CI~ =
7 mM.) At the higher values of luminal Na™, reabsorptive C1~
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flux saturates while proton secretion via NHE increases, yield-
ing an increase in Na™ reabsorption over the full range of the
abcissa. When these calculations are repeated using midpoint
DCT boundaryvalues (luminal acid disequilibrium), the qual-
itative picture remains the same, in this case with half-maximal
Cl~ flux achieved at luminal Na* of 14 mM (and Cl~ of
9 mM).

The impact of delivered load on overall DCT Na™ reabsorp-
tion can be examined using the tubule model, and the results
are shown in Fig. 10. In each panel, the abcissa is entering Na™
concentration (NaCl variation), and with a constant inlet flow
of 6 nl/min, the delivered load (solid line in each panel) varies
from 90 to 570 pmol/min. The fop left panel shows Na™
reabsorption in relation to the load, using baseline model
parameters. It is apparent that reabsorption keeps pace with
load at low luminal Na*, but then falls off at higher entering
concentrations. The maximal Na™ reabsorption rate for this
1-mm segment is ~200 pmol/min, well below that observed in
micropuncture studies of the load-dependence of Na™ reab-
sorption by total DCT (11, 33). Nevertheless, the transport rate
here for early DCT (~120 pmol/min for a delivered load of
400 pmol/min) is compatible with data for this segment (see
APPENDIX | data from Refs. 10 and 11). A proper comparison
with DCT micropuncture requires inclusion of connecting
tubule Na* transport, with reabsorption through the (nonsat-
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Fig. 8. Impact of peritubular KCI cotransport on DCT function. The calcula-
tions use the DCT epithelial model with baseline parameters (Table 2) and bath
conditions (Table 3). The abcissa for each panel is the density of the peritu-
bular KCl cotransporter relative to its baseline value. At each point, peritubular
K* and Cl~ channel densities are adjusted (with the ratio fixed), so that the
transepithelial Na™ flux remains constant.
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