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ABSTRACT A theoretical model was developed to examine the role of physical and chemical factors in the control of
bicarbonate reabsorption in the renal proximal tubule. Included in the model were axial and radial variations in the
concentrations of HCO,~, CO, and related chemical species in the tubule lumen and epithelial cells. Relations between
these concentrations and the solute fluxes across the brush border and basolateral membranes were also included, as
were reaction rate and equilibrium expressions to describe the various buffering processes in the lumen and cells. The
two most critical membrane parameters, the rate constant for H* secretion at the brush border and the effective
permeability of HCO,™ at the basolateral membrane, were evaluated by comparing model predictions with available
free-flow micropuncture data in the rat. It was found that the experimental observations could be explained only by
decreasing one or both of these membrane parameters with axial position, suggesting a progressive decrease in HCO,~
reabsorptive capacity along the tubule. For single nephron filtered loads of HCO;™ up to about 1,400 pmol/min,
absolute bicarbonate reabsorption was predicted to increase nearly in proportion to filtered load, whereas it was
calculated to be relatively constant at higher filtered loads, irrespective of how filtered load was assumed to be varied.
These predictions are in excellent agreement with most of the available micropuncture data in rats, as is the prediction
that HCO,™ reabsorption should change in parallel with CO, partial pressure in the filtrate, at a given filtered load of
HCO,". Certain discrepancies between the model predictions and experimental observations are evident at very high

filtered loads, and the implications of these are discussed in terms of possible adaptive responses of the tubule.

INTRODUCTION

Bicarbonate is the principal buffer in blood, and the
maintenance of appropriate levels of bicarbonate in plasma
is therefore a critical element in the control of plasma pH.
Under normal conditions this control system requires that
relatively little bicarbonate be excreted in urine. The
normal role of the renal proximal tubule is to reabsorb a
large fraction of the bicarbonate present in glomerular
filtrate (typically 80-90%), and return it to the circulation
via the peritubular capillaries. When glomerular filtration
rate is increased, so is the rate of proximal bicarbonate
reabsorption. This prevents excessive excretion of bicar-
bonate in urine, which could lead to acidosis.

The handling of bicarbonate and carbon dioxide by the
proximal tubule has been examined extensively in vivo
using free-flow micropuncture and in situ microperfusion
techniques, and in vitro by perfusion of isolated tubule
segments, as reviewed by Warnock and Rector (1). The
principal transport steps and chemical reactions that are
thought to be involved in the reabsorption of bicarbonate
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and acidification of tubule fluid in this nephron segment
are depicted in Fig. 1. The primary event is believed to be
secretion of H* from epithelial cell to tubule lumen
(closely coupled to Na™* reabsorption), which titrates lumi-
nal HCO,~ to form CQ,. Although not shown, HCO,~
titration also leads to the formation of small amounts of
H,CO,. These substances (primarily CO,) are thought to
diffuse into the cell, allowing generation of new intracellu-
lar HCO,". This new HCO, ™ passes across the basolateral
membrane into the peritubular interstitium, where it gains
ready access to the peritubular microcirculation.' The net
effect of this cycle is the movement of HCO;~ from tubule
lumen to blood. Of importance is that the predominant
pathway for interconversion of CO, and HCO;™ is enzy-
matic, involving carbonic anhydrase (C.A.) within the cell
and at the luminal surface of the brush border membrane.

'The movement of a bicarbonate ion from the proximal epithelial cell to
the peritubular interstitium is equivalent to the transport of one molecule
of carbon dioxide together with a hydroxyl ion. In addition, because of the
rapid equilibrium involved in the dissociation of water, transport of OH~
in one direction is equivalent to transport of H* in the other. Although we
have chosen to view HCO,™ as the species transported across the
basolateral membrane, the identity of the transported species is not yet
well established.
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FIGURE 1 Schematic diagram illustrating the mechanism of HCO,~
reabsorption in the renal proximal tubule. Carbonic anhydrase is denoted
by C.A. and nonbicarbonate buffers (e.g. HPO,") by A.

In addition to titrating luminal HCO,™, secreted H*
may react with various non-bicarbonate buffers that
appear in tubule fluid, denoted collectively by “A” in Fig.
1. The most important of these is divalent phosphate
(HPO,"). Concurrent with the various transport and reac-
tion steps already described is the reabsorption of large
amounts of H,0, Na*, and CI-. It should be noted that
HCO," is reabsorbed more rapidly than water, so that the
luminal HCO,~ concentration declines with distance along
the proximal tubule. The resulting transepithelial concen-
tration gradient favors HCO,~ “backleak” from intersti-
tium to lumen, presumably by diffusion through intercellu-
lar channels.

Many of the quantitative aspects of the bicarbonate
reabsorption process remain to be elucidated. To examine
some of the implications of currently accepted hypotheses,
Wang and Deen (2) developed a model which focuses
exclusively on the main HCO, /CO, cycle described
above. Radial and axial concentration profiles for CO,,
HCO,", and H,CO, in the tubule lumen and epithelium
were determined using conservation of mass equations
applied to both regions, assuming membrane transport of
these species to be passive. Interstitial concentrations and
intracellular pH were specified as constants. The rate of
secretion of H* was assumed to equal the intracellular rate
of HCO,™ generation and was calculated from the HCO,~
mass balance in the cell. This assumption and the specifi-
cation of intracellular pH as an input parameter elimi-
nated the need to relate the rate of H* secretion to luminal
and intracellular pH.

Several factors not included in the model of Wang and
Deen (2) limit its applicability to the earliest segment of
the proximal tubule. First, nonbicarbonate buffers were
neglected. This approximation is appropriate early in the
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proximal tubule, but should become increasingly inade-
quate in later portions as the concentration of HCO,~
declines relative to that of other buffers. Second, paracellu-
lar backleak of HCO,~ was not considered, and this too
may become significant when luminal HCO,~ concentra-
tions are low. Third, no provision was made for a direct
effect of luminal acidity on H* secretion rate or intracellu-
lar pH. Recent micropuncture data in the rat (3-5)
demonstrate that bicarbonate reabsorption rate (H*
secretion rate) declines markedly along the proximal con-
voluted tubule as luminal HCO,;~ concentration and pH
decrease.

The objective of the study reported here was to incorpo-
rate these additional factors into a theoretical model for
proximal bicarbonate reabsorption. By obtaining more
realistic descriptions of pH and concentration variations
along the length of the proximal tubule, we have been able
to examine the response to variations in the rate of
bicarbonate delivery to the tubule (“filtered load™), which
could not be done with our previous model (2). Many of the
factors considered here were included also in a model
presented very recently by Alpern and Rector (6), but
using a less mechanistic approach. Whereas those authors
calculated bicarbonate reabsorption rates using a series of
empirical correlations derived largely from microperfusion
data, our approach has been to relate reabsorption rates to
specific physico-chemical quantities such as membrane
permeabilities, diffusion coefficients, and reaction rate and
equilibrium constants. Many of the physical constants in
our model could be estimated independently, although
certain critical membrane parameters had to be obtained
by fitting our results to micropuncture data on bicarbonate
reabsorption in the rat. Our predictions of pH variations
and bicarbonate reabsorption rates are compared, where
possible, to available micropuncture data.

MODEL FORMULATION

General Considerations

As shown in Fig. 2, the proximal tubule epithelium consists
of a single layer of cuboidal cells, and was modeled as a
circular tube of inner radius , (approximately 15 um in
the rat) and outer radius 7, (25 um). Because of secretion,
reabsorption, and chemical reactions, the steady-state con-
centrations of the various chemical species depend on both
radial position (r) and axial position (z), the latter being
measured from Bowman’s capsule. The analysis involved
detailed consideration of two regions, the tubule lumen
(0 = r < r|, concentration C, for species i) and the intracel-
lular fluid (r, < r < r,, concentration C.). On the length
scale of interest, cell membrane thicknesses are of course
negligible. Interstitial concentrations (C,) were assumed
to equal those in peritubular capillary plasma, and were
specified in most cases as input parameters that were
independent of position along the tubule. Six chemical
species were considered, identified by the following sub-
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FIGURE 2 Anatomical structures and model geometry. Left: AA, affer-
ent arteriole; GC, glomerular capillaries; EA, efferent arteriole; BS,
Bowman’s space; PT, proximal tubule; PC, peritubular capillaries. Right:
BM, basement membrane; BI, basal infoldings; IC, intercellular channel;
TJ, tight junction; BB, brush border.

script notation:

i=1: CO, 4: H*
2: HCO," 5. H,PO,”
3: H,CO, 6: HPO,

In the pH range of the proximal convoluted tubule (~6.8—
7.4) the amounts of CO,~, H;PO,, and PO, are negligi-
ble. Carbonic acid (H,CQO;) is also present in relatively
small amounts, but was included because of its role as a
reaction intermediate (see below).

The various chemical reactions will be referred to as
homogeneous if they occur throughout a compartment,
and heterogeneous if they are confined to a membrane
surface; the former appear as source terms in the species
conservation equations, the latter in boundary conditions.
Forward and reverse rate constants for reaction j are
denoted by k; and k_;, respectively, with the corresponding
equilibrium constant defined as K; = k;/k_;. As discussed
previously (2), the interconversion of CO, and HCO,™ may
be described by three reactions

ki
CO, + H,0 — H,CO,

-1

(Reaction 1)

k
H,CO, — H* + HCO,"

-2

(Reaction 2)

K
CO, + H;,0 —~ H* + HCO,"
k_
CA.

(Reaction 3)

Reactions 1 and 2 represent the nonenzymatic pathway,
whereas reaction 3 is catalyzed by carbonic anhydrase. All
three were considered to occur as homogeneous reactions
within the cell, with reaction 3 being dominant (except
during carbonic anhydrase inhibition) because of its much
higher rate constants. Carbonic anhydrase appears to be
present not only within the cell but at the luminal surface

BERNSTEIN ET AL. Proximal Bicarbonate Reabsorption

of the brush border membrane ( = r,), so that in the
lumen reaction 3 was treated as heterogeneous. While not
catalyzed by a membrane-bound enzyme, reaction 2
between secreted H* and luminal HCO,™ is sufficiently
fast that it should reach equilibrium within a few ang-
stroms of the membrane surface (2), so that it too was
treated as heterogeneous. Similar reasoning applies to the
rapid protonation of HPO," in the tubule lumen

k.
H2P04_ =“ H+ + HPO4-

-4

(Reaction 4)

Thus, the only homogeneous reaction considered in the
lumen was the uncatalyzed hydration of CQO,, reaction 1.
Metabolic formation of CQO,, neglected previously (2), was
described as a zero-order, homogeneous reaction within the
epithelial cell.

An important assumption was that intracellular pH is
independent of position within a given cell. Although not
rigorously justifiable, this assumption is made plausible by
the high mobility of H* and the probable facilitation of H*
transport by various intracellular buffers (7). Accordingly,
a detailed description of intracellular buffering processes,
including the intracellular handling of phosphates, was not
attempted. As in our previous model (2), the net rate of
formation of H* within the cells was equated with that of
HCO,;~ (see reactions 2 and 3), and all of this H* was
assumed to be secreted into the lumen. However, a specific
relationship between intracellular H* concentration and
secretion rate was postulated in the present model (see Eq.
8), and intracellular pH calculated as a function of position
along the tubule (z), rather than specified as a position-
independent input parameter.

Transport of the chemical species modeled, other than
phosphates, was assumed to be passive. Diffusion of CO,
and H,CO, was assumed to be transcellular, while parallel
transcellular and paracellular pathways were included for
HCO,". The rate of phosphate removal from the lumen
was taken to be constant, with equal amounts of phosphate
being reabsorbed in the monovalent (H,PO,”) and diva-
lent (HPO,") forms. If reabsorbed phosphate was assumed
to be exclusively monovalent or divalent, then the cumula-
tive bicarbonate reabsorption rate up to the end of the
proximal convoluted tubule was calculated to change by
<1%.

Intracellular Transport

Transport within the cells was assumed to occur only in the
radial direction. The differential equations used to express
conservation of mass for CO,, HCO,™ and H,CO, were as
given previously (2), except for the addition of a homoge-
neous reaction term (M,) representing metabolic forma-
tion of CO,. Reaction 2 is very fast, and with normal
carbonic anhydrase activity, so is reaction 3. A good
approximation to the intracellular concentration profiles
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could therefore be obtained by assuming local equilibrium
G = K3C,o/Coc 1
Ci = K,C,.. )

Integration of the conservation equations then yielded the
following result for the intracellular CO, concentration

“erffz
4[Dy + (DyK3/Cy) + DiK|]

C(§) = + TiIn¢ + T, (3)

where £ = r/r, is a dimensionless radial coordinate and D,
is the intracellular diffusion coefficient of substance i. The
integration constants T, and 7, were chosen to satisfy
continuity of the flux of “total CO,” at both membranes
(2). Details of analogous derivations were given by Wang
and Deen (2) and Maddox et al. (3).

Luminal Transport

According to our assumption that both of the buffer pairs
are in equilibrium (i.e., that reactions 2 and 4 are fast) two
of the six luminal concentrations may be determined from
the others. Thus, only four conservation equations are
needed to determine the radial and axial variations in the
luminal concentrations. We chose to write the conservation
equations in terms of CO,, HCO,~, H,CO,, and total
phosphate (H,PO,~ + HPO,”). As justified previously
(2), axial diffusion was neglected and radial concentration
variations were approximated using second order polyno-
mials in £ The latter assumption allowed the partial
differential conservation equations to be integrated analyt-
ically in the radial direction, reducing them to ordinary
differential equations.

The conservation equations are written most conve-
niently in terms of bulk or flow-average concentrations,
Ci(n), where n = z/r, is dimensionless axial position

L' cae ot

[loga

Assuming the fluid reabsorption rate in the tubule to be
approximately constant, yielding a constant radial velocity
at the luminal membrane surface (v,), the axial velocity
(v,) is given by (8)

G = @)

v, = 2(v0 = 2umm) (1 = £%). (5)

In Eq. § v, is the initial mean axial velocity (at = 0), given
by SNGFR/xr}, where SNGFR is the single nephron
glomerular filtration rate.

The conservation equations for CO, and H,CO, in the
tubule lumen are as given previously (2). The equations
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governing HCO,™ and total phosphate are

1d —
Ea (Cvg — 2umm)] = —Nzle-n + Py (Cp - CZlE-l) (6)

1d =
2 (G + C) (vo — 2vmm)] = — Npm. @)

The radial flux of HCO,~ reaching the luminal surface of
the brush border membrane, N,|,.,, was evaluated in terms
of vy, the luminal diffusivity of HCO,~, and the HCO,~
concentration and its radial gradient (2). The second term
on the right hand side of Eq. 6 represents paracellular
backleak of HCO,", with the paracellular permeability
denoted by P, . The flux of total phosphate out of the
tubule lumen (based on the area of the cylinder defined by
r = r,) is denoted by N,,. The reader is referred elsewhere
(2) for the additional relationships required to calculate
radial concentration gradients, fluxes, and reaction rates in
the tubule lumen.

Membrane Transport and H* Balance

H™* transport from proximal epithelial cell to lumen is
widely believed to proceed against an unfavorable pH
gradient, but the precise relationship between H* secretion
rate in vivo and luminal and intracellular pH values has not
been established. We employed an expression analogous to
that suggested by Alpern et al. (9)

_Nlmlf-l =BaC, - C4|5-1)a 8)

where § and « are constants. Setting o > 1 allows the H*
secretory flux, — Nyyl,_;, to be positive despite an unfavor-
able pH gradient. For H* secretion to cease when intracel-
lular pH exceeds luminal pH by one unit, « = 10 is
required. According to the view that there is a 1:1 passive
exchange of Na* for H* at the brush border membrane,
driven by the low intracellular concentration of Na*, « is
equivalent to the extracellular-to-intracellular Na* con-
centration ratio (9).

Based on the assumption that equal amounts of H* and
HCO,™ are generated by intracellular reactions, and that
all of this H* is secreted, the steady-state flux of H* could
also be related directly to the rate of HCO;~ efflux from
the cells

N4m|£-l = szls-n - (’2/"1) N2m|£-r;/r.- 9

Eq. 9 neglects the formation of H* from cellular metabo-
lism and from any intracellular buffering associated with
the transport of other substances (e.g. phosphates). An
additional relationship involving the flux of H* was
obtained from the assumption that all secreted H* is
consumed in titrating luminal buffers (HCO,~ and
HPO,")

N,
N4m|£-l = ¢ + (k5 C, — k', C,C,) — N6|£-I + ?’m . (10)
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The first two terms on the right hand side represent the
rate of formation of HCO;~ per unit area at the luminal
membrane surface, with ¢{? and the quantity in paren-
theses giving the contributions from reactions 2 and 3,
respectively. The remaining terms give the rate of forma-
tion of HPO,™; the factor !4 in the last term on the right is
based on the assumption that one-half of the reabsorbed
phosphate is in the divalent form. Details of the derivation
of an expression analogous to Eq. 10 have been presented
previously (2).

Membrane transport of CO,, HCO,~, and H,CO; was
assumed to be passive (2). In particular, the flux of HCO,~
(or HCO,;™ equivalents) across the basolateral membrane
was described by

Py(ry) A"‘[Czcle-p,/r. — Cpe™]
1 —e

Noalgarsn, = , (11)
where P,(r,) is the effective HCO,~ permeability and Ay is
the dimensionless potential difference across the mem-
brane (peritubular interstitium minus cell). Ay is the
actual potential difference divided by RT/F, the product
of the gas constant and the absolute temperature divided
by Faraday’s constant (RT/F = 26.7 mV at 37°C). Eq. 11
was derived using a constant field approximation (10). As
already mentioned, the flux of total phosphate at the brush
border (V) was taken to be independent of axial position
along the tubule.

Computational Procedure

To evaluate the various fluxes and satisfy the boundary
conditions at £ = 1 and £ = r,/r,, a set of 20 nonlinear
algebraic equations had to be solved at each axial position,
and this was done using the Newton-Raphson method. To
determine C; at new axial positions, the luminal conserva-
tion equations (e.g., Eqs. 6 and 7) were integrated using a
fourth-order Runge-Kutta routine. Initial values of the
bulk concentrations, C;(0), were provided by specifying the
composition of the glomerular filtrate.

RESULTS

Most of the results to be presented are based on the
parameter values summarized in Table 1. Diffusivities of
CO,, HCO,, and H,CO, in the tubule lumen and cell
cytoplasm were derived from values reported by Gros and
Moll (11) for water and concentrated protein solutions,
respectively, at 22°C. The reported values were increased
by a factor of 1.34 to correct them to 37°C; this correction
factor was obtained by assuming that D;u/T is constant,
where pu is the viscosity of water. Luminal diffusivities of
H,PO,” and HPO,~ (7) were also corrected to 37°C.
Estimates of the cell membrane permeabilities for CO, and
H,CO, were obtained from values reported for red blood
cells or lipid bilayers, adjusted upward to account for the
increases in surface area due to the brush border microvilli
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TABLE |
REFERENCE VALUES FOR MODEL PARAMETERS

Diffusivities (cm?/s)

Dy =127 x 10°*
Dg=1.01 x 10°*
D, = 1.98 x 10~

D, =230 x 1073
D, = 1.57 x 1073
D, = 1.57 x 10~*

Dic = 1.02 x 1073
Dy = 5.36 x 107
Dic = 5.36 x 107

Permeabilities (cm/s)

Py(r) =0
Py =-28x10"?

Py(r) =54
Py(ry) = 3.0

Py(r) = 3.6 x 1072
Py(r)) = 2.0 x 1072

Equilibrium and Reaction Rate Constants

K, =250 x10? K, = 1.59 x 107" mol/cm?
K, = 3.18 x 1077 mol/cm® k= 0.08s7!
K; = 7.94 x 107" mol/cm® ki=10cm/s

Solute Concentrations (mol/cm®)

C(0) = 1.65 x 107¢ Cp = 1.65x 1074
G,(0) = 3.08 x 10°* Cyp =293 x 107}
Cy(0) = 4.12 x 10~? Cyp =~ 4.12 x 10°°
C,(O) + Cg(o) =-23x 10_6

Other Quantities
r=15x%x102cm Ay = 2.62
r,=25x%x10"%cm a=10
vp = 9.62 x 1072 cm/s Bo = 26 cm/s
U = 6.80 x 10~*cm/s Py=1.44 x 10*cm/s

Ny = 2.0 x 107 mol cm~?s™! § - 0.574 mm™!

and basal infoldings, as discussed previously (2). The
paracellular permeability of HCO,~, P, , is based on the
transepithelial permeability coefficient in the rat reported
by Alpern et al. (12). In evaluating Py in this manner, we
have chosen to neglect any transceltular contribution to the
“passive” flux of HCO,~, and have set P,(r,) = 0. As
shown previously (2), nonzero values of P,(r,) lead to
HCO,~ diffusion from the cell to the tubule lumen,
requiring higher values of P,(r,) to effect a given net rate
of HCO,™ reabsorption. Calculations with the present
model confirm that, other than its effect on the estimated
value of P,(r,) (determined as described below), the value
chosen for P,(r,) is of little importance.

The reaction rate and equilibrium constants were
obtained for the most part directly from the literature (7,
13). The rate constant kj for reaction 3 at the luminal
surface of the brush border membrane was chosen to insure
that greater than 99% of the HCO, " titrated at this surface
was converted to CO,, consistent with the concept of a fast,
heterogeneous reaction catalyzed by carbonic anhydrase
2).

Bulk concentrations of CO, and H,CO, in Bowman’s
space (C,[0] and C;[0]) are based on the finding that the
partial pressure of CO, (PCQO,) equals 55 mm Hg at this
location in the rat (3). Although PCQO, was found to exceed
this value by 0—4 mm Hg at various sites in the superficial
cortical microcirculation (3), we have generally not
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attempted to include spatial variations in the boundary
conditions at r = r,, and have instead assumed that
PCO, = 55 mm Hg in the peritubular blood and interstitial
fluid. Thus, C,, = C,(0) and C;, = C5(0). The HCO,~
concentration in Bowman'’s space (C,[0]) is the mean
arterial value measured in a study using Munich-Wistar
rats (4), multiplied by a factor of 1.16 (14). Assuming a
Donnan factor of 1.05, the peritubular HCO,~ concentra-
tion is given by C,, = C,(0)/1.05. The concentration of
total phosphate in Bowman’s space (C;5[0] + C4[0]) was
derived from measurements of total phosphate in systemic
arterial plasma in the rat (15).

The luminal velocities vy and v, are based on a single
nephron glomerular filtration rate (SNGFR) of 40.8 nl/
min (3) and a water reabsorption rate of 19.2 nl/min (see
Eq. 15), for a tubule with a luminal radius (r,) of 15 um
and a length of 5 mm. The rate of total phosphate
reabsorption (/V,y) is based on the observation that ~60%
of filtered phosphate is reabsorbed in the rat proximal
tubule when SNGFR = 30 nl/min (15). The dimensionless
transmembrane potential difference (Ay) corresponds to
an intracellular potential of —70 mV relative to blood. The
physical interpretation of the parameter « has already been
discussed in connection with Eq. 8; « = 10 was chosen to
approximate the extracellular-to-intracellular ratio of Na*
concentrations.

By far the most critical membrane parameters are the
HCO,™ permeability at the basal side of the cell, P,(r,),
and the proton secretion rate constant, 3. These were
estimated by fitting the calculated rates of bicarbonate
reabsorption to those measured by Maddox and Gennari
(4) using free-flow micropuncture in Munich-Wistar rats.
Based on an extensive set of measurements in animals with
normal plasma pH and HCO,~ concentration, those
authors reported fractional bicarbonate reabsorption (Fg)
as a function of the filtered load of bicarbonate (A =
SNGFR . G,[0]) and distance (z) along the tubule from
Bowman’s space. The data include values of z from <1 mm
to ~5 mm, and A from about 400 to 2,400 pmol/min (the
base case in Table I corresponds to A = 1,257 pmol/min).
In these experiments A varied primarily with SNGFR,
C,(0) being nearly constant. At a given A, HCO,™ was
reabsorbed more and more slowly as z increased; at a given
z, Fg varied inversely with A. To be consistent with both of
these effects, and noting the requirement that Fy = 0at z =
0, we correlated the data using an expression of the form

1 — exp(—a,z)

F8=a1+a3A+a4A2' (12)
The constants a, — a, were chosen to minimize the mean
square error between Eq. 12 and the data. Using values of
0.712, 0.974, 1.09 x 107* and 3.70 x 107% (where z is in
mm and A is in pmol/min), respectively, a very adequate
fit was obtained (RMS error = 0.08). It may be noted that
Eq. 12 is highly consistent not only with the data of
Maddox and Gennari (3, 4) but with the results of several
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other micropuncture studies in the rat, under normal
acid-base conditions (5, 16-18).2 The mean values of A in
these other studies ranged from about 600 to 1,500 pmol/
min, depending on the extracellular fluid volume and on
other experimental maneuvers used to alter renal hemody-
namics. Accordingly, we have employed Eq. 12 to summa-
rize all experimental findings on the variation of Fj with z
and A under normal acid-base conditions, where A varies
primarily with SNGFR.

Fig. 3 presents a comparison of measured fractional
rates of bicarbonate reabsorption along the proximal
tubule with those calculated using several variations of our
model. Fractional bicarbonate reabsorption is obtained
from Fg = Rp/A, where Ry is the absolute rate of
bicarbonate reabsorption up to the position indicated (cu-
mulative). Curve A corresponds to the model described
previously by Wang and Deen (2), while curves B—-D were
obtained by the successive addition of several new features
to the basic model: variable H* secretion kinetics and
intracellular pH (curve B), paracellular backleak of
HCO;~ (curve C), and phosphates and metabolic CO,
(curve D). In each case the parameters P,(r,) and 3 were
adjusted to match the typical experimental finding of Fy =
0.83 at z = 5 mm. It can be seen that even for the most
complete of these models (curve D), Fg(z) is predicted to
be almost linear, implying a nearly constant rate of HCO,~
reabsorption along the tubule. This is in marked contrast
with the experimental findings depicted by curve F (based
on Eq. 12). It is noteworthy that, to attribute the nonlinear-
ity of the experimental values of Fy(z) to HCO;~ backleak,
the paracellular HCO,™ permeability (P, ) would have to
be some twenty times the value given in Table L.

To bring the model calculations into full agreement with
the experimental curve for Fg(z), it was necessary to
introduce axial variations in the HCO,~ permeability at
the basolateral membrane (P,[r,]), in the H* secretion
rate parameter (), or in both. Simultaneously decreasing
both of these parameters with distance along the tubule
provided the best agreement. The functional forms chosen
were

Py(ry) = Pye™™ (13)
B=Bse" (14)

The values of P, and B, determine the initial rate of
bicarbonate reabsorption, whereas the value of 6 is critical
in establishing the shape of the fractional reabsorption
curve. Using the values of these parameters given in Table
I we obtained curve E in Fig. 3, which is indistinguishable
from the experimental results. The value of & employed
corresponds to 8 and P,(r,) values at z = 5 mm that are
~6% of their initial levels.

2For samples described as “late proximal,” but where the tubule length up
to the point of micropuncture was not reported, we have assumed a typical
length of 5 mm.
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FIGURE 3 Fractional bicarbonate reabsorption (Fp) as a function of
pasition (z) along the proximal tubule. Curve A is based on the model of
Wang and Deen (2), while curve E represents the complete present
model; curves B—-D are based on various intermediate formulations, as
described in the text. Curve F represents experimental data of Maddox
and Gennari (4) in the rat. In each of these simulations (4-E) the
membrane parameters for H* and HCO,™ transport have been adjusted
to match the observed value of Fy at z = 5 mm. Other inputs are as given
in Table L.

The specific effects of adding phosphates and bicarbon-
ate backleak to the model are better illustrated in Fig. 4.
Curve E in Fig. 4 is identical to that in Fig. 3, and
represents the most complete model, including the axial
variations in membrane parameters described by Eqs. 13
and 14. Curve E’ in Fig. 4 represents the effect of removing
phosphates and metabolic CO, formation from the model,
while maintaining the membrane parameters at the values
in Table L. Slightly higher values of Fy are obtained in
curve E’ than curve E, because in the former case there is
no HPO,~ to compete with HCO,~ for secreted H*.
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FIGURE 4 Fractional bicarbonate reabsorption (Fg) as a function of
position (z) along the proximal tubule. Curve E is the same as in Fig. 3,
and represents the most complete model. Curves E’ and E” are based on
the complete model except for nonbicarbonate buffers, and the complete
model except for nonbicarbonate buffers and intercellular bicarbonate
backleak, respectively. AH three cases are based on the same parameters
for transcellular H* and HCO,~ transport.
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FIGURE 5 Luminal and intracellular pH as a function of axial position
along the tubule, calculated for the baseline conditions given in Table I.

Accordingly, all of the secreted H* is available to effect
HCO,™ reabsorption in the simulation denoted by curve
E’, and HCO,™ reabsorption rates are slightly greater. The
presence or absence of metabolic CO, was found to have a
negligible effect on Fg (or Ry). The simulation represented
by curve E” in Fig. 4 differs from that of curve E’ in that
HCO," backleak has also been eliminated (P, = O in this
case). A significant enhancement of net bicarbonate reab-
sorption is predicted when backleak no longer occurs,
especially at relatively late positions along the tubule. It
may be concluded from Fig. 4 that bicarbonate backleak
noticeably affects rates of bicarbonate reabsorption in the
proximal tubule, even though it fails to explain the very
large axial variations in bicarbonate reabsorption rate seen
in micropuncture studies in the rat.

Fig. 5 shows the changes in luminal and intracellular pH
with position along the tubule calculated using parameter
values corresponding to curve E in Fig. 3, the complete
model. We will subsequently refer to this parameter set as
the baseline case. Intracellular pH is predicted to be higher
than luminal pH everywhere but in the first 0.5 mm. The
decrease in luminal pH causes a parallel, but much smaller
decrease in intracellular pH. As luminal pH decreases
from 7.34 to 6.85, intracellular pH decreases from 7.24 to
7.20. Note that luminal pH is predicted to increase slightly
at the end of the accessible proximal tubule. This is a

TABLE II
ALTERNATE CHOICES OF BICARBONATE PERMEABILITY
AND HYDROGEN SECRETION PARAMETERS

Calculated
Bo Py s pH,
cemyfs cmys mm~!
Baseline 26 1.44x107* 0574 7.24-7.20
High pH, 50 8.00x10"% 0574 7.48-7.42
Low pH, 15 248 x 10°* 0.574 7.02-7.00
pH, = intracellular pH
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consequence of an increasing luminal bicarbonate concen-
tration, which is itself a reflection of a very small hydrogen
ion secretion rate at this location. The luminal bicarbonate
concentration can increase even while bicarbonate is being
reabsorbed, provided that fluid reabsorption is more rapid.
The slight increase in luminal pH is predicted to induce a
very small accompanying increase in intracellular pH as
well.

Two other combinations of 8 and P,(r,) which yield
fractional bicarbonate reabsorption curves virtually identi-
cal to curve E in Fig. 3 are given in Table II. Notice that é
is the same for all three cases so that the shape of the
fractional bicarbonate reabsorption curves is the same. The
axial variation of luminal pH for the two alternate combi-
nations is essentially the same as the baseline case. How-
ever, the values of predicted intracellular pH are signifi-
cantly different. For the combination in which 8, is higher
than the baseline 8y and P, lower than the baseline value,
the predicted intracellular pH(pH.) is ~7.4, uniformly
higher than the baseline case. For the combination that has
a lower 3, and higher P, than in the base case, the pH, is
uniformly lower, ~7.0. These results can be understood by
considering the effect that 8 and P,(r,) have on the
hydrogen secretion rate at the brush border (r = r,) and
the bicarbonate flux at the basolateral membrane (r,).
From Eq. 11, the bicarbonate flux at r, is equal to the
permeability at r, multiplied by the electrochemical driv-
ing force. For a smaller permeability, the driving force
must be larger to achieve the same flux. To achieve a larger
driving force, intracellular HCO,™ is higher and since
intracellular CO, is essentially constant for all the cases,
higher intracellular pH is favored as well. Similarly, from
Eq. 8, the hydrogen secretion rate equals the rate constant
(8) multiplied by the appropriate driving force. If 8 is
larger than the baseline 8, a smaller driving force is
necessary to achieve the same hydrogen ion secretion rate.
This condition favors a smaller intracellular hydrogen ion
concentration (larger pH.). Therefore, a simultaneous
increase in 8 and decrease in P,(r,) tends to produce a
higher intracellular pH in order to maintain the same
bicarbonate flux. The same argument holds in reverse
when B is decreased and P,(r,) increased above baseline
levels.

The results just described suggest that while unique
combinations of 8 and P,(r,) cannot be deduced from
bicarbonate reabsorption data alone, measurements of
intracellular pH in the rat proximal epithelium, under
conditions similar to those existing during the reabsorption
measurements, might make this possible. Using pH-
sensitive microelectrodes, an intracellular pH value of 7.16
has been reported recently for the rat proximal convoluted
tubule perfused in vivo (19), suggesting that the parame-
ters for our baseline case are more representative of
physiological conditions than are the other cases consid-
ered. Additional information, of a less direct nature, is
available from reported values of the transepithelial differ-
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ence in the partial pressure of CO,, APCQ,. Fig. 6 shows
APCOQ, along the proximal tubule predicted for the three
combinations of 8 and P,(r,), together with experimental
results reported by Maddox et al. (3). The shaded areas are
derived from the range of reported axial positions and the
average transepithelial APCO, + the standard error. For
each of the parameter sets APCO, is predicted to be
highest early in the tubule where the bicarbonate reabsorp-
tion rate is highest. This can be understood by recalling
that bicarbonate is transported out of the lumen in the
form of CO,, so that higher bicarbonate reabsorption rates
result from larger CO, gradients. It has been demonstrated
previously using a simpler model that APCO, should be
very nearly proportional to the flux of CO, at the brush
border (3). In the same study, APCO, was also predicted to
increase as the intracellular pH decreases. The three
combinations of 8y, Py, and é in Table II have been chosen
to give the same bicarbonate reabsorption rates and hence
the same CO, fluxes across the luminal membrane. How-
ever, because the intracellular pH values predicted are very
different for each combination, they lead to significantly
different APCO, profiles along the tubule. The agreement
between the experimental APCO, values and those given
by the baseline case, both early and late in the tubule, lends
further support to the choices for 8,, P,, and & given in
Table I.

The results presented thus far are based on the assump-
tion that the pH and the concentrations of CO, and HCO,~
in peritubular interstitial fluid are uniform along the
proximal tubule, and equivalent to those of afferent arte-
riolar plasma. To assess the effect of the assumed peritubu-
lar conditions, we calculated Fy again using parameters
from Table I, with the exception that peritubular PCO,
and HCO,;~ concentration were varied linearly along the
tubule. For these calculations peritubular concentrations
were based on the observation that the late proximal tubule
segments are often adjacent to the star vessel (efferent
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FIGURE 6 Transepithelial difference in CO, partial pressure (lumen
minus peritubular fluid) as a function of position along the tubule. The
solid curves are model predictions based on the three sets of membrane
parameters given in Table II. The shaded areas are based on the PCO,
measurements of Maddox et al. (3) in the rat.
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arteriole) and that the early tubule is surrounded by small
branch peritubular capillaries (3). Values assigned to
efferent plasma were equivalent to those in Table I
(PCO, = 55 mm Hg, C,, = 29.3 mM), while concentra-
tions in capillaries adjacent to early tubule segments were
assumed to be elevated slightly (PCO, = 59 mm Hg, C,, =
31.9 mM) consistent with available micropuncture data
(14). When these inputs were used Fg and all concentra-
tions both in the lumen and cell varied by <2% from their
baseline values, throughout the tubule. This indicates that
the normal gradients in PCO, and HCO;~ concentration in
the microvascular network surrounding the tubule have
relatively little effect on events within the tubule.

For the model calculations we have assumed a volume
flux or radial velocity at the brush border (v,) which is
constant with position. It has been observed, however, that
the volume fluxes decrease along the tubule (3-5). A
correlation between the fractional reabsorption rate of
water (F,) and both axial position (z) and SNGFR was
derived from the data of Maddox and Gennari (4) using
the same approach as that employed in obtaining Eq. 12.
The functional form chosen was

F z(l + a;z2)
v Qg + a, SNGFR + ag S‘IVGF‘]Q2 )

(15)

Using values of a; — ag of —0.083, 2.783, 0.127, and
—1.05 x 107? (where z is in mm and SNGFR is in
nl/min), respectively, yielded a very satisfactory fit to the
data for SNGFR = 10-70 nl/min (RMS error = 0.05).
Because a5 < 0, Eq. 15 implies a linear decrease in v, with
z. When a linear function v,(z) consistent with the correla-
tion in Eq. 15 was employed, Fp varied by <0.012 from the
values represented in curve E of Fig. 1. Therefore, for all
other calculations we utilized a value of z, which was
constant with position, but which varied with SNGFR to
yield the fractional water reabsorption at z = 5 mm given
by Eq. 15.

Thus far, the comparisons we have made with measured
rates of bicarbonate reabsorption have been limited to a
single filtered load. Fig. 7 compares the predicted and
observed relationships between bicarbonate filtered load
and absolute bicarbonate reabsorption up to the late
proximal tubule (assumed to be at z = 5 mm). In obtaining
the model predictions (solid curves) the filtered load was
varied in two ways. The upper solid curve corresponds to
variations in SNGFR with the HCO;~ concentration in
Bowman’s space held constant, C,(0) = 30.8 mM. The
lower curve was calculated by varying C,(0) with SNGFR
held at 30 nl/min. It can be seen that the predicted rates of
bicarbonate reabsorption (Rg) at a given filtered load (A)
are quite similar, irrespective of how that filtered load was
obtained. This prediction is consistent with most of the
available micropuncture data in the rat, covering a wide
range of experimental conditions. The data points in Fig. 7
represent mean values obtained from a number of studies,

BERNSTEIN ET AL. Proximal Bicarbonate Reabsorption

2000 T T T T I
-
-
By T s o
1600 |- gk
e A7 -
= s
E =
Z
~ | 4 4
S 1200
o
£ Bo Constant
o a
— 800 O [@ Normal Acid-Base Status|]
0 O Metabolic Acidosis
= W Respiratory Acidosis
400 A Acute Mel. Alkalosis
A Chronic Met. Alkalosis
O Respiratory Alkalosis
0 1 1 1 1 1 1
0 1000 2000 3000

- (pmole /min)

FIGURE 7 Predicted and observed dependence of absolute bicarbonate
reabsorption (Ry) on bicarbonate filtered load (A). The solid curves are
model predictions using the parameters in Table I, and assume that §, is
constant. The dashed curves are model predictions assuming that §, « A.
The upper curve in each pair is based on variable SNGFR with C,(0) =
30.8 mM; the lower curve in each pair assumes that SNGFR = 30 nl/min
and C,(0) is variable. In all cases it is assumed that PCO, = 55 mm Hg in
Bowman’s space. The data points represent mean values selected from
several free-flow micropuncture studies in the rat (5, 16-18, 20-22).

and include experimental periods where plasma pH and
HCO,~ concentration were within normal ranges (5, 16—
18, 20) or were perturbed in several ways, including induc-
tion of metabolic acidosis (16, 17), respiratory acidosis
(17) or alkalosis (18), and acute (18, 21) or chronic (18,
20-22) metabolic alkalosis. In several of these studies
SNGFR was also varied, by means of maneuvers such as
plasma volume expansion or aortic constriction. Although
not shown, the standard errors of Ry and A in these
micropuncture studies were typically 5-10% of the mean
values. It can be seen that, with a few exceptions, the data
are consistent with the concept of a unique relationship
between Rp and A. Furthermore, the model predictions
using the baseline parameters in Table I, shown by the
solid curves in Fig. 7, are generally in excellent agreement
with the data. In particular, the prediction of nearly
constant values of Ry for A > 1400 pmol/min, correspond-
ing to sharp declines in fractional HCO,~ reabsorption, is
remarkably consistent with measurements made by Cogan
(18) and Cogan and Liu (21) in acute metabolic alkalosis.

Certain discrepancies between the model predictions
and experimental observations may be quite significant,
however. One major discrepancy involves the results
obtained by varying SNGFR under normal acid-base
conditions (4), data which are summarized as a correlation
between Fy and A in Eq. 12. The simulations given by
either solid curve in Fig. 7 agree very well with these
micropuncture data for A < 1400 pmol/min, but the model
significantly underestimates HCO,~ reabsorption rates at
higher filtered loads. Even the upper solid curve, which
corresponds closely to the experimental conditions just
described (SNGFR variable, C,(0) nearly constant), gives
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a value of Ry at A = 2,000 pmol/min that is some 20%
below that obtained from Eq. 12. In addition, the data
point for the highest filtered load studied in chronic
metabolic alkalosis (22) also lies well above the solid curves
in Fig. 7. The possible significance of these discrepancies at
high filtered load, and the basis for the dashed curves in
Fig. 7, will be discussed later.

The assumptions made about phosphate reabsorption
were found to have relatively little effect on the predicted
relationship between Ry or Fy and A. For the simulation in
Fig. 7 where SNGFR was varied, fractional phosphate
reabsorption was assumed to remain constant at 60%.
When instead absolute phosphate reabsorption was held
constant with increasing SNGFR, thereby decreasing frac-
tional phosphate reabsorption, Fg changed by <0.01.

Changes in absolute and fractional bicarbonate reab-
sorption are also predicted to occur at a fixed filtered load
of bicarbonate, when PCQ, is altered. When PCO, and pH
were varied in such a way that HCO, ™ concentration in the
filtrate was held constant, the results shown in Table III
were obtained. Increasing PCQO, lead to substantial
increases in Ry, and hence Fj, under these circumstances.
This was a result of perturbations in the calculated intra-
cellular pH, secondary to changes in the pH of the filtrate
and peritubular interstitium. Calculated values of intracel-
lular pH (pH,) along the proximal tubule ranged from
7.38 to 7.37 at PCO, = 30 mm Hg, and 7.15 to 7.00 at
PCO, = 80 mm Hg. In interpreting these results, of course,
the PCO, values given must be compared with the baseline
value of 55 mm Hg in Bowman’s space of superficial
nephrons (3), rather than the normal PCQO, of 40 mm Hg
in the systemic circulation. These results appear to explain
the unusually low fractional bicarbonate reabsorption rate
that has been reported for respiratory alkalosis (18), which
is in fact the data point in Fig. 7 which deviates most from
the main pattern at low to moderate filtered loads.
Increases in Fy or Ry in respiratory acidosis (17), relative
to values at normal PCO, and comparable filtered loads,
are difficult to detect in Fig. 7 because the fractional
HCO,~ reabsorption for normal systemic PCO, levels is

TABLE III
EFFECT OF BOWMAN'S SPACE PCO, ON ABSOLUTE (R,)
AND FRACTIONAL (F,) BICARBONATE REABSORPTION
AT A FIXED FILTERED LOAD OF BICARBONATE*

PCO, Ry Fa pH.

mmHg pmol/min
30 835 0.66 7.38-7.37
40 947 0.75 7.31-7.30
50 1037 0.82 7.26-7.23
60 1105 0.88 7.22-7.16
70 1152 0.92 7.18-7.08
80 1178 0.94 7.15-7.00

*In all of these calculations SNGFR = 40.8 nl/min and C,(0) = 30.8
mM, corresponding to A = 1,257 pmol/min.
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already quite high. A more direct comparison of model
predictions with micropuncture studies in respiratory alka-
losis or acidosis would require measurements of PCQO, in
surface nephrons under these conditions, data which are
not yet available.

The results of a study by Chan et al. (23), involving
simultaneous tubule and peritubular capillary microperfu-
sion, offer an additional opportunity to test the trends in
bicarbonate reabsorption predicted by the present model.
When bicarbonate concentrations were increased simulta-
neously in both perfusates, bicarbonate reabsorption was
augmented, with greater increases seen when the perfu-
sates were maintained at constant pH than at constant
PCO,. When bicarbonate load was varied by changing
tubule perfusion rate (at constant composition), bicarbon-
ate reabsorption changed less than when bicarbonate load
was altered by changing tubule (and capillary) bicarbon-
ate concentration, at constant pH. These trends are in
qualitative agreement with the predictions of the model.
The greater sensitivity of bicarbonate reabsorption to
bicarbonate load seen when bicarbonate concentration and
PCO, were allowed to change in parallel (constant pH of
perfusates) can be understood as an effect of PCO, varia-
tions superimposed on those of variations in bicarbonate
load. It should be noted, however, that in each case the
experimental variations in bicarbonate reabsorption
tended to be greater than those predicted by the model. For
example, doubling bicarbonate concentration at constant
pH was observed to increase bicarbonate reabsorption by a
factor of 2.1, whereas our calculated increase was only a
factor of 1.4. Quantitative comparisons are hampered by
the fact that the lengths and locations of the perfused
tubule segments were not reported by Chan et al. (23); we
assumed a length of 1 mm beginning midway along the
tubule. Furthermore, given the rapid diffusion of CO,
across tubules and capillaries, it would appear questionable
that the PCO, in these structures remained at the levels set
in the perfusates, as assumed by Chan et al. (23). Even in
their control conditions, the PCO, used was 40 mm Hg,
well below that which has been measured in the superficial
cortex under normal systemic acid-base conditions (3). For
these reasons, it is not clear whether the quantitative
discrepancies noted above are due to methodological diffi-
culties, inadequacies of the model, or some combination of
these.

DISCUSSION

Recent micropuncture measurements in the rat have dem-
onstrated very convincingly that the local rate of bicarbon-
ate reabsorption in the proximal convoluted tubule
decreases markedly with increasing distance from Bow-
man’s space (3-5). One of the objectives of the present
study was to examine the extent to which this decline in
HCO,™ reabsorption flux (or H* secretory flux) could be
explained by physical or chemical factors such as the
declines in luminal flow rate and in luminal HCO,~
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concentration and pH. Many of the pertinent physical and
chemical phenomena were already embodied in the model
of Wang and Deen (2), which included axial and radial
variations in the concentrations of HCO,;~ and related
chemical species in the tubule lumen and epithelial cells,
and axial variations in luminal fluid velocity. However, as
noted previously (2), that model included several simplify-
ing assumptions which limit its applicability to very early
segments of the proximal tubule. Accordingly, using the
previous model as a starting point, a more complete
description of events in the tubule lumen and epithelial
cells was developed. Included specifically were several
physiological factors which would be expected to progres-
sively retard net bicarbonate reabsorption along the tubule.
The added features include an expression for the H* flux
that causes it to decrease as tubule fluid becomes more
acidic (for a given intracellular pH), and allowances for
buffering by luminal phosphate and for paracellular bicar-
bonate backleak. An important conclusion from the pres-
ent work is that these factors are insufficient to explain the
large decrease observed in bicarbonate fluxes along the
tubule. To simulate the available data on axial variations in
bicarbonate reabsorption rate it was necessary to postulate
a decrease in the intrinsic reabsorptive capacity of the
tubule with increasing distance from Bowman’s space.
The principal parameters that describe reabsorptive
capacity in the present formulation are the rate constant
for H* secretion at the brush border membrane (3) and the
effective HCO,~ permeability at the basolateral mem-
brane (P,(r,]). Excellent agreement with available micro-
puncture data was obtained when both of these membrane
parameters were assumed to decrease exponentially with
distance along the tubule, with the ratio of the initial (z =
0) to final (z = 5 mm) values being approximately 18. The
progressive decreases in the apparent values of 8 and P,(r,)
could in part reflect decreases in the surface area per unit
tubule length of the brush border and basolateral mem-
branes, respectively. This is because all fluxes were
expressed in terms of the surface areas of smooth cylinders
of radii r, and r, enclosing the proximal epithelium, and
effective membrane permeabilities in this model are there-
fore proportional to the ratio of the actual membrane
surface area to the surface area of the corresponding ideal
cylinders (2). Morphologic examination of cells from vari-
ous segments of the proximal tubule has shown a simplifi-
cation in membrane structure in later segments (24),
suggesting that specific surface areas are in fact reduced.
However, it is not clear that such reductions in specific
surface area would be sufficient to fully explain the large
decreases inferred for 8 and P,(r,), leaving open the
possibility of axial variations in the true membrane rate
constants. It should be emphasized that while we chose to
vary both parameters, axial variations in either 8 or P,(r;),
with the other quantity held constant, are sufficient to
explain the micropuncture observations. Furthermore, in a
limited examination of empirical functions other than the
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exponential forms used in Eqs. 13 and 14, we obtained
equivalent results, provided that in the baseline case the
axial variations in Fg were similar to the measured values
summarized by Eq. 12. Although based on a different set
of data and not expressed in terms of specific membrane
parameters, a decline in bicarbonate reabsorptive capacity
with distance along the tubule was also included in the
model of Alpern and Rector (6).

As already mentioned in connection with Table II and
Fig. 6, the values of 8 and P,(r,) corresponding to our
baseline case are reasonably consistent both with available
data on intracellular pH in the rat proximal convoluted
tubule (19), and with measurements of transepithelial
differences in PCO, (3). However, in interpreting the
values of these membrane parameters it should be kept in
mind that the flux equations that define them (Egs. 8 and
11) may be only qualitatively correct. Indeed, it is not
certain that HCO; ™~ per se is transported from the epithe-
lial cell to the peritubular fluid, in that concurrent move-
ment of CO, and OH~ would have the same net effect.
Furthermore, diffusion of HCO,~ across the brush border
membrane was arbitrarily neglected in the present calcula-
tions (P,[r,] = 0); if this were included, the value of Py(r,)
would have to be increased at any given axial positior’l, to
compensate for the backleak of HCO,~ from the cell to the
tubule lumen that is predicted when P,(r,) # 0 (2). In
view of the considerable uncertainties in 8 and P,(r,), it is
reassuring to note that any of several combinations of these
parameters that gave the proper profile of HCO;™ reab-
sorption rates for the reference conditions depicted in Fig.
3 (SNGFR = 40.8 nl/min, C,(0) = 30.8 mM), also gave
virtually identical predictions of HCO,;™ reabsorption
under other conditions. Thus, uncertainties in these mem-
brane parameters fortunately do not preclude the use of the
model to examine the response of the tubule to variations in
the filtered load of HCO,".

For euvolemic Munich-Wistar rats with normal values
of pH and HCO;~ concentration in systemic plasma, the
filtered load of HCO," in a superficial nephron is typically
~1,200 pmol/min (3, 4). As shown in Fig. 7, the observed
relationship between HCQ,~ reabsorption rate in the
accessible proximal tubule (Rg) and filtered load (A) for
200 < A < 1,400 pmol/min has been found to be quite
similar, irrespective of how filtered load was varied. The
findings for a variety of systemic acid-base states and
SNGFR values have been remarkably consistent when
limited to this range of filtered loads, including data for
rats where metabolic alkalosis was maintained up to ~2
wk, a condition of sufficient duration to be termed
“chronic” (18, 20, 21). The predicted values of Ry for this
range of A are also insensitive to whether filtered load is
changed by varying SNGFR or by varying HCO,~ concen-
tration in the filtrate (at constant PCQ,), and are generally
quite close to the observed values.

At the high filtered loads (A > 1,400 pmol/min)
achieved experimentally by marked elevation in SNGFR
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or by the induction of metabolic alkalosis, the behavior of
the proximal tubule is more difficult to explain. The model
predictions for A as large as 2,200-3,000 pmol/min are in
excellent agreement with the measurements of Cogan (18)
and Cogan and Liu (21) in rats with acute metabolic
alkalosis. In those studies mean SNGFR values (46-50
nl/min) were only slightly above our reference value of 41
nl/min, chosen to represent euvolemic Wistar rats. When
high filtered loads were achieved in a relatively long-term
metabolic alkalosis (2—4 wk, A = 2,000 pmol/min) (22) or
by acute elevations in SNGFR up to as high as 70 nl/min
(4), however, the observed values of Ry greatly exceed
those predicted by the model. The apparent enhancement
of HCO,~ reabsorptive capacity at high filtered loads
either in chronic metabolic alkalosis or at very high
SNGFR suggests an adaptive response by the tubule. In
chronic metabolic alkalosis of 2—4 wk duration the length
of the proximal tubule was found to average some 7 mm
(Maddox and Gennari, personal communication), as com-
pared with S mm in normal animals, a reflection of kidney
growth. To compensate for this, the value of Ry shown in
Fig. 7 for this study (1,500 pmol/min) is based on a length
of 5 mm. Therefore, this high value of R appears to reflect
some other adaptation, one which increases the reabsorp-
tive capacity of a given length of tubule for HCO,".

Of interest is the observation of Harris et al. (25) that
the activity of the Na* /H™* exchanger (expressed per gram
of membrane protein) in vesicles prepared from proximal
brush border membranes was elevated in rats in which
whole kidney GFR had been increased chronically (usually
2-3 wk) prior to sacrifice. Exchanger activity, correspond-
ing most directly to the parameter 8 in the present model,
appeared to increase in direct proportion to GFR. If 8 is
assumed to vary directly with filtered load (with the
reference values given in Table I), the model predictions
are as shown by the dashed curves in Fig. 7. The upper
dashed curve corresponds to variations in A at constant
HCOQO,~ concentration, while the lower curve is based on
constant SNGFR. As can be seen, the predicted values of
Ry for A < 1,400 pmol/min are virtually the same whether
or not 8 is assumed to vary with A, but at higher filtered
loads the values of Ry are significantly elevated when 8 is
increased with A. The upper dashed curve in Fig. 7 is
virtually identical to a plot of Eq. 12, which summarizes
the experimental results of Maddox and Gennari (4) based
on variations in SNGFR. The model prediction with 8 « A
is also in close accord with the data point corresponding to
the highest filtered load studied in chronic metabolic
alkalosis (22).

Increases in 3 stimulated by chronic elevations in
filtered load provide an attractive explanation for the
different reabsorptive capacities for HCO;™ in chronic
(22) as compared with acute (18, 21) metabolic alkalosis.
In the vesicle transport studies mentioned above (25) an
increase in Na* /H™* exchanger activity was evident as soon
as one day after contralateral nephrectomy, a maneuver
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used to increase SNGFR in remaining nephrons. However,
to explain the very high values of Ry seen with large, acute
elevations in SNGFR (4), the postulated increase in 8
would have to occur within ~1 h. We are not aware of any
independent evidence (e.g. from vesicle studies) for an
adaptive response in H* secretion on this short a time scale.
Experiments which address this possibility would clearly
be of interest.

We have attempted without success to identify a purely
physical basis for the apparent dependence of HCO,~
reabsorptive capacity on SNGFR. One possibility consid-
ered was that the increased luminal pressures associated
with elevated SNGFR might somehow enhance HCO,~
reabsorption by increasing the tubule radius. This situation
was simulated by letting the luminal radius (r,) vary
according to the compliance measurements of Cortell et al.
(26), while either cell volume or thickness (r,—r,) were held
constant. Because of the highly folded nature of the cell
membranes, the membrane permeability parameters (cor-
rected for membrane surface area) were assumed to be
independent of r, and r,. No significant effect on HCO,~
reabsorption was seen.

Another possible physical explanation for flow-depen-
dence of HCO;™ reabsorption has been advanced by
Alpern et al. (27). By varying the perfusion rate of rat
proximal tubules in vivo, these authors were able to
demonstrate substantial increases in HCO;~ reabsorption
with luminal flow. The measured increases greatly
exceeded those expected simply from the effect of flow on
axial variations in HCO;~ concentration. They found their
results to be most consistent with the concept of a flow-
dependent luminal diffusion barrier or unstirred layer for
HCO,~. We find this explanation to be unconvincing for
two reasons. First, radial concentration variations in the
tubule lumen were included for all chemical species in the
present model as well as in the previous study by Wang and
Deen (2), and were calculated to be small except during
simulated inhibition of carbonic anhydrase (2). More
importantly perhaps, even if luminal mass transfer resis-
tances were not small, there is little reason to expect them
to be affected by axial velocity. As discussed previously
(2), in a permeable cylindrical tube having the flow rates
and dimensions of the proximal tubule, the radial varia-
tions in axial velocity and in solute concentrations within
the lumen are expected to achieve a “fully developed”
character within at most a few radii downstream from the
inlet (corresponding to Bowman’s space or to a perfusion
pipette). When flow is laminar and velocity and concentra-
tion profiles are fully developed throughout most of the
length of a tube, it is well established that mass transfer
coefficients (or the analogous heat transfer coefficients)
are independent of axial fluid velocity (28, 29). This
conclusion holds not only for cylindrical tubes but also for
channels with other cross-sectional shapes, and for a
variety of mass transfer boundary conditions at the tube
wall.
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The conclusion that changes in luminal velocity do not
affect mass transfer coefficients, for hydrodynamic condi-
tions representative of the proximal tubule, applies strictly
only to channels with smooth walls. The brush border
membrane of the proximal tubule contains of course
numerous microvilli, raising the question of whether
changes in axial velocity might enhance mass transfer in
this region. The characteristics of viscous flow through
structures of this type were investigated by Basmadjian et
al. (30) using a combination of fabricated experimental
models and theoretical analysis. Those authors estimated
that, depending on the geometrical details assumed for the
brush border, the axial fluid velocity (U) in that region
should range from about 3 x 107¢to 4 x 10~ cm/s, at a
total flow rate of 20 nl/min. From these results we can
readily calculate a Peclet number (Pe) for the interstices of
the brush border, a dimensionless group which measures
the relative effects of convection and diffusion on solute
transport. Choosing the length of a microvillus as the
characteristic dimension (L = 3 um) and D = 10~% cm?/s
as a typical diffusivity, we obtain Pe = UL/D = 107 to
10~ from the range of velocities given above. This indi-
cates that even if the mass transfer resistance in this region
were large enough to significantly affect HCO,~ reabsorp-
tion, a point which has not been established, solute concen-
tration profiles would not be altered significantly by varia-
tions in axial flow. Similar conclusions were reached by
Basmadjian et al. (30), who also argued against the
possibility of appreciable mass transfer enhancement by
motion of the microvilli. We conclude that while there is
substantial experimental evidence in vivo for a dependence
of bicarbonate reabsorptive capacity on luminal flow, there
is at present no adequate physical explanation for this
phenomenon. This issue certainly deserves further study.

An important feature of the present model is its provi-
sion of a mechanism by which intracellular pH can respond
to changes in the pH and PCO, of tubule fluid and
peritubular plasma. This allowed predictions of the effects
of PCO, on bicarbonate reabsorption, with results (Table
III) generally similar to those seen after induction of
respiratory alkalosis (18) or acidosis (17), or following
variations in bath PCQO, with isolated perfused tubules
(31). Intracellular pH was coupled to H* and HCO;~
transport, and therefore to the extracellular fluid composi-
tions, largely through Eqs. 8—11. The form of the expres-
sion for the H* secretion rate (Eq. 8) approximates the
kinetics of Na*/H"* exchange revealed by studies using
brush border membrane vesicles, although the observed
dependence of flux on intracellular H* concentration is not
exactly linear (32). Perhaps more problematic are the
assumptions that H* transport is confined to the brush
border membrane (Eq. 9), and that HCO,~ movement
across the basolateral membrane follows the simple rate
law given by Eq. 11. It is likely that some or all of these flux
expressions will need to be modified as more is learned
about the rates of H* and HCO,~ transport. A more
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realistic model may need to recognize explicitly the cou-
pled transport of these substances with Na* or other ions
(33), and the factors governing intracellular potential. We
hope that the present model will provide a suitable frame-
work for adding these refinements.
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