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SUMMARY

1. Some kinetic aspects of renal tubular acidification were studied in
proximal and distal tubules of the rat kidney by combining stationary
m~croperfusion methods and continuous measurements of luminal pH
changes of phosphate or bicarbonate buffers by means of antimony
electrodes. The analysis included the measurement of steady-state pH,
steady-state buffer concentrations and acidification half-times. From
these data, net rates of tubular bicarbonate reabsorption and of H ion
secretion were obtained since it was shown that the rate of phosphate
acidification provides a realistic estimate of H ion secretion.

2. Experiments were performed in control rats, in animals undergoing
metabolic acidosis or alkalosis and in control and acidotic rats receiving
the carbonic anydrase inhibitor Diamox.

3. In all experiments, the rates of tubular bicarbonate reabsorption
and of phosphate acidification (H ion secretion) were proportional to
luminal buffer levels. The change of luminal acid concentrations followed
first-order kinetics.

4. Steady-state transepithelial pH differences were reduced in metabolic
alkalosis and after diamox but augmented during metabolic acidosis.

5. Acidification half-times were prolonged in metabolic acidosis and
after Diamox but remained similar to control levels in metabolic alkalosis.

6. From the observation that both bicarbonate reabsorption and
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G. GIEBISCH AND OTHERS
phosphate acidification are similarly affected by these experimental
manoeuvres, it is concluded that H ion secretion plays a key role in both
transport processes.

INTRODUCTION

The ability of the mammalian kidney to acidify the urine maximally
is limited to a pH of not lower than 4-0-4-5, and these transepithelial pH
gradients are achieved only at the most distal nephron sites. Hence, only
very small amounts of H ions exist in free form in the tubular fluid. Net
acid excretion is thus dependent on the availability of buffers in the
tubular fluid. To achieve maximal rates of urinary H ion excretion, phos-
phate salts are usually given and represent the most abundant buffer
species in the final urine (Pitts & Alexander, 1945; Schiess, Ayer, Lots-
peich & Pitts, 1948; Swan & Pitts, 1955).
The present study deals with a quantitative analysis of intratubular

titratable acid formation and compares the latter with bicarbonate re-
absorption. Stationary microperfusion methods were combined with
continuous measurements of pH changes of luminally deposited buffers
(Malnic & Mello Aires, 1971; Malnic, Mello Aires, de Mello & Giebisch,
1972b). This approach offers some advantages over free-flow measurements
of acid-base parameters in buffer-loaded animals. In particular, variations
inH ion secretion that could be due to alterations in the filtered buffer load
and the associated extracellular volume expansion are avoided (Giebisch
& Windhager, 1973; Kurtzman, 1970; Rector, 1973).
In this study, both the mechanism of acidification of phosphate and

bicarbonate buffers, as well as the effects thereupon of carbonic anhydrase
inhibition and of several acid-base disturbances, were explored. It was
observed that under all acid-base disturbances, the rate at which the
luminal steady-state pH was approached depended on the nature of
the luminal buffer and luminal acid accumulation followed first-order
kinetics. Thus, net acidification rates were uniformly proportional to
luminal buffer levels. Both the rate ofpH changes in the lumen, the steady-
state luminal pH levels and the rates of buffer acidification were signifi-
cantly affected by acid-base disturbances and by carbonic-anhydrase
inhibition. These findings are discussed with respect to the participation
and possible mechanisms of tubular H ion transport. Parts of this material
have appeared in summary form in Pfitgers Arch. ge8. Phyciol. 331,
275-278, 1972, and in Kidney int. 1, 280-296, 1972.

METHODS
Male albino rats ranging in weight from 250 to 350 g were anaesthetized by sodium

pentobarbitone (40 mg/kg i.P.). Several groups of animals were used. (1) Control rats
were maintained on a standard rat pellet diet. During the experiment, they received
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KINETICS OF TUBULAR ACIDIFICATION 573
an infusion of 3% mannitol in isotonic saline at a rate of 0-1 ml./min. (2) In a second
group of rats, metabolic alkalosis was induced by the infusion of a 5 % NaHCO3
solution at a rate of 041 ml./min. At least 1 hr elapsed between the start of the
infusion and the first microperfusion. (3) A third group of animals received the
carbonic anhydrase inhibitor acetazolamide (Diamox, prime: 20 mg/kg, main-
tenance: 20 mg/kg. hr, given in isotonic NaHCO3 at a rate of 0- Iml./min). This rate
of bicarbonate infusion has been found to maintain plasma bicarbonate at near
normal levels. (4) A state of metabolic acidosis was achieved in another group of rats
by keeping them for at least 3 days on a control diet to which 4% CaCl2 was added.
In addition, their water supply was substituted by a solution containing 70 mm-
CaCl2. Also, during the experiment, they received a mixture of NH4Cl 150 m-equiv/l.
in 3% mannitol at a rate of 0-1 ml./min. (5) In a fifth group of rats, the effect of
acetazolamide during metabolic acidosis was studied. These animals received a
priming dose of 20 mg/kg of this drug and a maintenance dose of 20 mg/kg .hr which
was added to the NH4Cl-mannitol mixture as used in the fourth group.
The preparation of the animal and the micropuncture techniques followed methods

previously described (Malnic, Klose & Giebisch, 1964; Malnic & Mello Aires, 1970;
Malnic, Mello Aires & Giebisch, 1972a). Blood and urine pH were measured anaero-
bically by means of a model EA 520 Metrohm capillary glass electrode. Total C02
in blood and urine were determined with a Natelson microgasometer.

Tubules were perfused by means of double-barrelled micropipettes, one barrel
containing Sudan-black coloured castor oil, the other either a 100 mm-Na2HPO4 or
a 100 mM-NaHCO3 solution, both of which had an initial pH in excess of 8-0 and
were made isosmotic by addition of raffinose. In animals treated with Diamox,
tubular bicarbonate solutions were pre-equilibrated with 5 % C02 in air, since under
these circumstances C02 equilibration in split-drops had previously been found to
be markedly delayed (Malnic & Mello Aires, 1971). The castor oil was used to isolate
the perfusion fluids from the rest of the tubular contents by methods which also
have been described in detail previously (Gertz, 1963; Malnic & Mello Aires, 1970,
1971). Early and late distal tubules were localized by the appearance time of lissa-
mine green in the perfused segments (Wright, 1971). An antimony micro-electrode
and a Ling-Gerard reference micro-electrode, or, alternatively, a double-barrelled
Sb/reference electrode were introduced into the fluid column and the electrical
potential difference between the two electrodes, which is proportional to luminal pH,
was measured by a Keithley model 604 differential electrometer and recorded on a
Beckman model RS Dynograph.
The preparation and use of the antimony micro-electrode has been described in

detail in several papers from our laboratories (Malnic & Mello Aires, 1971; Malnic,
Mello Aires & Cassola, 1974; Malnic et al. 1972a; Vieira & Malnic, 1968). Recently,
some authors have observed lower pH values in bicarbonate/CO2 solutions than
theoretically expected or measured with glass electrodes, particularly when calibra-
tions were done with non-bicarbonate (e.g. phosphate) buffers. For instance,
Karlmark found that in such situations, pH values measured with the Sb electrode
were 0-16 units lower than theoretical values (Karlmark & Sohtell, 1973). Somewhat
larger deviations were found by Puschett & Zurbach (1974) and Green & Giebisch
(1974). On the other hand, Kunau did not observe significant differences between
measurements made with Sb and glass micro-electrodes when measuring the pH of
bicarbonate-containing solutions (Kunau, 1972). In the present study, only a small
pH difference was observed between measurements made with the antimony or a
macro glass-electrode. In a series of 66 measurements of a 25 mM sodium bicarbonate
solution equilibrated with 5% C02 in air, performed with forty-two micro-electrodes,
59% of the obtained pH values were within + 0-1 pH unit of the glass electrode
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values, and 85% within 0-2 pH units. The mean of all measurements was 0066 i
0-0178 pH units lower than the mean value obtained with the glass electrode.
This difference is significantly different from zero (P < 0.01). In terms of bicarbonate
concentrations, this error corresponds to a 15% difference in bicarbonate concentra-
tion. We chose not to correct for this small error. In our experiments 50 mm phos-
phate buffers, prepared according to Hawk, Oser & Summerson (1954) were used
for pH calibrations. This is within the concentration range used in the present
phosphate perfusion experiments. In these latter measurements, a bicarbonate error
should be minimal. It is apparent that in the present series of experiments, bicarbo-
nate has only a small effect on the accuracy of the Sb electrode.
From the time course of the pH change the concentration of NaH2PO4 was calcu-

lated by the Henderson-Hasselbalch equation using a pK of 6-8. For the case in
which a constant concentration of luminal buffer was assumed, the NaH,PO4
concentration at time t is given by the expression (see Appendix I):

(NaH2PO4) = 100PH-6.Si+t1 (1)

where 100 is the total buffer concentration and pH the measured value at time t.
(NaH2PO4) increases with time and reaches a steady-state level (NaH2PO4) .. To
calculate acidification rates, the log of (NaHPO4)o0- (NaH2PO4) was plotted
against time in seconds. In contrast to pH changes, such a plot generated a straight
line, indicating that the NaH2PO4 concentrations approach their steady-state value
in an exponential manner. The half-time (t1) of the approach of acid phosphate
concentrations to their steady-state value was calculated from the slope of these
lines. A similar approach, described in detail in a previous paper (Malnic & Mello
Aires, 1971), was used to calculate the half-times of bicarbonate reabsorption. All
calculations were made using a Fortran programme and an IBM 360 computer.
The present approach to measuring tubular acidification rates depends upon

evaluation of the half-times or rate coefficients (k = In 2/t,) of pH changes and the
final steady-state acid phosphate or bicarbonate concentrations. During phosphate
perfusions, acid phosphate concentrations (initially equal to zero due to injection of
a solution containing only Na2HPO4) rise due to H ion secretion and reach stable
steady-state levels. Assuming constant total phosphate concentration, the rate of
the approach of acid phosphate concentration to this steady-state level will be
proportional to the driving force, i.e. the difference between steady-state NaH2PO4
(As) and NaH2PO4 concentration at time t (A):

-d(As-A)/dt = kL(A8-A). (2)

Maximal transfer rates of H ion secretion can be calculated from the rate coeffi-
cients of acidification, the respective driving force and tubular geometry according to

In 2.r.A8
2.t

where JH is the rate of H ion secretion (n-mole.cm-2. sec-), and r is the luminal
radius expressed in cm (Gertz, 1963; Malnic & Mello Aires, 1971; Malnic et al. 1972b).
Fig. 1 shows a plot of (NaH2PO4), - (NaH2PO4)t as a function of time which, at
t = 0, reduces to (NaH2PO4)0.
In a separate series of stationary microperfusion experiments, relative volume

changes of the luminal fluid samples and chloride concentration changes were
measured in experiments in which a 100 mM-Na2HPO4 solution was used as per-
fusion fluid. The change of length of the fluid column was measured by means of an
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ocular micrometer at 5-10 sec time intervals. The chloride concentration change
was measured by recollection of the perfusate after varying time intervals and
analysis of the collected perfusate for chloride by the method of Ramsay, Brown &
Croghan (1955).
An approximation of the standard errors of functions of experimentally deter-

mined data was obtained by the method given by Eisenberg & Gage (1969).*

RESULTS

Table 1 summarizes acid-base data of the different groups of animals.
Blood pH as well as plasma bicarbonate levels were significantly increased
in metabolic alkalosis, and reduced in metabolic acidosis. Similarly, urine
pH was increased in metabolic alkalosis as well as in animals receiving
acetazolamide. In metabolic acidosis urine pH and bicarbonate levels
were reduced. Rats in metabolic acidosis receiving acetazolamide Diamox
had urinary pH and bicarbonate values not different from animals in
control acid-base conditions. It should be noted that the alkalinizing effect
of Diamox on urine pH is sharply reduced in metabolic acidosis.

Fig. 1 summarizes a representative set of data obtained during sta-
tionary perfusions with phosphate buffers in proximal and distal tubules
in a control, in a 5 % sodium bicarbonate, and in a Diamox-treated rat.
Two points deserve mention. Firstly, it is apparent that, generally, the
change of luminal acid phosphate concentrations, when plotted semi-
logarithmically as function of time, generates a straight line and thus
follows first-order kinetics, in both proximal and distal tubules. Stated

* For instance, standard errors of H (JH) and bicarbonate (JHco3) transport rates
were obtained from the variances of steady-state acid phosphate and bicarbonate
concentrations and of half-times of acidification. The covariance term was dis-
regarded, i.e. it was assumed that these parameters varied independently. According
to Eisenberg & Gage (1969) the variance (82) of a function Z of two variables, x and
y, with experimentally determined variances 82 and 8', is given by

42 2X2/\ Ia \IaZ\cv JZ\2 3I
a(a

2- I
( coyv X,,+ I-i sy * (3)

In the present series of experiments, we have disregarded the covariance term x and
y (cove, = 0). Using this relationship, the variance of H ion transport (JH) as a
function of Ho. and t, is:

82=a2(t2.* 82 + H2 * 82

where (2)4
ln2. r

a = 2 (r = tubular radius)2

The standard error of J is given by

Sej, = [2 i
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differently, the rate of acid phosphate generation, a process which will
be shown to be largely due to tubular H ion secretion, is proportional to
the luminal acid phosphate concentration. Similar results have been ob-
tained in stationary microperfusion experiments with respect to the
kinetics of tubular bicarbonate reabsorption (Malnic & Mello Aires, 1971).
Secondly, it can be seen from inspection of Fig. 1 that in proximal and
distal tubules both the rate of approach to steady-state luminal phosphate
levels as well as the absolute level of steady-state acid phosphate concen-
trations (the ordinate intercept), are subject to modifications by the acid-
base status of the animals' body fluids.

100 P 100
Proximal Dsa

50 - s50
Control

E t/2=7S55 sec Diamox
201 t/2= 34-8 sec 20

10. ** Diamox 10
2 *t/2=12-4sec

g 5 - itB/2=7-;5 sec - 5

5% NaHCO3 5% NaHCO3
2 t/2=707 sec t/2=8.9 sec 2

I1 1 '_
0 10 20 30 40 0 10 20 30 40 50

Seconds

Fig. 1. Representative examples of proximal and distal tubular approach
of acid phosphate to its steady-state level (NaH2PO4.) in control animals
and in animals receiving 5% NaHCO3 or Diamox.

In Fig. 2, representative examples of results of proximal and distal
tubular perfusions with phosphate in metabolic acidosis, with and without
Diamox, are compared to results of similar perfusions in control animals.
The mean values of steady-state pH, steady-state acid phosphate

concentrations and the rate of change of luminal pH, expressed as half-
times, in the different experimental conditions are summarized in Table 2.
Significant rates of tubular acidification takes place in control animals in
which steady-state luminal pH values lower than arterial blood were ob-
served. Half-times of acidification in both proximal and distal tubules
were of the order of 7-8 sec. During induction of metabolic alkalosis and
in Diamox-infused rats steady-state pH values in proximal tubules rose
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Fig. 2. Representative examples of proximal and distal tubular approaches
of acid phosphate to its steady-state level (NaH2PO40) in control animals
and in animals during metabolic acidosis, with and without Diamox.

TABLE 2. Steady-state pH (pH,.,) and acid phosphate concentrations (H.), and
acidification half-times, in different experimental conditions. Luminal perfusion
with 100 mm phosphate

Means± s.E. (no. of obs.)
Loc.

Control

5% NaHCO3

Diamox

Metab. acidosis

Metab. acidosis
+ Diamox

pHOO
P 6-23 + 0-031 (40)
ED 6-88+ 0-046 (27)
LD 6-38 0-143 (10)
P 7-00±0-020 (17)**
ED 7-43 0-064 (15)**
LD 7-39+ 0-075 (19)**
P 7-07 +0-023 (23)**
ED 7-03 0-024 (19)
LD 7-03+ 0-055 (13)**
P 5-93 0-031 (44)**
ED 6-11 + 0-033 (24)**
LD 5-94+ 0-049 (19)**
P 6-29 ± 0-037 (20)
ED 6-15 0-062 (13)**
LD 6-17 0-060 (13)

HO (m-equivf.)
74-1 ± 1-14 (40)
43-4 + 2-37 (27)
65-3 ± 3-09 (10)
36-6±1-01 (17)**
16-3± 1-87 (12)**
20-9 2-49 (18)**
33-3± 1-15 (23)**
35-4 + 1-23 (19)*
35-7 ± 2-69 (13)**
86-5 0-73 (44)**
81-5± 1-07 (24)**
86-0± 1-36 (19)**
75-1 1-48 (20)
79-9 ± 2-16 (13)**
79-2 2-09 (13)**

tj (sec)
7-43 ± 0-24 (40)
8-01 ± 0-54 (26)
8-56 1-21 (10)
6-85 0-46 (17)
8-45 ± 0-83 (14)
7-32+0-62 (19)
13-2 + 1-00 (22)
28-8 + 2-54 (22)
18-4± 1-96 (13)**
10-1 ± 1-00 (33)**
25-5+ 1-66 (31)
14-4 1-01 (15)
13-6+ 1-01 (22)**
29-6 + 5-46 (13)**
15-3 1-60 (13)*

P, proximal tubule; ED, early distal; LD, late distal.
* 0-05 > P > 0-01; ** P < 0-01. Statistical comparisons refer to controls.
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significantly. In early distal tubules of control rats steady-state pH values
were significantly higher than corresponding values in proximal tubules.
They are further increased in metabolic alkalosis. Steady-state pH values
were similarly elevated above control values in Diamox-infused rats in
proximal, early and late disal tubules. Since final steady-state NaH2PO4-
concentrations depend upon steady-state pH values, NaH2PO4 levels
were significantly reduced in both alkalotic and acetazolamide-infused
rats. As pointed out earlier, under control conditions the acidification
half-times in both proximal and distal tubules were of the order of 7-
8 sec. These values were not changed significantly in alkalotic rats, but
were significantly prolonged in Diamox-treated animals. The difference is
most striking at the early distal tubular level.

Inspection of Table 2 further shows that in both proximal and distal
tubules during metabolic acidosis, steady-state pH values are significantly
lower than in control animals. Accordingly, acid phosphate concentrations
are elevated. Compared to control values, acidification half-times are,
however, significantly prolonged in acidosis, especially so in distal tubules.
Similarly, acidification half-times are also markedly slowed in rats receiv-
ing Diamox during metabolic acidosis. The effect of metabolic acidosis and
of Diamox treatment on these half-time values is, however, not additive.
This is apparent from the similarity of acidification half-time values in
Diamox-treated animals and similarly treated animals undergoing meta-
bolic acidosis. In the latter group of animals, steady-state pH values were
only moderately elevated compared to untreated animals in metabolic acid-
osis. Accordingly, steady-state acid phosphate levels are only moderately
reduced.

Table 3 summarizes the results of perfusion experiments with 100 mM
bicarbonate in rats treated with Diamox and/or undergoing metabolic
acidosis. These studies extend previous experiments in which it was
demonstrated that after an initial period of CO2 equilibration, the decrease
in luminal bicarbonate concentration follows first-order kinetics (Malnic
& Mello Aires, 1971). Mean control steady-state pH values are quite
similar to those found during phosphate perfusions. Also, the direction
of the pH changes observed during metabolic acidosis, with or without
Diamox, is similar to those found during luminal phosphate perfusions.
It should be noted that during control conditions acidification half-times
are generally shorter when bicarbonate rather than phosphate constitutes
the luminal buffer. These differences are less marked in animals treated
with Diamox and/or in a state of metabolic acidosis.
Net H ion secretion rates (JH) and bicarbonate reabsorption rates

(JHCO3), are given in Table 4. It is noteworthy that bicarbonate transport
rates exceed those of phosphate acidification in all experimental situations.
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However, the directional changes occurring with respect to JH and JHCO,
are similar in the different acid-base disturbances.

In two additional series of experiments we obtained quantitative infor-
mation of changes in intraluminal volume and buffer concentrations during

TABLE 3. Tubular acidification parameters in control rats and in different experi-
mental conditions. Luminal perfusion with 100 mm sodium bicarbonate

Group

Control

Diamox

Metab. acidosis

Metab. acidosis
+ Diamox

Loc.

P

ED
LD
P

ED
LD
P

ED
LD
P

ED
LD

pH.
6-21 ± 0-037 (56)
6-95+0-077 (18)
6-60 + 0-040 (18)
6-83+ 0-017 (56)**
6-85+ 0-067 (21)
6-93±0-061 (18)**
5-92 + 0-039 (23)**
6-15 + 0-044 (23)**
6-20 + 0-039 (15)**
6-42 + 0-028 (41)**
6-30+ 0-035 (23)**
6-18 0-063 (19)**

HOCO.. (mM)

1-73 ± 0-24 (36)
11-6 ±1-75 (18)
4-44± 0-34 (18)
7-10±0-37 (56)**

10-8 ± 1-98 (21)
10-6 ±112 (18)**
0-54±0-052 (23)**
0-90±0-10 (23)**
1-22 + 0-12 (15)**
2-10±0-11 (41)
1-71 0-15 (23)**
1-44 0-18 (19)**

t* (Sec)

5-15±0-17 (89)
3-78 0-13 (17)
4-98 0-42 (16)
8-12+ 0-31 (34)**

25-8 + 2-16 (22)**
17-9 +185 (18)**
9-48+ 0-62 (33)**

18-9 +155 (39)**
12-8 ±139 (26)**
17-9 + 1-09 (19)**
29-9 +4-14 (19)**
18-2 +165 (19)**

For explanation of symbols, see Table 2. Statistical comparisons refer to controls.
HCO300, steady-state bicarbonate concentration.

1 0

05

0.2

0-1 [

0

20 40 60 80 100
Time (sec)

Fig. 3. Change of volume V (expressed as ratio of initial volume, V.) of an
initially chloride-free phosphate droplet in a control rat. Volume change of
an isotonic NaCl-droplet is included for comparison.
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phosphate perfusions. We assessed both volume and phosphate concen-
tration changes in the following manner. Firstly, volume changes of
phosphate solutions were measured in split-drop stationary perfusions
identical to those tised in the acidification experiments. Results from a
representative phosphate perfusion experiment are shown in Fig. 3 and

TABLE 4. Net H ion secretion (JR+) and bicarbonate reabsorption (JHcos) calcu-
lated from acidification curves obtained during phosphate and bicarbonate perfusion
respectively

JH- JZC03
Group Loc. (n-equiv/cm2 . sec)

Control P 5.19+ 0-26 9.92 + 061
ED 2*35 0*29 10-13 + 0-57
LD 3.31 + 0.69 8-31 + 0 96

5% NaHCO3 P 2-79+0*28
ED 0-84+ 0-18
LD 1-24 + 0*26

Diamox P 131±+ 015 5-95+ 029
ED 0-53 ± 0-07 1-50 ± 019
LD 0-84+ 0-15 2-16 +0-32

Metab. acid. P 4-48 + 0-59 545 + 0-56
ED 1.38+ 013 2*27 +0-31
LD 2.60+025 3*34 +0-60

MA+Diamox P 2.87+ 032 2-84+ 0.21
ED 1*15± 0-31 1.42 + 0*27
LD 2-23+0-34 2-35+0.30

P, proximal tubule; ED, early distal; LD, late distal. Data calculated from mean
values given in Tables 2 and 3, using eqn. (3). s.E. wore calculated according to
Eisenberg & Gage (1969) from the variances of the component means (H., HCO-<>
and to); number of observations is given in Tables 2 and 3.

compared to a split-drop experiment in which isotonic saline was used.
The rate of disappearance of saline follows simple exponential kinetics.
In contrast, during perfusion with phosphate, the shape the curve relating
relative volume changes to time indicates an initial period in which fluid
enters the droplet. It is virtually certain that this volume increase is
related to the initial transepithelial chloride gradient. Subsequently, the
volume decreases due to egress of the limiting solute species, i.e. raffinose
and phosphate. The mean half-time of reabsorption of this latter process
was 51-8 + 9'5 sec (n = 14). This value is quite similar to that previously
found by Gertz (1963) during stationary perfusion experiments using
raffinose solutions.

Since these volume changes may give rise to concentration changes of
total phosphate in our stationary perfusion experiments, a second series
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of experiments was carried out to measure the changes of intraluminal
chloride concentrations in the initially chloride-free phosphate droplets.
Under our experimental conditions it is safe to assume that chloride and
phosphate make up most of the anionic content of the perfusate since the
leakage of bicarbonate into the lumen contributes at most 3-5 m-equiv/l.
(Bank & Aynedjian, 1967). In view of the isosmotic character of proximal
tubular fluid, the rate of chloride entry into the lumen provides an
estimate of tubular buffer (phosphate) dilution. It was observed that
luminal chloride concentrations increase initially and reach a steady-

TABLE 5. Half-times of chloride inflow into initially chloride-free perfusion fluids

Solution Proximal Distal

NaHCO3 control* 10-3 + 1-69 sec (18)
Diamox* 155 ±2-99 (17)

Na2SO4 control* 12-3 ±234 (15)
Diamox* 148 ±6-40 (15)

Na2HPO4 control 14-1 ± 2-00 (18) 20-1 + 7-19 sec (12)
Diamox 26-5 +776 (10)

* Data from Malnic & Mello Aires (1970).
Half-times calculated from regression lines of In (Cl0- ClI) against time, ± s.E. of

mean of the slope (8b).

state value after 70 sec. This approach of luminal chloride concentrations
in phosphate droplets to the steady-state level was found to be exponential
in nature. The half-time of chloride entry, obtained from a semilogarithmic
plot of eighteen values of Cl,,, - Clt (where Cl., and Clt are the chloride
concentrations at steady-state levels and at time t, respectively), was
14-1 sec. Inspection of Table 5 indicates that this value is quite similar
to the rate of chloride entry in proximal tubules during perfusion with
other ions, including bicarbonate (Malnic & Mello Aires, 1970). Hence,
these volume changes during which steady-state pH levels are reached
are small since after 30 sec, the initial volume was reduced by only 11 %.
Accordingly, such volume changes do not significantly affect the rate of
tubular acidification as the half-time of this latter process is of the order
of 7-8 sec (see Table 2).

DISCUSSION

The possible events which could lead to changes in H and phosphate
ion concentrations in the tubular lumen are schematically depicted in
Fig. 4. These are as follows. (1) Acidification by H ion secretion leads to
titration of alkaline phosphate buffer to NaH2PO4. (2) NaCl and water
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entry dilutes tubular contents and thereby lowers total phosphate con-
centration. The magnitude of this process is evaluated by the rate coeffi-
cient of chloride influx (see Table 5). However, the simultaneous dilution
of both acid and alkaline phosphate salts does not change luminal pH.
Hence, as shown in the Appendix this event does not introduce an error
with respect to the calculation of acidification half-times. However,

Anion flux
out of lumen Secretion
H2PO HPO2- H+

llHPO2 +2 , 2PO4

Cl-, HCO- H20, NaCI CO2
Anion flux Dilution
into lumen

Fig. 4. Schematic representation of possible ion and fluid transfers during
stationary perfusion with phosphate buffer which might lead to changes in
luminal hydrogen and phosphate ion concentrations (see Discussion for
detailed explanation).

inspection of eq. (3) indicates that such buffer dilution (reduction in As)
will affect the calculation of the net rate of acidification: it will be reduced
at times other than zero. For this reason, the acidification rates sum-
marized in Table 4 are those obtained at to, i.e. calculated from the initial
phosphate concentration and steady-state pH. (4) Phosphate loss out of
the lumen by diffusion or active transport. Recently, Cassola (1974) has
shown that the rate of 32p loss from initially acid or alkaline solutions
was 4-10 times slower than the rates of tubular acidification (3). Esti-
mates based on a comparison of the respective rate coefficients of acidi-
fication and phosphate efflux indicate that loss of acid phosphate from
the tubule may introduce an error of some 10 %. Hence, rates of tubular
acidification may be underestimated by that amount if not evaluated at
time to. The use of high luminal phosphate concentrations (100 mM) in
the present series ofexperiments might also be questioned in view of its pos-
sible specific and potentially harmful effects on tubular transport processes.
However, the fact that rate coefficients were found to be independent
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of concentration constitutes evidence against such an interpretation.
This view is supported by observations that the rate coefficients of acidi-
fication obtained when the lumen was initially perfused with 25 mM
instead of 100 mm phosphate did not differ significantly from those of
the present experiments (tj = 7 70 see) (Mello Aires & Malnic, 1975).
(5) Bicarbonate could diffuse into the phosphate droplets along its con-
centration gradient, and provide an additional proton acceptor that
would not be measured by the acidification rate of phosphate. However,
experiments in which peritubular capillary blood was replaced by bicar-
bonate-free phosphate Ringer have shown that this process is not an
important determinant of luminal pH changes (Mello Aires & Malnic,
1975; Cassola, Giebisch & Malnic, 1977). Net acidification rates were not
significantly altered by peritubular deletion of bicarbonate and C02.
(6) Another aspect concerns the possibility that changes in luminal sodium
concentration per se (depending on whether bicarbonate or Na2HPO3 was
used) may change the rate of hydrogen ion movement. It has been reported
that reduction of the luminal and peritubular sodium concentration may
lower the rate of tubular acidification (Ullrich et al. 1975). However,
significant reductions in acidification rates were found only below Na
concentrations of 20 m-equiv/1., i.e. concentrations much lower than
those used in the present experiments. In view of these considerations
we believe that the rate of luminal phosphate acidification is a realistic
estimate of tubular H ion secretion.
Two models ofH ion secretion may account for the observed kinetics of

tubular acidification (Malnic & Giebisch, 1972; Cassola et al. 1977). In
the first, the H pump is thought to be independent of the H gradient
against which it operates. In this model the rate coefficient of acidification
represents the H ion conductance of the tubular epithelium.* First order

* Maximal rates of acidification (JH) are obtained from eqn. (3) (Methods), which
has the form

JH= k. (Na2HPO4 - Na2HPO4.), (4)
where k is the measured acidification rate coefficient and the second term the
difference between initial and final buffer base concentrations. On the other hand,
H ion permeabilities (P.) could be obtained from the relation:

JR= PH.[H+), (5)
where JH is the unidirectional H ion flow across the epithelium, and [H] the H con-
centration in the compartment originating this flow. From (4) and (5) we obtain:

k PH.[H+] 6

ANa2HPO4 (6)
indicating that k is a function not only of H ion permeability, but also of H ion
concentration and buffer concentration difference. Hence, k has the meaning of a
conductance rather than a permeability, since it is related to both permeability and
concentration of the transferred ion species (see Cassola et al. (1977) for details).
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kinetics reflect the fact that net H ion secretion is related to the difference
between the activity of a constant secretary pump and a concentration-
dependent H-leak. The latter reaches a maximum at steady-state pH
levels when it equals the pump rate: net H secretion then is absent.
The second model, similar to that proposed by Steinmetz for the turtle

bladder (Steinmetz & Lawson, 1971), assumes a negligible tubular hydro-
gen conductance and the presence of a gradient-dependent H pump. In
this situation, the rate coefficient of acidification would provide an esti-
mate of pump activity. At steady-state pH levels, active secretion would
fall to zero; it would be maximal at the highest luminal buffer base load
when opposing pH gradients are minimal.

It is likely that in a highly permeable structure as the proximal tubule,
the first model might be a realistic one. In the distal tubule, an epithelial
structure with higher resistance to ionic movement, the second model is
thought to be more appropriate. However, our methods do not allow us
to exclude rigorously the presence of both modes of operation at specific
tubular sites. In the following our results will be discussed within the
framework of the above described 'proximal' and 'distal' models of
acidification. Some evidence bearing on this problem will be presented in
another paper (Cassola et al. 1977).
Animals in metabolic alkalosis have similar rate coefficients (half-times)

of acidification as animals in control acid-base conditions but significantly
reduced steady-state acid phosphate concentrations (Table 2). The finding
that the rate coefficient (acidification half-time) remains unaltered is
consistent with the interpretation that the tubular leak (conductance) to
H ions is unchanged in both proximal and distal tubules. The observed
reduction in the net rate of acidification in metabolic alkalosis (Table 4)
could, in a pump-leak system, be due to either an increased leak ofH ions
out of the lumen or to a decreased H ion pump activity. In the absence
of a changed H ion leak the reduced rates of net acidification in the proxi-
mal tubule indicate reduced H ion pump activity. This could be due to
diminished activity of the H ion pump or reduced availability of H
ions. Since cell pH is likely to be elevated in alkalosis, we believe that
reduced cellular H ion activity importantly participates in the fall of net
acidification.
A similar interpretation applies to the distal tubular epithelium. Since

net H ion secretion (J.) depends on the rate coefficient (k) and the cellular
H ion pool (HC) (JH = X7HC) it is clear that in the presence of an un-
changed rate coefficient of acidification, the cellular H ion activity is
reduced in metabolic alkalosis. The present finding that at comparable
luminal buffer loads, acidification in metabolic alkalosis is inhibited
compared to control animals is not inconsistent with the well known load
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dependence of proximal and distal tubular bicarbonate reabsorption under
free-flow conditions (Malnic & Mello Aires, 1971; Malnic et al. 1972a;
Malnic & Steinmetz, 1976; Kurtzman, 1970) particularly when care is
taken to avoid extracellular volume expansion (Kurtzman, 1970; Rector,
1973). This is due to the fact that transport rates of bicarbonate ions
depend both on the pump rate as well as on luminal substrate (buffer)
concentration. If the latter is elevated more than the pump rate is re-
duced, over-all stimulation of net acidification will result.
The present study shows that Diamox, both at the proximal and distal

tubular level, reduced the rate ofH ion secretion (see Table 4). Acidification
half-times were also significantly prolonged (Table 2). This observation
suggests that H ion conductance is reduced by carbonic anhydrase inhibi-
tion. Since net acidification also falls, the pump activity must be reduced
more than the H ion conductance since the latter change alone would not
reduce net H ion secretion. Some findings support the notion that the
cellular H ion pool is decreased after carbonic anhydrase inhibition. Firstly,
Struyvenberg, Morrison & Relman (1968), using the DMO method, showed
increased cell alkalinity after Diamox treatment. Secondly, Fr6mter
(1975) and Garcia & Malnic (1976) have shown that the net transfer of
base across theperitubular membrane is depressed after carbonic anhydrase
inhibition. These observations suggest that the supply of H ions to a
luminal pump mechanism is reduced after Diamox. With respect to the
distal tubule, the observed reduction of net acidification can also be statis-
factorily explained by reduced pumping ofH ions since the rate coefficient
of acidification is significantly depressed.

Earlier free-flow micropuncture studies as well as histochemical data
have provided evidence that the carbonic anhydrase inhibitor Diamox
acts at the proximal tubular level and reduces net bicarbonate reabsorp-
tion (Loennerholm, 1971; Vieira & Malnic, 1968). In contrast, the distal
tubule may respond to the increased delivery of bicarbonate-containing
solutions with enhanced bicarbonate reabsorption (Vieira & Malnic, 1968).
It is most likely that the dramatically increased bicarbonate load is
responsible for the enhancement of distal net reabsorption despite the
fact that, as discussed above, the acidifying capacity of the distal tubular
epithelium has been reduced by Diamox. A comparison between the free-
flow distal buffer load and the epithelial capacity to reabsorb bicarbonate,
as determined by the presently described methods, permits some insight
into this matter. Normally, the distal bicarbonate concentration is of the
order of 5 m-equiv/l. (Vieira & Malnic 1968). After Diamox it may in-
crease sharply to levels some 15 times higher. Since (see Table 4) the rate
of H ion secretion, at constant luminal buffer load, is decreased only by
a factor of 5, it is clear that over-all net acidification may be enhanced
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despite the inherent inhibition of distal tubular acidification. The fact
that distal bicarbonate reabsorption, at constant luminal load, shows,
after Diamox, a very similar proportional decline in comparison to H ion
secretion into alkaline phosphate droplets, suggests that both processes
are mediated by H ion secretion.
The data obtained during metabolic acidosis indicate the ability of

both proximal and distal tubular epithelium to generate steeper maximal
H ion concentration differences, albeit at prolonged acidification half-
times. Inspection of Table 4 indicates that net acidification rates during
phosphate and bicarbonate perfusions are moderately reduced. The ti data
(Tables 2 and 3) strongly support the notion that acidosis induces some
reduction in H ion conductance. However, in contrast to the situation in
Diamox-infused rats, H ion pump activity must be reduced proportion-
ately less than the leak of H ions out of the lumen since the steady-state
concentration of acid phosphate is higher, and that of bicarbonate lower,
than in control conditions (Tables 2 and 3).

These findings are of interest since they throw some light on the mech-
anisms by which the renal tubular epithelium responds to acidosis.
Apparently, an important factor is a decreased leak conductance to H
ions. This change would lead to increased efficiency of the tubular opera-
tion of acidifying the tubular fluid and the urine since even at lowered
levels of H ion secretion rates the tubular mechanism of acidification is
now rendered more effective in maintaining steeper transepithelial hydro-
gen ion gradients and thus also in titrating a relatively larger amount of
tubular buffers. In the present series of experiments the H ion concentra-
tion differences across the proximal tubule wall, for instance, were almost
doubled from a mean value of 620 n-equiv/l. in control rats to 1180 n-
equiv/l. in acidotic rats. The moderately reduced net H ion secretary rate
is still compatible with the lower pH values along the nephron in acidotic
rats (Malnic & Giebisch, 1972; Gottschalk, Lassiter & Mylle, 1960) since
the filtered load of bicarbonate can be markedly reduced during metabolic
acidosis. Our findings are in agreement with those of Levine & Nash (1973)
who observed a significantly decreased rate of bicarbonate reabsorption in
acidotic rats when the filtered bicarbonate load was acutely increased.
On the other hand, considering the model for the distal tubule with

relatively low passive permeability to H ions, the observed reduction in
the rate coefficient of acidification would imply that the H ion secretary
mechanism operates at a reduced rate but ceases to pump H ions at
higher luminal H ion activities. The mechanism underlying this alteration
in the kinetic parameters of distal tubular acidification during metabolic
acidosis is presently unknown.
Maren and others have drawn attention to the fact that the diuretic
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effect of acetazolamide is markedly reduced in acidotic animals (Brodsky
& Satran, 1959; Maren, 1956, 1967, 1974). They have pointed out that
during acidosis Diamox still leads to a highly significant reduction in the
urinary excretion of titratable acid whereas it has little further effect on
the rate of tubular bicarbonate reabsorption (Maren, 1956, 1967, 1974).
This observation was interpreted to imply continuous reabsorption of
bicarbonate by an acetazolamide-insensitive pathway which was not
shared by the renal tubular mechanism responsible for the generation of
titratable acid. Reabsorption of bicarbonate in its ionic form could be one
of these mechanisms. We believe that another mechanism could also
account for the differential effects of acetazolamide upon bicarbonate
reabsorption and phosphate titration during acidosis.

Inspection of our data summarized in Table 4 indicates that both bicar-
bonate reabsorption as well as phosphate acidification are significantly
depressed at the proximal tubular level by acetazolamide during metabolic
acidosis. At the distal tubular level, the Diamox effects during metabolic
acidosis are small as compared with those in otherwise normal animals
(Table 4). Only at the late distal tubular level were steady-state pH and
acid phosphate levels significantly (P < 0-01) modified during phosphate
perfusions (Table 2). During bicarbonate perfusions, Diamox exerted a
significant effect (P < 0-01) in increasing steady-state pH and bicarbonate
levels only in the late distal tubule (Table 3). The proximal tubular inhibi-
tion of acidification after Diamox supports our view and that of others
(Rector, 1973) that both bicarbonate reabsorption and phosphate acidi-
fication are due mainly to tubular secretion of H ions and thus are both
susceptible to inhibition by Diamox. We believe that the finding of
Maren (Brodsky & Satran, 1959; Maren, 1956, 1967), i.e. that during
Diamox treatment bicarbonate reabsorption is less affected then titra-
table acid, i.e. phosphate acidification, could be due at least in part to the
different properties of the bicarbonate and phosphate buffer systems.
During bicarbonate perfusion titration is performed at constant acid (CO2)
concentration as steady-state conditions are approached. In contrast,
phosphate titration takes place at nearly constant total buffer content.
Thus, at comparable tubular pH levels the bicarbonate concentration has
dropped to much lower levels whereas a relatively much larger fraction
of the phosphate buffer remains as the alkaline salt (see Fig. 5).
Assuming a constant CO2 level of 1 mm, a sample of perfusate originally

containing 100 mm sodium bicarbonate would be reduced to 1-6 nr at
a final pH of 6-3, according to the Henderson-Hasselbalch equation:

6-3= 61+lgB (base)
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At the same pH, a sample of 100 mm alkaline phosphate would be

reduced to 24 mM

6-3 = 6-8+log(100 - A), where 100-A = B.A
Thus, reaching this same steady-state pH, 98-4% of the luminal bicar-

bonate would be reabsorbed, against the acidification of only 75 % of
alkaline phosphate. The driving force for H ion secretion, Bo- B. (see
eqn. (3)) would be 98-4 mm for bicarbonate buffer, and 76 mm for phosphate
buffer. This situation is shown in Fig. 5. Bicarbonate is titrated by the

8.0
Na HCO3

CI2F1-2 m t
7-5 _ a t

6-5

6-0
10 20 30 40 50 60 70 80

mM
Fig. 5. Theoretical titration curves of bicarbonate and phosphate. pH
changes were calculated from the Henderson-Hasselbalch equation for
addition of acid at constant PCO2 for bicarbonate, and at constant total
buffer concentration in the case of phosphate. Initial buffer concentration:
100 mm. The plot of pH v8. concentration of the remaining buffer shows
that for the two buffer species, at similar pH, widely different buffer base
levels are found (horizontal arrow). Also, at the same buffer base concentra-
tion, pH differs markedly (vertical arrow).

tubules at constant acid (002) concentration since the latter is normall
fixed at about 1 mm. Accordingly, at urinary pH levels found in Diamox-
infused rats (pH = 6-11, a value very close to the pK' of the bicarbonate-
C02 buffer system), bicarbonate has dropped to very low levels (see Fig. 5).
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In contrast, phosphate buffer is titrated at constant buffer content and
the phosphate buffer titration curve is considerably less steep in the pH
range below 7 0 (see Fig. 5). Accordingly, urinary pH changes in the range
found in acidotic animals with or without Diamox are much more effective
in producing significant changes in urinary titratable acid, of which phos-
phate salts constitute the largest fraction, than they are in producing
changes in bicarbonate concentration.
In addition, the observation that administration of Diamox during

metabolic acidosis does not lead to a dramatic increase in urinary pH and
bicarbonate excretion despite its significant inhibition of proximal bi-
carbonate reabsorption deserves comment. This finding must be due to
the ability of nephron segments distal to the proximal convoluted tubule
to reabsorb a large fraction of that moiety of bicarbonate which escaped
proximal reabsorption in Diamox-treated acidotic animals. The finding
that Diamox depresses distal tubular acidification less than in control
animals, with respect to bicarbonate as well as phosphate buffers, is of
interest. Although the underlying mechanism is not known, it may some-
how be related to a larger carbonic-anhydrase independent H ion supply
in acidotic animals. Since both bicarbonate reabsorption and phosphate
acidification are reduced to a similar extent, particularly in the proximal
tubule, our findings do not support a differential effect of this carbonic
anhydrase inhibitor on bicarbonate reabsorption and titratable acid
formation.
An additional important finding concerns the observation that acidi-

fication rates during phosphate perfusions, both in control and Diamox-
treated animals, were consistently lower than those found during bicar-
bonate perfusion (see Table 4). This could be related to several factors.
One is the possibility, during bicarbonate perfusions, of recycling of
carbonic acid between lumen and cell (Rector, 1973). This mechanism is
based on the assumption that non-ionized H2CO3 diffuses out of the lumen
into the cell, maintaining an intracellular supply of hydrogen ions which
is independent of carbonic-anhydrase stimulated C02 hydration. This
mechanism would be operative only in the presence of bicarbonate, but
not of phosphate since the latter is only poorly reabsorbed. A second ele-
ment for the lower net acidification rates during phosphate as opposed to
bicarbonate perfusions, in both the control and carbonic anhydrase in-
hibited state, could be the different behaviour of the two buffers during
titration, already referred to above. A third factor which could contribute
to the faster apparent acidification of luminal bicarbonate, compared to
that of phosphate buffers, would be dilution of luminal bicarbonate by
sodium and chloride (see Fig. 4). The driving force for this ion flow is the
transepithelial chloride concentration gradient which develops as the lumen
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is perfused with the initially chloride-free solution. The magnitude of this
dilutional flow can be evaluated by the rate of chloride appearance during
perfusion with bicarbonate containing solutions (Malnic & Mello Aires,
1970). The rate coefficients of the approach of chloride concentrations to
their steady-state levels are compared to those of apparent acidification
of bicarbonate and phosphate droplets in Table 6. It can be seen that the
magnitude of the difference between the phosphate and bicarbonate rate
coefficients is of the order of the chloride influx coefficient. This would
provide a quantitatively satisfactory explanation for a large fraction of
the observed difference between bicarbonate and phosphate acidification
rates.

TABLE 6. Rate coefficients for acidification during perfusion with phosphate and
bicarbonate buffers, compared to rates of chloride inflow, in proximal and distal
tubules of rat kidney (sec-')

Perfusion
___ __ __ ___ __ __ ___ _ _

A Chloride
Group P04 HCO3 inflow

Control, prox. 0 093 ± 0.0030 (40) 0 135 + 0 0044 (89) 0*056 ± 0*0073 (18)
dist. 0-084 + 0-0086 (36) 0161 ± 0 0090 (33) 0'035± 0 019 (12)

Diamox, prox. 0 053 ± 0 0040 (23) 0O086 + 0 0033 (34) 0045 + 0.0086 (17)

Rate coefficients of acidification calculated from t* values of Tables 2 and 3.
Chloride inflow rate coefficients are means for a given segment and experimental
condition calculated from data listed in Table 5.

It should be noted that the acidification rate of phosphate buffers in
Diamox-treated rats is significantly higher than that calculated on the
basis ofuncatalysed C02 hydration. According to Maren (1967), the amount
of Diamox administered in the present experiments is expected to block
completely renal carbonic anyhdrase activity. Assuming a negligible back
reaction (H2CO3 r- H20 + C02), a C02 hydration rate coefficient (uncata-
lysed) of 0-15 sec-1 (Garg & Maren, 1972) and a mean blood CO2 concen-
tration of Diamox-infused rats of 1-35 mm (Table 1), the rate of uncata-
lysed C02 hydration is:

Vc02 = kcO2.( 02) = 0 15 x 1-35 = 0-20 m-mole/sec.l.
Since the cellular volume corresponds to about x 1 5 the luminal volume
for a segment of proximal tubule, the rate of H ion generation by un-
catalysed C02 hydration in tubular cells available for secretion into the
tubular lumen is of the order of 0'30 m-mole/sec. . This value is con-
siderably smaller than the value observed in Diamox-treated animals of
1-75 m-mole/l. sec (see Table 6 in Cassola et al. 1976).
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Several factors should be considered to account for the continued secre-
tion of H ions after carbonic anhydrase inhibition during phosphate
perfusions. Recently, Maren (1974) has proposed that the reaction

C02 + OH- = HCO3

is important at a pH above 8 and might contribute to neutralize OH-
formed by splitting water at the site of active H ion translocation. Con-
ceivably, the OH concentration could reach levels high enough in a small
restricted area to account for the observed uncatalysed rate of acidifica-
tion (Maren, 1974). However, since the effective cellular OH- concentration
is unknown, it is difficult to assess the validity of this hypothesis.
Two additional sources of H ions should be considered after carbonic

anhydrase inhibition. If active H ion extrusion continues across the lumi-
nal cell membrane, at a new steady-state, the cell interior should approach
a lower electrochemical potential for H ions and could, accordingly, act
as a sink for H ions. Thus, not only the luminal fluid (H2CO3 recircula-
tion) but also extracellular fluid could contribute H ions to the cell pool.
Since this fluid is in equilibrium with blood, it represents an additional
source of H ion generation. Its actual effective magnitude, however, is
difficult to evaluate. The recently demonstrated great sensitivity of
luminal acidification rates to peritubular pH changes lends, however,
support to this interpretation (Malnic & Giebisch, 1972; Mello Aires &
Malnic, 1975). Finally, another factor contributing to the relatively high
uncatalysed acidification rates during phosphate perfusions could be
related to abnormally elevated cellular PC02 levels in Diamox-treated
animals. Some evidence based on the finding of delayed C02 diffusion
across the tubular epithelium in acetazolamide-treated rats (Malnic &
Giebisch, 1972; Malnic & Mello Aires, 1971) is consistent with the view
that, by an unknown mechanism, carbonic anhydrase accelerates the
diffusional transfer of C02 across the cell wall of tubule cells. In the
absence of an intact carbonic anhydrase system an increased level of
cellular Pco0, due to diffusion delay of C02 out of the cellular compart-
ment, could stimulate H ion secretion by generation of carbonic acid.
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APPENDIX

1. Calculation of acid-phosphate levels
The Henderson-Hasselbalch equation,

pH=pK+logBfA (la)

relates the concentrations of conjugate base and non-dissociated acid
of a buffer system to its pK and pH. In terms of the total buffer
concentration,

T = B+A (l b)
we have

pH = pK+log TA

Upon rearranging,

jopH-pK-=T-A (l d)
A

and

A= TA =lOPH-PK+* (l e)

Assuming that total phosphate concentration remains constant at a level
of 100 mm and substituting a value of 6-8 for pK we obtain equation (1)
in the body of the paper:

(NaH ~~100
(NaH2PO4) = jOPH-68++1

2. The influence of total phosphate loss on acidification kinetics
It can be shown that

1OPTIPK = lopK = Ka (2a)

where Ka is the dissociation constant of the acid. From eqn. (1 e) of Appen-
dix 1, we obtain

(4 T T.H (2b)
(KaIH)=Ka+H

At steady-state, the acid phosphate concentration is denoted as As and
H as H1,. Thus,

TOAs = T,+ (2 c)(KafHo,)+I
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Dividing eq. (2b) by (2c) we obtain

T

As = (Ka/H)+1 = (Ka/Hoo,)+I T (2d)Tco (Ka/H)+12 (2d)oo
(Ka/HI4) +1

Rearranging,
As-A = A8I(Ka1HI) + T) (2e)

Substituting
j(Ka/Hoo)+I T _ H(KalH.c,) T

(Ka/H) +1 *T0o Hoo(Ka +H) * Too
As-A = As.y, (2f)

where y is a function of time. The rate of the approach of NaH2PO4
concentrations to its steady-state level is given by

d(As-A) - k(As-A) (2g)
dt

or, according to eqn. (2f),
d(Asty) -kAs.y. (2h)

dt
Assumption 1. If the total phosphate content of the tubule remains

constant, As will also be constant; therefore, using a new rate constant,
k,, for this case, we have:

dy/dt = -kly. (2i)
Upon integration

y = yoe-klt. (2j)
Under the present assumption and according to eqn. (2e), at t = 0,
Y = Yo = 1. According to (2f ), we obtain

= AsA = e-k't or A = As(1-e-kit). (2k)

Assumption 2. If total phosphate content is not constant, the steady-
state acid concentration will depend on time, since a steady-state pH
may be reached before a steady-state phosphate concentration. Thus, we
have:

d-= k'[As-AA8,] (21)
yielding

As = [AsO-Asj ekt+As.
Total phosphate loss, on the other hand, can be expressed as follows:

P = (Po-Poo) ek't+ , (m
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where P is the phosphate concentration at time t, PO and P. are phosphate
concentrations at t = 0 (known) and at steady-state respectively (taken
from Strickler, Thompson, Klose & Giebisch, 1964), and 1c is the rate
coefficient for total phosphate loss calculated from chloride influx. Using
a mean half-time of chloride gain of 14*1 sec which corresponds to a rate
coefficient of 0 049 sece-, the experimental data can be recalculated in
terms of a progressively reduced total phosphate concentration of the
perfusate. Using the Henderson-Hasselbalch equation

pH = pK+logR,
where R is the salt/acid ratio:

R = 10(pH-pK) (2n)

from which the acid concentration (A) can be obtained by the expression
A = P/(R+1),

where P is the corrected instantaneous phosphate concentration. The
steady-state acid concentration (As) which is the asymptote towards
which A tends, is not constant and will be given at time t by

As= P/(Rx + 1) (2o)
where R. = 10(PHc0-PK).

Fig. 6 summarizes the time course of P(Na2HPO4+NaH2PO4) and A
from a control experiment done on a proximal tubular segment. It is
apparent that P declines exponentially during a time period in which A
rises and approaches a steady-state level. A corrected rate coefficient for
acidification (k2) can be obtained from plotting log (As-A) against time
in sec. In this case, eqn. (2h) may be written

d(Asy) = -k2(Asy). (2p)
dt

Differentiating eqn. (2p) and evaluating at t = 0,

As dy + dA8s k(A ) (2q)

At t = 0, total phosphate is constant and eqn. (2i) can be applied

dy ky or dy = k1yo. (2r)dt dto
At t = 0. eqn. (21) becomes

d = -k'[As0-A8,Os. (28)
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Substituting eqns. (2r) and (2s) into (2q)

As0( - k yo) - yolk'[As8 - Asj] = - k2As8y0. (2t)

Ws 50 -
Dooj0~~~

<50

-C

0.~~ ~ ~ ~ ~ ~ -.

0

01
5 10 15 20

Time (sec)

Fig. 6. Calculated change of total phosphate (0-*) and acid phosphate
(0-0) concentrations with time in a proximal perfusion experiment.

Dividing by (-yoAso) and rearranging
k, = k2- k'[1 - (As40As0)]. (2u)

For As8 < As0 we have:
k1c = k2-k'. (2v)

Fig. 7 depicts schematically the time course of the expected variations
in total phosphate, acid phosphate concentrations and steady-state acid
phosphate levels. In the upper part of the graph, a constant total concen-
tration of phosphate (T) has been assumed, whereas. in the lower part,
both the total phosphate concentration and the steady-state acid phos-
phate concentration decay exponentially at a similar rate. Eqn. 2 (Methods)
describes the time course of acidification for the case of a constant total
phosphate concentration. The lower part of Fig. 7 shows the process of
acidification during the fall of luminal phosphate concentrations. Here,
eqn. (2q) describes phosphate loss during the perfusion period, in which
As0 and As8 are the level of the steady-state acid concentration at t = 0
and at final phosphate steady-state levels, and y is a function of k1 of
eqn. (2) and time.

It is clear from these considerations that the value of As-A decreases
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with time due to two phenomena: (1) a decrease due to phosphate egress
and phosphate dilution, and (2) an increase in acid phosphate due to H
ion secretion. Thus, the rate coefficient obtained from calculations based
on both pH-changes and phosphate loss (k2, see eqn. (2p)) is the sum of
two coefficients, that of phosphate loss (k') and another (kj) corresponding
to acidification.

100 -
T

As

50 -=

A .

/'
E

100

50-s As\

0-
10 20 30

Seconds

Fig. 7. Schematic representation of results of tubular phosphate acidifica-
tion. In the upper panel, total phosphate concentration (T) has been
assumed to remain constant (eqn. 2, Methods). In the lower panel, an
exponential decay of the tubular total phosphate concentration has been
assumed (eqn. 2, Appendix I). A8, steady-state acid phosphate concentra-
tion; A, instantaneous acid phosphate concentration.

This relationship given in equation 2v indicates that the rate coefficient
of H ion secretion can be estimated directly from k, since A8a, is, in the
present series of experiments, very far removed from A80. The fact that
eqn. (2 v) may be used without introducing a significant error was confirmed
by sample calculations (n = 26) in which (k2-k') was not significantly
different from kj. Therefore, we have chosen to use half-times or rate
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coefficients obtained by plotting eqn. (2), since this approach is indepen-
dent of additional measurements and assumptions other than the deter-
mination of luminal pH as a function of time.
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