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Abstract

To examine the relative roles of apical and basolateral membrane
transport mechanisms in the regulation of cell pH in the proximal
convoluted tubule, cell pH was measured in the in vivo micro-
perfused rat tubule using fluorescence. Decreasing luminal pH
by 0.7 pH units caused cell pH to decrease by 0.08 pH units,
whereas a similar decrease in peritubular pH caused cell pH to
decrease by 0.32 pH units. Inhibition of basolateral membrane
bicarbonate transport with peritubular 4-acetamido-4'-isothio-
cyanostilbene-2,2-disulfonate (SITS) enhanced the response to
luminal fluid acidification. Removal of luminal sodium caused a
small transient acidification which was followed by a late alka-
linization. Peritubular SITS increased the magnitude of the
transient acidification, and eliminated the late alkalinization. The
acidification was partially inhibited by luminal amiloride. The
results demonstrate sodium-coupled processes on both the apical
(Na/H antiport) and basolateral (Na/HCO; symport) mem-
branes. Basolateral membrane transporters are more important
determinants of cell pH.

Introduction

Transport of protons across the mammalian proximal convo-
luted tubule (PCT)' involves transport across the apical and ba-
solateral cell membranes. We have previously demonstrated that
changes in luminal or peritubular pH lead to changes in the rate
of transcellular proton secretion (1-3). These changes in luminal
or peritubular pH directly affect the rate of proton transport on
the apical or basolateral membrane transporters, respectively,
and secondarily affect the rate of transporters on the other mem-
brane through changes in cell pH. The degree to which cell pH
changes in response to changes in either luminal or peritubular
pH has not previously been examined. In addition, the possibility
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that other components of intracellular composition could con-
tribute to communication between the membranes has not been
examined.

The mechanism of basolateral membrane bicarbonate
transport in the rat PCT has recently been demonstrated to be
electrogenic Na/(HCO3),.; cotransport (4, 5). This transporter
is similar to that which Boron and Boulpaep (6) first described
in the salamander, and Biagi (7) found in the rabbit proximal
tubule. In the rat PCT, this basolateral membrane bicarbonate
transporter was found to modify its rate in response to changes
in peritubular sodium concentration (4, 5), peritubular pH (4,
5), or cell potential difference (4). In addition, this transporter
was inhibited by 4-acetamido-4'-isothiocyanostilbene-2,2'-disul-
fonate (SITS), but not by amiloride (4-7). Whether this trans-
porter modifies its rate in response to changes in cell composition
(i.e., cell pH or sodium concentration) has not been examined.

Na/H exchange is generally considered to be a major mech-
anism of apical membrane proton transport in the mammalian
proximal tubule. Studies utilizing brush border membrane ves-
icles from rat and rabbit cortex have uniformly found an elec-
troneutral Na/H antiporter (8-10). An apical membrane Na/H
antiporter also has been found in the salamander proximal tubule
(11). The confirmation of such a transporter in the intact mam-
malian proximal tubule, however, has relied on the demonstra-
tion that acidification is dependent on the presence of sodium
and sodium transport (12-17). The recent demonstration that
the basolateral membrane bicarbonate transport mechanism is
dependent on the presence of sodium, and is affected by changes
in cell potential difference secondary to inhibition of sodium
transport (4-7), has complicated the interpretation of these
studies.

We have recently developed a technique for the measurement
of intracellular pH in the in vivo microperfused rat proximal
convoluted tubule (4). In this technique, cells are loaded with
the pH-sensitive dye, (2',7')-bis(carboxyethyl)-(5,6)-carboxyflu-
orescein (BCECF) (18-20). The ratio of fluorescence intensity
at two selected excitation wavelengths is a measure of cell pH.
This technique provides the experimental basis for direct ex-
amination of transporters on apical and basolateral membranes,
separately.

The purposes of the present studies were: (@) to examine the
relative roles of the apical and basolateral membranes as deter-
minants of cell pH; () to confirm the presence or absence of
an apical membrane Na/H antiporter; and (c) to examine the
effect of changes in cell composition on the basolateral mem-
brane transport mechanism. The results demonstrate that the
basolateral membrane transport mechanism is a quantitatively
more important determinant of cell pH than are apical mem-
brane transport mechanisms. The presence of an apical mem-
brane Na/H antiporter is confirmed. The results also demonstrate
that the basolateral membrane transporter modifies its rate in
response to changes in cell composition.



Methods

Experiments were performed using male Wistar rats (Charles River
Breeding Laboratories, Inc., Wilmington, MA) weighing 206-268 g. The
rats were prepared for microperfusion as previously described (1, 3).
Briefly, rats were anesthetized with an intraperitoneal injection of Inactin
(100-120 mg/kg) and placed on a heated table which maintained body
temperature at 37°C. The right femoral artery was catheterized for mon-
itoring blood pressure and obtaining blood samples. The left kidney was
exposed using a flank incision, and immobilized in a lucite cup. The
ureter was cannulated (PE-50) to ensure the free drainage of urine. Rats
were infused intravenously with a bicarbonate Ringer’s solution (NaCl
105 mM, NaHCO; 25 mM, Na,HPO, 4 mM, KCl 5 mM, MgSO,
1 mM, CaCl; 1.8 mM) at 3.2 ml/h during surgery, and then at 1.6 ml/
h throughout the rest of the experiment. Proximal tubular transit time
was measured after injection of 0.02 ml of 10% lissamine green dye
intravenously, and only those kidneys in which transit time was less than
11 s were accepted for study. At the completion of surgery, a blood
sample was obtained for determination of pH and Pco, (model 165
blood gas analyzer, Corning Glass Works, Medfield, MA). The rats had
normal systemic acid-base parameters: pH = 7.47+0.02, Pco,
= 37.7+1.6 mmHg, and [HCO3] = 26.0+0.8 mM.

Pipettes were placed using a Leitz dissecting microscope (Leitz
Wetzlar, Rockleigh, NJ). Peritubular capillaries were perfused as previ-
ously described (4) with a 12-14-um tip pipette designed to allow rapid
changes between two perfusion fluids. Two pieces of pulled polyethylene
tubing (PE-10) inserted into the pipette carried the two perfusion solutions
to the pipette tip. Fluid was pushed out the pipette tip by hydraulic
pressure which was switched from one series of PE tubing to the other
by Hamilton valves (HV and HVP valves, Hamilton Co., Reno, NV).
Simultaneously with switching perfusion pressure from one series of inner
tubing to the other, an outlet valve was briefly opened in the back of the
peritubular capillary pipette holder which caused rapid flow from the
tubing and mixing at the tip.

The lumen of a PCT was then perfused using a technique of rapid
retrograde perfusion similar to that described by Fromter and Gessner
(21). First, tubules were perfused at 40 nl/min for 5-7 min using a ther-
mally insulated microperfusion pump (Wolfgang Hampel, Berlin, FRG)
with a solution containing the acetoxymethyl derivative of BCECF
(BCECF-AM, see below), as previously described (4). This length of time
was found to be sufficient to load the cells in the perfused loop with
BCECF. The luminal perfusion fluid also contained FD and C green dye
which allowed delineation of more distal loops of the same nephron.
This pipette will subsequently be referred to as the loading pipette.

After 5-7 min, the loading pipette was removed and a second luminal
pipette was placed in a more distal loop of the same nephron. This
pipette was similar to that used in the peritubular capillary (see above)
except that it had a smaller tip (7-9 um).

In previous studies we have demonstrated that perfusion of the peri-
tubular capillaries as described above does not alter the composition of
the luminal fluid (4). In order to demonstrate that the luminal fluid
composition was similar to that perfused retrograde, control studies were
performed where [*H]inulin was placed in the luminal perfusion fluid,
and fluid was collected from the lumen at a more proximal site. The
ratio of *H counts in the collected fluid to that in the perfused fluid was
1.05+0.06 (n = 4). Thus, this technique does allow control of luminal
and peritubular fluid composition.

The perfusion solutions are listed in Table 1. SITS was obtained from
International Chemical and Nuclear (Cleveland, OH). The luminal
loading perfusion pipettes were filled with the control luminal solution
(luminal perfusate used in the control period) containing 0.025% FD
+ C green dye no. 3 and 60 ug/ml (7.5 X 10~° M) of the acetoxymethyl
derivative of BCECF (BCECF-AM) (Research Development Corporation,
Toronto, Canada). This compound does not fluoresce and is lipid soluble.
It rapidly diffuses into cells where cytoplasmic esterases cleave off the
acetoxymethyl groups forming the fluorescent BCECF, which has four
negative charges and thus leaves the cell slowly. Cells were usually loaded

until sufficient visible fluorescence was achieved. In previous studies, the
half-time for loss of BCECF from the cell was found to be 10-12 min
which was greater than that of other fluorescein derivatives tested at
37°C in the rat PCT (4).

We have previously demonstrated that tubules perfused with BCECF-
AM have normal rates of volume and bicarbonate transport (4). Thus
the dye itself is not cytotoxic. The dye, however, can cause photodynamic
damage to the cell. Indeed, if prolonged light exposure occurs, cells swell
and cell pH decreases. When this was noted, data was rejected. To avoid
this problem, minimal light exposure was utilized.

Cell pH measurement. After placement of the pipettes, the dissecting
microscope was moved out of position, and a Leitz epifluorescence mi-
croscope (MPV Compact system, Leitz Wetzlar) was moved into position.
Cell pH was then measured as previously described (4). In general, flu-
orescence intensity was greatest in the cells of the loop the loading pipette
was in (distal to the location of the loading pipette) and less in subsequent
loops. Lumens, capillaries, and surrounding structures did not fluoresce
above background fluorescence. Fluorescence was measured in the loop
which had contained the loading pipette, and never through the glass
pipettes. This was done by use of an adjustable measuring diaphragm.
Measurements were made using a X 10 objective. Although the size of
the measured area varied, it was usually ~60-80 um square. While such
an area includes many cells, there is presently no evidence for cellular
heterogeneity in the rat PCT. The measured loop was always well within
the capillary perfusion area. Background fluorescence was measured in
a tubule which did not contain the dye, but was within the area of capillary
perfusion. Background varied only slightly from tubule to tubule. The
signal to background ratio varied from approximately 15 to 100 at 500-
nm excitation, and 5 to 30 at 450-nm excitation (see below). While
intensity of fluorescence was read from a digital display, the pattern of
change was followed on a chart recorder (model 689M, Hewlett-Packard
Co., Palo Alto, CA).

Analysis. BCECF has peak excitation at 504 nm which is pH-sensitive,
and an isosbestic point where fluorescence excitation is independent of
pH at 436 nm (4). Peak emission is at 526 nm. As described previously
(4), epifluorescence was measured in these studies alternately at 500-
and 450-nm excitation and with 530-nm emission (interference filters,
Corion Corp., Holliston, MA). Fluorescence was always measured with
500-nm excitation followed by 450-nm excitation, followed again by
500-nm excitation. All results were corrected by subtracting background.
The fluorescence excitation ratio (Fspo/Faso) Was calculated as the mean
of the two 500-nm excitation measurements divided by the 450-nm ex-
citation measurement. Use of the fluorescence excitation ratio provides
a measurement which is unaffected by changes in dye concentration. In
order to convert fluorescent excitation ratios to an apparent cell pH
value, results of our previously reported intracellular calibration were
used (4).

In some studies, an initial rate of pH change was calculated, as de-
scribed previously (4). During a fluid change, fluorescence was followed
with 500-nm excitation on a chart recorder. The slope of a line drawn
tangent to the initial deflection [d(Fse)/df] defined the initial rate of
change of 500 nm fluorescence. We have previously demonstrated that
fluorescence with 450-nm excitation is not measurably affected by cell
pH, and can thus be considered constant (4). The rate of change in the
fluorescence excitation ratio [d(Fseo/Faso)/df] can then be calculated using
the formula:

d(Fsoo/ Faso)/dt = [d(Fs00)/dt)/Faso, )

where F,s, represents the calculated 450-nm excitation fluorescence cor-
rected for background at the time of the fluid change (interpolated from
the measurements before and after the fluid change).

In all studies, the described experimental protocol was performed
once in each tubule. In no series were all the tubules from the same
animal. Comparisons within the same tubule were made using the paired
t test. Group comparisons not within the same tubule were made using
the unpaired ¢ test. Results are reported as mean+standard error.
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Table 1. Perfusion Solutions

ONa-25HCOs- 75Na-25HCO;- ONa-25HCO;-
25HCO, SHCO, ONa-25HCO, 25HCO,-00RG 0ORG O0ORGSO,PO, O0ORGSO,PO,

Na* 147 147 152 75 0
K* S 5 5 5 5 5
Ca** 1.8 1.8 1.8 1.8 1.8 1.8 1.8
Mg** | 1 1 1 1 1 1
Choline* 147 152 77 152
Cl- 128.6 148.6 128.6 133.6 133.6 137.6 137.6
HCO; 25 S 25 25 25 25 25
HPO; 1 1 1 1 1
SO; 1 1 1 1 1
Glucose 5 5 S
Alanine 5 5 5
Urea 5 5 5 5 5 5 5
Bubbled with %0,/%CO, 93/7 93/7 93/7 93/7 93/7 93/7 93/7

Results

Effect of luminal and peritubular pH on cell pH. The first set of
studies were designed to compare the effects of changing luminal
and peritubular pH on cell pH. Lumen and capillary were first
perfused with solutions containing 25 meq/liter bicarbonate (pH
7.32; perfusate 25HCOj, Table I). Then luminal or peritubular
bicarbonate concentration was decreased to 5 meq/liter (pH 6.63;
perfusate SHCO;, Table I). Fig. 1 shows the original tracing
from a typical experiment. The intensity of fluorescence is in-
dicated by the height of the bars. Measurements with 450-nm
excitation are indicated by triangles over the bars, while all other
bars are with 500-nm excitation. When luminal bicarbonate
concentration is changed between 25 and 5 meq/liter, there are
no obvious transients in the recording, and the change in the
ratio of fluorescence at 500- and 450-nm excitation is small. A
similar change in peritubular bicarbonate concentration causes
a marked transient in the fluorescence recorded with 500-nm
excitation, and a large change in the ratio of 500:450-nm fluo-
rescence.

Fig. 2 shows the results in six tubules. Cell pH was 7.31+0.02
when lumen and peritubular bicarbonate concentration were 25
meq/liter. When luminal bicarbonate concentration was de-
creased to 5 meq/liter, cell pH decreased to 7.25+0.03 (P
< 0.025). Then when luminal bicarbonate concentration was
returned to 25 meq/liter, cell pH returned to 7.34+0.02 (P
< 0.005). A similar change of peritubular rather than luminal
bicarbonate concentration produced a much larger change in
cell pH. Cell pH decreased from 7.34+0.02 to 7.04+0.01 when
the peritubular fluid was acidified (P < 0.001), and returned to
7.38+0.03 when peritubular pH was returned (P < 0.001). The
change in cell pH when peritubular pH was decreased by 0.7
pH units (0.32+0.02 pH units) was greater than that observed
when luminal pH was decreased (0.08+0.02 pH units; P
< 0.001). The observed effect of peritubular pH on cell pH agrees
with that previously observed by us (4).

The above results demonstrate that the rate of the basolateral
membrane transporter is more sensitive to changes in ambient
pH than is the rate of the apical membrane mechanism. It is
then possible that changes in the rate of the basolateral membrane
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transporter, in response to changes in intracellular composition,
could blunt the effect of a change in luminal pH on cell pH.
Thus, inhibition of the basolateral membrane transport mech-
anism could amplify changes in cell pH in response to altered
luminal pH. We and others (4-7, 22, 23) have previously dem-
onstrated that peritubular SITS inhibits the basolateral mem-
brane bicarbonate transport mechanism.

We therefore next examined the effect of luminal pH on cell
pH in the presence and absence of peritubular SITS. In order
to decrease the amount of intracellular alkalinization in response
to SITS (4), peritubular capillaries were perfused throughout
with 5 meq/liter bicarbonate (perfusate SHCOs). Fig. 3 shows
the results in 6 tubules. In the absence of SITS, reducing luminal
bicarbonate concentration from 25 to 5 meq/liter caused cell
pH to decrease from 7.13+0.03 to 7.05+0.04 (P < 0.001; Fig.

[HCO3 ], meq/ liter

LUMINAL 25 | 5 | 25
PERITUBULAR 25 [ 5 | 25
alla ol a alla 4 a Iy

| min

Figure 1. Effect of luminal and peritubular bicarbonate concentration
on cell pH, typical study. Lumens and capillaries were perfused with
CO,-containing solutions with either 25 (pH 7.32) or 5 (pH 6.63)
meqy/liter bicarbonate. Intensity of fluorescence in arbitrary units is in-
dicated by the height of the bars. Measurements with 450-nm excita-
tion are indicated by triangles (a) over the bars. All other measure-
ments are with 500-nm excitation. When luminal bicarbonate concen-
tration is changed there are no obvious transients in the recording,
and the change in the ratio of fluorescence at 500- and 450-nm excita-
tion is small. A similar change in peritubular capillary bicarbonate
concentration caused a large transient in the 500-nm excitation trac-
ing and a large change in the ratio between 500- and 450-nm fluores-
cence.



3). When luminal bicarbonate concentration was returned to 25
meq/liter, cell pH returned to 7.17+0.04 (P < 0.001). Peritubular
capillaries were then perfused with 0.5 mM SITS for ~1 min,
which caused cell pH to increase to 7.39+0.07 (P < 0.005). After
luminal acidification in the presence of peritubular SITS, cell
pH decreased to 7.21+0.07 (P < 0.001), and then returned to
7.40+0.06 when the luminal fluid was returned to the control
pH (P < 0.001). Thus, the change in cell pH in response to
altered luminal pH, was greater in the presence of peritubular
SITS (0.19+0.02 pH units) than in its absence (0.10+0.01 pH
units; P < 0.025).

It may be difficult to compare cell pH changes when the
initial cell pH is different as in the previous studies. However,
if one compares the response of cell pH to luminal acidification
with peritubular [HCOs} = 25 meq/liter (Fig. 2, periods 1-3),
and with peritubular [HCOs] = 5 meq/liter (Fig. 3, periods 1-
3), it can be seen that the changes in cell pH are similar in spite
of markedly different cell pHs. In addition, if the effect of luminal
acidification in the presence of peritubular SITS and a low peri-
tubular [HCO;] (Fig. 3, periods 4-6) is compared with that in
the absence of peritubular SITS and with peritubular [HCOs]
= 25 meq/liter (Fig. 2, periods 1-3), the initial cell pHs are
similar, but the change in cell pH is greater in the presence of
SITS (0.19+0.02 vs. 0.08+0.02; P < 0.005).

Effect of luminal sodium substitution. The next set of studies
was designed to examine the effect of luminal sodium substi-
tution on cell pH. Luminal sodium concentration was decreased
from 147 meq/liter (perfusate 25SHCO;, Table I) in the initial
control and recovery periods to 0 meq/liter (perfusate ONa-
25HCO;, Table I) in the experimental period. Peritubular cap-
illaries were perfused with perfusate 25HCO; throughout.

Fig. 4 shows the results of a typical study. Fig. 4 4 shows
the fluorescence tracing, whereas Fig. 4 B shows a plot of the
calculated fluorescent ratios and cell pHs. Once again, in Fig.
4 A, the triangles denote measurements with 450-nm excitation
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Figure 2. Effect of luminal and peritubular bicarbonate concentration
on cell pH. Lumens and capillaries were perfused with CO,-containing
solutions with either 25 (pH 7.32) or 5 (pH 6.63) meq/liter bicarbon-
ate, as in Fig. 1. Ordinate shows steady-state fluorescence excitation
ratio on left and calculated cell pH on right.
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Figure 3. Effect of inhibition of the basolateral membrane bicarbonate
transport mechanism on the response of cell pH to luminal acidifi-
cation. Luminal bicarbonate concentration was changed from 25 to 5
and then back to 25 meqy/liter, first in the absence, and then in the
presence of 0.5 mM peritubular SITS. Peritubular capillaries were per-
fused with a solution containing 5 meq/liter bicarbonate throughout.
Ordinate shows fluorescence excitation ratio on left and calculated cell
pH on right.

and measurements with 500-nm excitation are unmarked. Re-
moval of luminal sodium caused a transient cell acidification
which can be seen in Fig. 4 4 as a rapid decrease in 500-nm
fluorescence and a decrease in the ratio of 500:450-nm fluores-
cence. This was followed by a delayed cell alkalinization (increase
in ratio of 500:450-nm fluorescence) while sodium remained
absent in the lumen. Return of luminal sodium then caused an
immediate alkalinization (rapid increase in 500 nm fluorescence)
followed by a delayed cell acidification.

Fig. 5 shows the results of similar studies in six tubules. Cell
pH in the initial control period was 7.22+0.03. When sodium
was suddenly removed from the luminal fluid, cell pH decreased
transiently to 7.06+0.04 (P < 0.005 vs. control period), and
then alkalinized at an initial rate of 0.18+0.06 pH units/min to
7.35+0.07 (P < 0.005 vs. early reading of experimental period).
The final cell pH was more alkaline than the cell pH of the
control period (P < 0.05). When sodium was added back in the
recovery period, a similar pattern was observed. Cell pH first
transiently alkalinized to 7.45+0.07 (P < 0.01 vs. late readings
of experimental period), and then acidified. This cell acidification
in the late recovery period, however, did not achieve statistical
significance (P < 0.1).2

In these studies three factors might contribute to the transient
cellular acidification. First, luminal sodium removal would be

2. In these studies, the final cell pH was higher than the initial cell pH.
This was due to a slow 0.02 pH unit/min increase in cell pH which
occurred in most tubules. Possible mechanisms for this are presented in
the Discussion.
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Figure 4. Effect of luminal sodium removal on cell pH in the presence
of luminal organic solutes: typical study. Lumens were perfused with
solutions containing 25 meqyliter of bicarbonate, 5 mM glucose, and 5
mM alanine, and either 147 meqy/liter of sodium or choline. Capillar-
ies were perfused with a solution containing 25 meq/liter of bicarbon-
ate throughout (4) 'l‘racmg showing ﬂuorescence measurements. In-
tensxty of fluorescence in arbitrary units is indicated by the height of

expected to drive an apical membrane Na/H antiporter in reverse
(i.e., proton influx). Second, in the presence of luminal organic
solutes (glucose and alanine), luminal sodium removal hyper-
polarizes the cell, which would drive bicarbonate out of the cell
across the electrogenic, potential-sensitive basolateral membrane
transporter (4). Third, decreases in cell sodium concentration
and pH could secondarily drive the basolateral membrane
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Figure 5. Effect of luminal sodium removal on cell pH in the presence
of luminal organic solutes. Protocol as in the legend of Fig. 4. After a
luminal fluid change, an early value was recorded which represented
the peak or trough of the transient, and then a late steady-state value
was recorded. Ordinate shows fluorescence excitation ratio on left and
calculated cell pH on right.
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the bars. Measurements with 450-nm excitation are indicated by trian-
gles (a) over the bars. All other measurements are with 500-nm excita-
tion. (B) e, fluorescent ratio measurements. Lines were drawn to con-
nect the points, and to reflect transients observed with 500-nm excita-
tion at the time of a fluid change. Ordinate shows fluorescence
excitation ratio on left and calculated cell pH on right.

Na(HCOs),»; symporter and other proton transporters in a di-
rection which will decrease the magnitude of the cell acidification.

In order to examine more directly the possible existence of
an apical membrane Na/H antiporter, the previous studies were
repeated in the absence of luminal organic solutes. Lumens were
perfused with perfusate 2SHCO;-00RG (Table I) in the initial
control and recovery periods, and perfusate 0Na-25HCO;-00RG
(Table I) in the experimental period. Peritubular capillaries were
perfused with perfusate 2SHCO; throughout. In this setting, lu-
minal sodium removal has a far lesser effect on cell potential
difference (24). ‘

A typical study is shown in Fig. 6. Once again removal of
luminal sodium caused a transient cell acidification followed by
alkalinization. Readdition of luminal sodium then alkalinized
the cell. Fig. 7 shows the results of similar studies in elght tubules.
When sodium was suddenly removed from the luminal perfusate,
cell pH transiently decreased from 7.25i0 03 in the control pe-
riod to 7.21+0.02 (P < 0.005), and then rose at an initial rate
of 0.08+0.01 pH units/min to 7.32+0.03 (P < 0.001 vs. early
reading of experimental period; P < 0.005 vs. initial control
period). When sodium was added back to the luminal fluid, cell
pH increased from 7.32+0. 03 to 7.40+0.04 (P < 0.025 vs. late
experimental period) and then remained stable.

In these studies without luminal organic solutes, luminal
sodium removal led to a transient cell acidification follawed by
alkalinization, and then by further alkalinization upon readdition
of luminal sodium. The magnitude of the transient acidification
was less in this protocol than had been observed in the presence
of luminal organics (P < 0.001), consistent with the hypothesis
that in the absence of luminal organic solutes, hyperpolanzatlon
and its contribution to cell acidification are small or not occur-
ring. The transient acidification in response to sodium removal
and alkalinization in response to sodium readdition, are con-
sistent with an apical membrane Na/H antiporter.

The late alkalinization and the small magnitude of the cell
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Figure 6. Effect of luminal sodium removal on cell pH in the absence
of luminal organic solutes: typical study. Lumens were perfused with
solutions containing 25 meqy/liter of bicarbonate, and either 152 meq/
liter of sodium or choline. Capillaries were perfused with a solution
containing 25 meq/liter bicarbonate throughout. (e) Fluorescent ratio
measurements. Lines were drawn to connect the points, and to reflect
transients observed with 500-nm excitation at the time of a fluid
change. Ordinate shows fluorescence excitation ratio on left and calcu-
lated cell pH on right.

acidification in response to luminal sodium substitution may
have been due to secondary effects of altered cell sodium con-
centration and pH on the basolateral membrane Na(HCO3),..,
symporter. In order to examine this possibility, and in an attempt
to increase the response of cell pH to luminal sodium substi-
tution, we examined the effect of luminal soditm removal in
the absence of luminal organic solutes, and in the presence of
peritubular SITS. Lumens were perfused with perfusate 25SHCO;-
OORG in the initial control and recovery periods, and perfusate
ONa-25HCO;-00RG in the experimental period. Peritubular
capillaries were perfused with perfusate SHCO; with 0.5 mM
SITS added.

In the initial control period, cell pH was 7.26+0.07 (Fig. 8).
When luminal sodium was removed, cell pH decreased by 0.23
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Figure 7. Effect of luminal sodium removal on cell pH in the absence
of luminal organic solutes. Protocol as in the legend of Fig. 6. After a
luminal fluid change, an early value was recorded which represented
the peak or trough of the transient, and then a late steady-state value
was recorded. Ordinate shows fluorescence excitation ratio on left and
calculated cell pH on right.

pH units to 7.03+0.08 (P < 0.001). After the cell pH decreased,
the zero sodium perfusate was continued for ~ 1-2 rhin. During
this time period, cell pH was virtually constant (increased from
7.03+0.08 to 7.05+0.07, at the rate of 0.02+0.01 pH units/min,
NS). Return of luminal sodium then caused cell pH to increase
by 0.27 pH units to 7.32+0.07 (P < 0.001). Thus, inhibition of
the basolateral membrane Na(HCQO,),.., transporter markedly
enhanced the cell acidification seen in response to luminal so-
dium removal (P < 0.001), and the cell alkalinization in response
to sodium readdition (P < 0.001). It also inhibited the late al-
kalinization during luminal sodium removal (P < 0.005).

In order to prove that the changes in cell pH which occur
in response to luminal sodium removal are due to the Na/H
antiporter, we examined the effect of amiloride. Amiloride has
been demonstrated to inhibit the apical membrane Na/H anti-
porter in rabbit renal cortical brush border membrane vesicles
(25, 26). Because at least part of the inhibitory effect of amiloride
involves competition with sodium, we chose to examine this
question with lower luminal sodium concentrations. We ex-
amined the effect of 2 mM amiloride on the response of cell pH
to changing luminal sodium concentration from 75 to 0 meq/
liter, while the basolateral membrane bicarbonate transporter
was inhibited with SITS. For these studies, lumens were perfused
with perfusate 75Na-25HCO;-00RGSO,PO, in the control
and recovery periods, and with perfusate ONa-25HCO;-
OORGSO,PO; in the experimental period. Sulfate and phosphate
were removed from these perfusates in order to improve solu-
bility of amiloride and allow 2 mM amiloride to go into solution.
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Figure 8. Effect of luminal sodium removal on cell pH in the absénce
of luminal organic solutes, with inhibition of the basolateral mem-
brane bicarbonate transport mechanism. Peritubular capillaries were
perfused with a solution containing 5 meq/liter bicarbonate and 0.5
mM SITS. Lumens were perfused with solutions containing 25 meq/
liter bicarbonate with either 152 meq/liter sodium or choline. Ordi-
nate shows fluorescence excitation ratio on left and calculated cell pH
on right.
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Peritubular capillaries were perfused with perfusate SHCO; with
0.5 mM SITS added.

In the absence of luminal amiloride when luminal fluid con-
tained 75 megq/liter sodium, cell pH was 6.92+0.07. Removal
of luminal sodium caused cell pH to decrease to 6.69+0.05 (P
< 0.005); return of luminal sodium caused cell pH to return to
6.91+0.05 (P < 0.005). In the presence of 2 mM amiloride
(present in both luminal perfusates), cell pH was 6.85+0.03 in
the control period, decreased to 6.72+0.02 when sodium was
removed from the lumen (P < 0.005), and returned to 6.82+0.04
when sodium was returned (P < 0.05). The cell pH response to
sodium removal was greater in the absence of amiloride
(0.23+£0.03 pH units) than in the presence of amiloride
(0.110.03 pH units; P < 0.02).

A more impressive effect of amiloride was seen when the
rate at which cell pH changed in response to luminal sodium
removal was examined. In the absence of luminal amiloride,
luminal sodium removal caused the cell to acidify at an initial
rate of 1.87+0.19 pH units/min, while in the presence of ami-
loride, this acidification occurred at the rate of 0.35+0.05 pH
units/min. Thus, the response of cell pH to lowering luminal
sodium from 75 to 0 meq/liter was slowed by 81% by 2 mM
amiloride.

Discussion

Methods. In earlier studies we have demonstrated that changes
in peritubular capillary perfusate composition did not affect lu-
minal fluid composition (4). In the present set of studies, we
utilized rapid retrograde perfusion, as described by Fromter and
Gessner (21), to control the luminal fluid composition. This
technique has the advantage of allowing rapid luminal fluid
changes with the least iumber of tubular punctures. This tech-
nique provided excellent control of luminal fluid composition,
and did niot affect the response of cell pH to changes in peritu-
bular pH (Fig. 2) or peritubular sodium concentration (data not
shown), as compared to our previously measured responses at
more physiologic luminal flow rates (4).

Cell pH values tended to be higher by ~0.05 to 0.15 pH
units in these studies with rapid retrograde perfusion than they
were in our earlier studies with more physiologic perfusion rates
(4). In addition, there was a tendency for slow cell alkalinization
throughout the studies. When all studies were considered where
tubules were perfused initially and at a later time with perfusate
25HCO; in lumen and capillaries, cells were found to alkalinize
at the rate of 0.02+0.01 pH units/min (n = 40).3 In addition,
when tubules were perfused continuously with perfusate 25HCO;
(time controls), cell pH rose at a steady rate of 0.02+0.01 pH
units/min (n = 6). This may occur for two reasons. First, in our
previous studies (4), the acetoxymethyl derivative of BCECF
was perfused continuously throughout the experiment, while in
these studies perfusion with the dye was stopped prior to mea-
surements. Continuous perfusion leads to the continuous break-
age of ester linkages which releases acid into the cell. While the
magnitude of acid released was small (8 peq/min)* compared
with the rate of proximal tubular proton fluxes (200 peq/

3. This was calculated from data in Figs. 2, 3, 5, and 7, and from other
data not presented in this manuscript, but using the same methods.

4, Itis not known exactly how many millimeters of tubule this acid load
was distributed over. In general, >1 mm of tubule was loaded with dye,
but the highest concentration of dye was in the loop the loading pipette
had been in (where measurements were made).
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mm - min), this may have affected cell pH slightly. Second, it is
possible that increased luminal flow rates increase the rate of
apical membrane transporters, and secondarily alkalinize the
cell. Such an effect of flow rate has been previously postulated
by us (27) and others (28).

Relative roles of luminal and peritubular pH as determinants
of cell pH. In the present studies, when luminal pH was decreased
by 0.7 pH units, cell pH decreased by 0.08 pH units (Fig. 2). A
similar change in the pH of the peritubular capillary fluid caused
cell pH to decrease by 0.32 pH units (Fig. 2). This latter result
was similar to that reported by us at more physiologic luminal
flow rates (4). These results imply that the rate of the basolateral
membrane mechanism is more sensitive to changes in trans-
membrane pH gradient than are the rates of the apical mecha-
nisms.

If the basolateral membrane transporter is sensitive to
changes in cell composition, it then might be able to blunt cell
pH changes, particularly in response to changes in apical mem-
brane proton transport. One prediction of this thesis is that in-
hibition of the basolateral membrane transport mechanism will
enhance the response of cell pH to changes in luminal pH. We
have previously shown that >90% of proton transport (or its
equivalent, bicarbonate) across the basolatéeral membrane is
mediated by an electrogenic, Na(HCOs),., transporter which is
inhibited by SITS (4). Therefore we examined the effect of peri-
tubular SITS on the response of cell pH to luminal pH changes.
Peritubular SITS has previously been shown to alkalinize the
cell (4), which by itself will inhibit the apical membrane Na/H
antiporter (29). To prevent this, we used a peritubular bicar-
bonate concentration of 5 megq/liter. As predicted, addition of
peritubular SITS enhanced the response of cell pH to a 0.7 pH
unit luminal acidification (ApH = 0.19 in the presence of SITS
vs. 0.08-0.10 in the absence of SITS):

Thus, the basolateral membrane Na(HCO;),., transporter
is an important determinant of cell pH, and is able to respond
to changes in cell composition. Changes in luminal fluid com-
position lead to changes in the rate of apical membrane trans-
porters which secondarily alter cell composition (cell pH and
[Na]). These changes in cell composition secondarily alter the
rate of the basolateral membrane bicarbonate transport mech-
anism.

Luminal sodium substitution: effects on apical and basolat-
eral membrane transporters. Luminal sodium removal was found
to have a complex effect on cell pH, causing an initial acidifi-
cation followed by a late alkalinization. One component of the
early acidification is cell hyperpolarization. Removing luminal
sodium in the presence of luminal organic solutes (glucose and
alanine) causes cell hyperpolarization due to cessation and re-
versal of the Na-coupled transporters (24). When luminal organic
solutes were not present, the acidifying response to luminal so-
dium removal was smaller because cell hyperpolarization, if it
occurred, was probably smaller (24).

The late alkalinization and small magnitude of the acidifi-
cation (in the absence of luminal organic solutes) appéars to be
mainly due to slowing and possibly reversal of the basolateral
membrane Na(HCOs),.; cotransporter. The major evidence in
favor of this is that inhibition of the basolateral membrane
transporter with SITS increased the magnitude of the early acid-
ification and prevented the late alkalinization. A similar biphasic
response to luminal sodium removal was seen by Boron and
Boulpaep (6) in the salamander proximal tubule. These authors
also proposed that the late alkalinization was due to a secondary



effect of cell composition on the basolateral membrane transport
mechanism.

In preliminary results from a mathematical model created
to simulate the proximal tubule cell (30), the model predicted
a biphasic response in cell pH to luminal sodium removal (similar
to that observed in the present studies). By examining individual
fluxes, we found that the early acidification was due to reversal
of the Na/H antiporter, and was associated with a decrease in
cell [Na]. The change in cell pH and [Na] then caused the ba-
solateral membrane bicarbonate transporter to slow. In the
model, the late alkalinization was associated with a constant
proton efflux by an apical membrane H*-ATPase and a slow-
ing of effective proton entry (bicarbonate efflux) on the
Na(HCO,),.., transporter. Inhibition of the basolateral mem-
brane transporter, as would be expected to occur in the SITS
experiments, prevented the biphasic time course.

The third component in this complex biphasic response is
the apical membrane Na/H antiporter. In the absence of luminal
organic solutes and in the presence of peritubular SITS, removal
of luminal sodium caused a large decrease in cell pH. Even if
cell potential difference is affected by luminal sodium removal
in the absence of luminal organic solutes, we have previously
demonstrated that changes in cell potential do not affect cell pH
when the basolateral membrane bicarbonate transporter is in-
hibited (4).

In order to confirm that this acidification was due to the
Na/H antiporter, we examined its sensitivity to amiloride. While
studies in rabbit brush border membrane vesicles have found
that the Na/H antiporter is very sensitive to amiloride (25, 26),
similar studies in rat brush border vesicles have found less sen-
sitivity to amiloride (31, 32). Based on the data of Kinsella and
Sacktor (31), and of Sabolic and Burckhardt (32) in rat brush
border membrane vesicles, one would predict that 2 mM ami-
loride in the presence of 75 meq/liter Na would inhibit Na/H
exchange by 81% and 67%, respectively. These predictions are
relatively similar to our finding that the rate of pH change after
luminal sodium removal was inhibited by 81% by 2 mM ami-
loride.

A Na/H antiporter has been clearly demonstrated to be pres-
ent in brush border membrane vesicle preparations (8-10).
Studies examining the effect of sodium removal or inhibition of
sodium transport on bicarbonate absorption have suggested that
the Na/H antiporter is present on the apical membrane (12-
17). In addition, proximal tubular bicarbonate absorption in the
rat PCT is inhibited by luminal amiloride (33). Boron and Boul-
paep (11) have directly demonstrated an apical membrane elec-
troneutral Na/H antiporter in Ambystoma proximal tubule in
studies examining the effect of luminal sodium on recovery of
cell pH from an intracellular acid load. In preliminary studies,
Chaillet and Boron (34) have found similar results in the rabbit
proximal straight tubule. Using microelectrodes, Sasaki et al.
(35) have also found a Na/H antiporter on the apical membrane
of the rabbit proximal straight tubule. In the present study we
have directly demonstrated apical membrane Na/H exchange
in the rat PCT.

Cell model. The present and other studies suggest the fol-
lowing model for transcellular proton secretion in the rat prox-
imal convoluted tubule. Protons are secreted from cell to lumen
across the apical membrane by a Na/H antiporter, and possibly
by a H*-ATPase. This leads to formation of base equivalents in
the cell which leave in the form of bicarbonate across the ba-
solateral membrane transporter. Present evidence suggests that

this transporter is electrogenic and transports two to three bi-
carbonate ions with one sodium ion out of the cell (4, 5). In the
steady state, fluxes across the apical and basolateral membranes
are equal, and cell pH is the value required to keep the fluxes
equal.

Lowering peritubular pH from 7.3 to 6.6 increases the rate
of bicarbonate efflux across the basolateral membrane. This leads
to a marked decrease in cell pH which stimulates the rate of
apical membrane proton secretion in three ways: (a) directly
affecting the driving force; (b) allosterically regulating the Na/
H antiporter (29); and (¢) causing insertion of apical membrane
containing proton pumps (36). This sensitivity of the apical
membrane transporters to cell pH causes the change in cell pH
to be only 46% of the change in peritubular pH.

We have previously shown that lowering luminal pH from
7.3 to 6.6 causes the rate of proton transport to decrease by
approximately two thirds (1). This effect is directly expressed at
the apical membrane which leads to a fall in cell pH that sec-
ondarily causes the basolateral membrane transporter to slow.
Because the basolateral membrane transporter is very sensitive
to pH, it will decrease its rate by two thirds in response to a very
small change in cell pH. Thus, in response to a change in luminal
pH, cell pH changes by only 12% of the imposed luminal pH
change.

The present studies also raise the possibility that changes in
cell sodium concentration may effect communication between
the apical and basolateral membranes. The biphasic response to
luminal sodium removal indicates that at least one of the cell’s
proton translocating mechanisms can respond to a component
of cell composition other than cell pH.® In this setting, the most
likely determinant is cell sodium concentration. Indeed, in the
model which we have developed (30), a basolateral membrane
bicarbonate transport mechanism regulated by cell sodium con-
centration was required for the biphasic response of cell pH to
luminal sodium removal.

Thus, stimulation of the apical membrane Na/H antiporter
would raise cell sodium concentration, which would secondarily
stimulate basolateral membrane NaHCO; efflux. Stimulation of
basolateral membrane NaHCO; efflux would lower cell sodium
concentration which would stimulate apical membrane Na/H
exchange. Two mechanisms of communication between the
membranes (cell pH and cell sodium concentration) would allow
the membranes to respond to apical or peritubular pertubations
at the same rate with a lesser effect on intracellular concentrations
of any one component. Further studies are required to more
directly examine the effect of intracellular pH and sodium con-
centration on basolateral membrane Na/HCO; cotransport.
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