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Summary. Changes in intracellular pH (pHi) were measured using 
the pH indicator, BCECF, in principal cells from split opened 
cortical collecting tubules (CCTs) derived from rabbits main- 
tained on a normal diet. This monolayer preparation has the 
advantage of allowing us to visualize the morphological differ- 
ences in the two major cell types in this nephron segment under 
transmitted light. The visual identification of the cell types was 
verified using emission measurements taken from single principal 
and intercalated cells in the opened tubule which had been ex- 
posed to fluorescein isothiocyanate (FITC)-labeled peanut lectin. 
We confirmed the existence of an amiloride-sensitive NaJH ex- 
change process activated during intracellular acidosis in principal 
cells. In addition, the exchanger was active under basal conditions 
and over a wide range of pH i. Because the exchanger was active 
under basal conditions we tested the hypothesis that changes 
in intracellular Na (Na/) would alter pH i in a predictable way. 
Maneuvers designed to alter Nai were without significant effects 
within a 10-rain time frame. Specifically, addition of 100 /xM 
ouabain to increase Na i or exposure of the tubules to 10 -s M 
amiloride to decrease luminal Na entry and reduce Na s did not 
have an effect on pH i . In some experiments we did observe 
however, after a 30-min exposure to ouabain, a small decrease in 
pHi. These results suggest that NaJH exchange is a major regula- 
tor of PHi in principal cells. However, regulation of Na transport 
by changes in pHi in principal cells of rabbit CCT via the activity 
of a Na/H exchanger do not seem to contribute to the feedback 
control of Na transport. 

Key Words pH-sensitive dye �9 BCECF �9 ouabain �9 amilo- 
ride . Na transport �9 feedback regulation 

Introduction 

It is believed that the Na transport rate in tight epi- 
thelia is a function of various intrinsic factors coordi- 
nated in such a way as to maintain intracellular Na 
homeostasis. A factor that has been implicated di- 
rectly in this process is intracellular pH (PHi). 

There is considerable evidence that apical mem- 
brane Na channels in tight epithelia are regulated 
by pH i. Transepithelial transport studies on various 
tissues have demonstrated that acidification of the 

cytoplasm with CO 2 results in a decrease in the rate 
of Na transport. Ussing and Zerahn (1951) showed 
that exposure to CO2 reduced transepithelial Na 
transport in frog skin. Palmer (1985) using K-depo- 
larized toad bladder found that acute exposure to 
CO2 at the apical side of the bladder at constant 
extracellular pH resulted in decreased Na transport 
and apical Na permeability. Subsequently, Harvey,  
Thomas and Ehrenfeld (1988) showed that acidifica- 
tion of  the cytoplasm of frog skin with CO2 reduced 
apical Na and basolateral K permeabilities. A direct 
effect of pH on Na channels has been demonstrated 
with the patch-clamp technique in inside-out apical 
patches from rat CCT where alkalinization of the 
cytoplasmic side of the patch increased channel ac- 
tivity (Palmer & Frindt, 1987b). 

Because cytoplasmic H ion activity can alter 
apical Na permeability, the basolateral Na/H ex- 
change mechanism is a potential component  of nega- 
tive feedback because this exchanger provides a 
means of limiting Na  influx by affecting pH;. In- 
creases or decreases in cell Na (Nai) will either slow 
down or speed up the flow of H ions out of the 
cell via this exchange mechanism. Since an Na/H 
exchange mechanism exists in the basolateral mem- 
brane of CCT (Chaillet, Lopes & Boron, 1985), we 
hypothesized that if this exchange process were op- 
erative under basal conditions then changes in Na; 
could lead to predictable changes in pHi. The devel- 
opment of membrane-permeant fluorescent probes 
has made it possible to monitor intracellular changes 
in pH in intact epithelia. With the intracellular 
indicator 2'7'-bis-(2-carboxyethyl)-5,6-carboxyflu- 
orescein (BCECF) for measuring pHi we have ad- 
dressed two questions. First, to what extent does 
this exchanger contribute to H-- homeostasis under 
basal conditions, and second, does this exchanger 
participate in the negative feedback control of Na 
transport. 
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Table 1. 
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Component Dissection HEPES HEPES HEPES HEPES CO2 CO 2 HEPES HEPES HEPES HEPES 
solution 5 mM 25 mM NH~ 0 Na 6% 6% 5 mM 5 mM 5 mM 25mM 
1 2 3 4 5 6 7 8 9 10 11 

NaCI 140.0 136.5 122.5 126.5 - -  114.2 4.0 136.5 136.5 27.0 17.5 
NH4C1 - -  - -  - -  10 .0  . . . . . . .  
NaHCO3 . . . . .  26.0 26.0 . . . .  
NMDG HC1 . . . .  136.4 - -  110.0 - -  - -  110.0 110.0 
HEPES - -  5.0 25.0 5.0 5.0 - -  - -  5.0 5.0 5.0 25.0 
pH 7.4 7.4 7.4 7.4 7.4 7.4 7.4 7.8 7.0 7.4 7.4 

Na-free calibration solutions for intracellular pH 
a b c d e 

KC1 129,0 128.0 126.0 124.0 123.0 
HEPES 25.0 25.0 25.0 25.0 25.0 
pH 6.5 6.8 7.2 7.5 7.8 

The compositions of the above solutions are expressed in mr/liter. In addition to the above components all solutions contained the 
following (in mM): 2 CaC12, 1.2 MgSO4, 2.5 K2HPO 4, 5.5 dextrose, 6 L-alanine, 5 nalactate in all Na-containing solutions and 5 lactic 
acid in the NMDG-containing solution. NaOH was used in all Na-containing solutions and KOH in Na-free calibration solutions to 
titrate to the appropriate pH. 

M a t e r i a l s  a n d  M e t h o d s  

GENERAL 

New Zealand white rabbits of either sex (2-3.5 kg body weight) 
maintained on standard chow were used in this study. CCTs were 
dissected and split exposing the luminal surface (Palmer & Frindt, 
1986). The opened tubule was transferred to a small plastic rectan- 
gle prepared with a patch of Cell Tak (Collaborative Research, 
Bedford, MA) to which the tubule adhered. Mounted preparations 
were placed luminal side up in a flow-through Lucite chamber 
fitted on the bottom and top with standard glass coverslips 
-0.17 mm thick. 

SOLUTIONS 

The compositions of the solutions used are given in Table 1. 
HEPES buffer was used in all nonbicarbonate-containing solu- 
tions. All chemicals were obtained from Sigma Chemical unless 
otherwise specified. Nigericin (Molecular Probes, Eugene, OR.) 
was added to potassium Ringer's solutions (solutions a, b, c, d, 
and e) from a 10-raM stock (3 parts ethanol: 1 part DMFO) for a 
final concentration of 10/xM. Individual vials (50 p.g) of 2',7'-bis 
(carboxyethyl)-5,6-carboxyfluorescein acetoxymethyl ester (Mo- 
lecular Probes, Eugene, OR) BCECF-AM) were stored dry at 
-20~ and reconstituted in dimethylsulfoxide (10 mM) for each 
experiment. The final loading concentration of dye was 10/XM in 
solution 1 for BCECF-AM. Amiloride hydrochloride dihydrate, 
amiloride 5-(n,N-hexamethylene) (HMA) and benzamil were ob- 
tained from Research Biochemicals (Natick, MA). Fluorescein 
isothiocyanate (FITC) labeled peanut lectin was added to solution 
1 for a final concentration of 10 b~M. 

APPARATUS 

Solutions were gravity fed into a 6-port Hamilton valve. The 
solution exiting the valve entered a miniature water-jacketed glass 
coil (Radnoti Glass Technology, Monrovia, CA) for regulating its 
temperature. From here the warmed solution entered the experi- 
mental chamber which was mounted on the stage of an inverted 
epifluorescence microscope (Zeiss IM35) equipped with quartz 
interior components and Nomarski differential interference con- 
trast optics. The temperature of the superfusate in the chamber 
was maintained at 37~ and was verified with a thermistor. The 
flow rate through the chamber averaged 2.3 ml/min with a cham- 
ber volume of 250 t~I. 

The microscope was interfaced to an alternating wavelength 
illumination system (PTI Delta Scan, Photon Technology Int., 
New Brunswick, NJ) equipped with a 75-watt xenon lamp. Once 
the excitation beam (490 and 440 nm) from the fluorimeter entered 
the microscope it was reflected off a dichroic mirror up through 
the objective (40 • Zeiss, n.a. 0.75). Fluorescence emitted from 
cells passed back through the objective and encountered an emis- 
sion filter (520 nm) before entering the photometer. The output 
of the photometer was stored in a computer which also controlled 
the illumination system. The area of the tubule illuminated was 
controlled by a diaphragm located between the light source and 
microscope. The area from which emitted light was gathered was 
controlled by a sliding view finder between the objective and 
photometer. This area averaged between two to four principal 
cells depending on the width of the opened tubule, In our estimate 
the intercalated cells make up between 35 and 40% of the total 
number of cells. In the BCECF-loaded tubules the intercalated 
cells appeared to load better than the principal ceils but we were 
able to limit our measurements to areas comprised of principal 
cells only. In all experiments autofluorescence was measured on 
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Fig. i .  (A) Photomicrograph of opened-tubule 
preparation loaded with dye and observed 
with Nomarski optics under transmitted light. 
Using this opened-tubule preparation we can 
readily distinguish principal cells (P) from 
intercalated cells (/). (B) Single-cell 
fluorescence measurements in counts per 
second (cps) of FITC-labeled peanut lectin 
excited at 490 nm in the opened-tubule 
preparation shown in A. Each consecutive 
measurement corresponds to the cell number 
as labeled in A, beginning with an intercalated 
cell (1) and alternating with a principal cell (2) 
and ending with an intercalated cell (23). 
Autofiuorescence on the unloaded tubule is 
around 450 cps and was not subtracted from 
the trace. P is principal cell and I is 
intercalated cell. 

the predetermined experimental area prior to loading the tubule 
with dye and was automatically subtracted from all traces. 

Principal and intercalated cells were distinguished with dif- 
ferential interference contrast optics (Fig. 1A). Identification of 
the two major cell types was further verified using FITC-labeled 
peanut lectin in this tubule (Lehir et al., 1982; Schwartz, Barasch 
& A1-Awqati, 1985). Individual cells identified under transmitted 
light were aligned in the viewfinder between the objective and the 
photometer, and the fluorescence was measured. We found that 
more than 90% of the cells identified on a morphological basis as 
intercalated cells (Fig. 1A) stained with the label, confirming that 
they were B-type intercalated cells (Fig. 1B). 

The tubule was loaded with BCECF at room temperature 
for 60 min after which it was superfused with the appropriate 
solution at 37~ The loaded tubule was superfused for at least 
15 min before beginning an experiment, and the predetermined 
experimental area was realigned in the viewfinder leading to the 
photometer. Intracellular calibration of the dye was performed at 
the end of each experiment on each individual tubule studied. 
Extracellular pH was varied from 6.5 to 7.8 (solutions a, b, c, d, 
and e) in the presence of the K/H exchanger, nigericin (10 p.N), 

in 145 mM K according to the method of Thomas et al. (1979). 
This pH range is in the linear portion of the calibration curve for 
this dye. The experimentally determined fluorescence ratios are 
then transformed to pH by calculating the slope and y intercept 
of the calibration curve as shown in Fig. 2. Results are presented 
as means -+ SEM. 

R e s u l t s  

RECOVERY OF pH i FROM AN ACID LOAD 

N i l  4 P u l s e  

In order  to determine the suitability of the split- 
tubule preparation for these studies we acid loaded 
the ceils and monitored the recovery of pH i . Other 
investigators have shown that the Na/H exchange 
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Fig, 2. A representat ive  intracellular calibration curve for 
B C E C F  (490/440 nm) as a funct ion o f p H .  Intracellular and extra- 
cellular pH were equilibrated in the presence of 10 ~M nigericin 
added to potass ium solutions titrated to the appropriate pH. Ex- 
perimentally determined ratios were t ransformed to the appro- 
priate pH using the variables defining the linear function of  the 
calibration curve.  

mechanism of the principal cells is present on the 
basolateral membrane (Wang & Kurtz, 1990; Weiner 
& Hamm, 1990). In our preparation the basolateral 
side of the tissue lies flush against the Cell-Tak 
coated plastic piece, and we wanted to be sure that 
the superfusate came in contact with this side of the 
tissue. Figure 3 illustrates an experiment in principal 
cells which were twice acid loaded by a short expo- 
sure to 10 mM NH4C1 (solution 4). The pHi recovery 
phase was measured in the absence and presence of 
30/xM amiloride 5-(n,N-hexamethylene) (HMA), an 
analog of amiloride that specifically inhibits Na/H 
exchange (Simchowitz & Cragoe, 1986; Kleyman 
& Cragoe, 1988). The ordinate represents PHi as 
determined from the fluorescence ratio and the intra- 
cellular calibration on this tissue. As shown in Fig. 
3A removal of external NH~ and Na resulted in a 
rapid fall in pHi to a value about 0.5 pH units below 
the starting pHi. In the absence of Nao (NMDG 
substitution, solution 5) no recovery of pHi was de- 
tectable. Reintroducing Nao (solution 2) resulted in 
recovery of pHi at a rate of 0.13 pH U/rain. In a total 
of 11 tubules acid loaded with NH4C1, pH; recovered 
fully in the presence of external Na with an average 
recovery rate of 0.19 -+ 0.03 pH U/min (Table 2). 
These results demonstrate the Na dependence of 
the rapid recovery from this acid load. In order to 
confirm that the recovery is due to Na/H exchange 
we examined the recovery in the presence of 30/~M 
HMA. Figure 3B is a continuation of the above trace. 
After acid loading the tubule for the second time, 
removal of external NH4C1 in a 0 Na solution (solu- 
tion 5) resulted in a decrease in pH i with no recovery. 
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Table 2. Intracellular pH measu remen t s  in tubules  twice acid 
loaded with 10 mM NH4CI a 

A. Control 
Initial Min imum Recovery  ApH/min 

7.43 _+ 0.05 6.98 -+ 0.05 7.48 -+ 0.05 0.19 _+ 0.03 

B. + H M A  
Initial Min imum Recovery  *~pH/min  

7.48 _+ 0.05 7.04 -+ 0.04 7.20 --2- 0.05 0.02 -+ 0.01 

a A :  Recovery  from the acid load in the presence o fNa .  B." Recov- 
ery from the acidosis in the presence of  Na + 30 /zM HMA.  
Values are means  -+ SE. n = 11 except  for *n = 9. 

Addition of 30/XM HMA to the Na 145 mM solution 
(solution 2) resulted in a very slight recovery rate of 
0.03 pH U/min. With HMA in the Na 145 mM solu- 
tion the minimum pH; achieved upon removal of 
NH4C1 was similar to that observed after the initial 
acid load (7.04 -+ 0.04 versus 6.98 + 0.05) but the 
final pHi was lower (7.20 -+ 0.05 versus 7.48 + 0.05) 
than in the absence of the inhibitor. Also the initial 
rate of acid extrusion ApH/min was much lower than 
in the control (0.02 -+ 0.01 versus O. 19 -+ 0.03) (Table 
2). These results indicate that Na/H exchange contri- 
butes significantly to pHi recovery during this type 
of acidosis. 

These findings demonstrate the presence of the 
Na/H exchanger in the split tubule, and that this 
preparation behaves in a similar fashion to the iso- 
lated perfused tubule after exposure to an acute acid 
load. Our results are in agreement with the findings 
of Chaillet et al. (1985), Wang and Kurtz 1990), and 
Weiner and Hamm (1990). 

Exposure to Acute  C02 

Figure 4A is a representative trace ofpH i in principal 
cells during acute elevation of PCO2. The ordinate 
is the pHi corresponding to the nigericin calibration 
performed at the end of the experiment. The trace 
illustrates the effect on pH; of changing the perfusion 
solution from NaHEPES pH 7.4 (solution 2) to 6% 
COJ26 mM HCO 3 pH 7.4 (solution 6). The initial 
switch from nonbicarbonate-buffered solution to 
CO2 bicarbonate-buffered solution resulted in a 
rapid intracellular acidification as expected from the 
assumption that CO2 will diffuse into the cytoplasm 
more rapidly than will HCO 3 . There followed a spon- 
taneous recovery of phi from 7.1 to a steady-state 
value of 7.4 at a rate of 0.04 pH U/rain. This value 
was 0.2 pH units lower than the initial pHi. 
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Fig. 3. (A) Effect of an NH4CI pulse on PHi, 
The ordinate represents the pH i derived from 
the intracellular calibration of this tissue. The 
opened tubule was initially superfused with 
145 m s  Na (solution 2). Acute exposure to 10 
mM NH4C1 (solution 4) (dashed line) resulted 
in slight alkalinization followed by 
acidification after removal of the NH4CI. 
Recovery was absent in the presence of 0 Na 
(solution 5) but returned to the initial value 
upon reintroduction of Na (solution 2), (B) 
Effect of HMA on PHi recovery. This is a 
continuation of the above trace. Another 
pulse of NH4CI (dashed line) resulted in 
similar changes in PHi. Exposure to 145 mM 
Na (solution 2) + HMA (30 tx~) (dashed line) 
prevented recovery over the time scale of this 
experiment. 

In 10 experiments where we changed from Na- 
HEPES solution to 6% COJ26 mM HCO 3 the mea- 
sured pHi stabilized at a level below the initial pH/ 
measured with NaHEPES solution (7.44 __+ 0.03 v e r -  

s u s  7.62 _+ 0.03). This pH i recovery value was very 
similar to the pHi values measured in other experi- 
ments obtained in separate groups of tubules, where 
the only solutions used were 6% CO2/26 rnM HCO 3- 
buffered solutions (7.38 -+ 0.04, n = 18). In tubules 
bathed with HEPES-buffered solutions the pHs aver- 
aged 7.55 _ 0.03 (n = 37), which was 0.17 pH units 
higher than the mean pH i in CO2/HCO3-buffered so- 
lutions. 

Figure 4B is a continuation of the above trace 
where we switched from HEPES Ringer solution to 
C O 2 - H C O  3 but in the presence of HMA. We found 
that PHi recovery was inhibited by the addition of 
HMA. In three tubules tested with this protocol we 

found that compared to the control tubules (no 
blocker) recovery was virtually absent (0.01 -+ 0.01 
v e r s u s  0.072 _+ 0.001 pH U/rain, n = 10). These 
results suggest that Na/H exchange is involved in 
regulation of intracellular pH under these conditions 
and is the main process responsible for the restora- 
tion of pH i after intracellular acidification by CO2. 

CHANGES IN EXTRACELLULAR pH (priG) 

HEPES-buffered solutions were used in another se- 
ries of experiments to study the effect of varying 
extracellular pH (priG) on pH i. As shown in the rep- 
resentative trace in Fig. 5A, changing pHo from 7.4 
to 7.0 (solutions 2 and 9) resulted in a decrease in 
pH i by 0.31 pH units which was largely reversible 
upon returning to pH 7.4. Alternatively, increasing 
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Fig. 4. (A) Cell acidification with CO2. The  
ordinate cor responds  to the p h i  based  on the 
intracellular calibration of  the dye in this 
t issue.  The tubule was initially superfused  
with HEPES solution pH 7.4 (solution 2) and 
at the first arrow switched to 6% CO2 
bicarbonate-buffered solution (pH 7.4) 
(solution 6). (B) Effect of  H M A  on p h i  
recovery.  This is a cont inuat ion of the above 
trace. The tubule was switched from HEPES  
solution pH 7.4 to 6% CO 2 in the presence  of  
30/xM H M A  (dashed line) which prevented  
recovery of  pH i over  the t ime scale of  this 
exper iment .  

pH, from 7.4 to 7.8 (solutions 2 and 8) yielded a 
similar result in that pHi increased by 0.18 pH units. 
Results of eight similar experiments are summarized 
in Fig. 5B. These observations show that changes in 
pH,, lead to changes in pH i which are in the same 
direction as the p H  o change but smaller in magni- 
tude. Furthermore, in four of these tubules addition 
of l iMA to the pH 7.4 solution resulted in a decrease 
of 0.26 -+ 0.06 pH units as shown in the bottom curve 
of Fig. 5B. A similar fall in pH i was observed in a 
separate series of experiments using CO2-bicarbon- 
ate-buffered solutions after the addition of 10 -3  M 

amiloride (Table 3), a concentration known to block 
the Na/H exchanger (Kleyman & Cragoe, 1988). 
Therefore, inhibition of Na/H exchanger at normal 
pH o caused cytoplasmic acidification, indicating that 
the exchanger is not quiescent under basal condi- 
tions. The changes observed in the phi  as a result 
of varying pHo in the presence of HMA were of the 

Table 3. Two exper iments  using different concentrat ions  ofami-  
Ioride performed on principal cells in the opened rabbit CCT using 
6% CO, solutions ~ 

Control + 10 -3 M amiloride /',pH i 

7.41 +- 0.06 7.27 + 0.05 - 0 . 1 6  -+ 0.04 

Control + 10-SM amiloride ~pH i 

7.34 -+ 0.06 7.31 _+ 0.05 - 0 . 0 3  - 0.02 

Values are presented as the mean  pH i +-- SE. /1 = 5 for both 
groups.  

same magnitude as those observed in the absence of 
the inhibitor (Fig. 5B). 

We next looked at the effects of varying extra- 
cellular Na (Na o) on pH i and the activity of the ex- 
changer. 
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Fig. 5. (A) Effect of  (pH,,) on (pHi). The  
ordinate corresponds  to the pH~ based on the 
intracellular calibration of  this t issue.  The  
tubule was initially superfused  with HEPES-  
buffered solution pH 7.4 and switched to 7.0 
and back to 7.4. Then  the solution was 
changed again to HEPES-buffered  solution 
pH 7.8 and back to 7.4. (B) Effect of  pHo on 
pHi. Changing pH,, f rom 7.4 to 7.0 (solutions 2 
and 12) (filled squares)  resulted in a change in 
pH i from 7.47 -+ 0.06 to 7.18 -+ 0.05 (n = 8). 
Alkalinizing the external  solution from 7.4 to 
7.8 (solutions 2 and 11) resulted in a change in 
pH i f rom 7.36 -+ 0.07 to 7.59 +- 0.06 (n = 5). 
Addition of H M A  to the pH o 7.4 solution 
caused an initial decrease  in pH i f rom 7.42 +- 
0.08 to 7.16 -+ 0.09 (n = 4). Changing pH,, 
from 7.4 to 7.0 in the presence of H M A  
resulted in a decrease  in pH i of  0.27 + 0.05 
pH units.  Returning to pH,  7.4 + H M A  
changed pH i from 6.89 -+ 0.05 to 7.05 _+ 0.09 
pH units.  A change to PHo 7.8 + HMA 
increased pH i to 7.32 _+ 0.13 pH units.  

V A R Y I N G  E X T R A C E L L U L A R  N a  (Nao) 

Figure 6A illustrates an exper iment  in which Nao 
was reduced f rom 145 mM (solution 2) to 35 mM 
(solution 10) to 0 (solution 5) and back. Lowering 
Nao caused an intracellular acidification which was 
reversible upon returning Nao to normal.  A decrease 
in ph i  was also observed when Na o was lowered 
f rom 145 to 35 mM in tubules superfused with 25 
mM HEPES-buf fe red  solutions (solutions 3 and 11) 
and bicarbonate-buffered solutions (solutions 6 and 
7). The mean change in pH; observed with lowering 
Nao f rom 145 to 35 mM was --0.12 --+ 0.02 (n = 13) 
(CO2/HCO 3 solutions), - 0.19 -+ 0.04 (n = 9) (25 mM 
H E P E S  solutions) and - 0 . 2 8  + 0.05 (n = 6) (5 mM 
H E P E S  solutions). The variability in the ApHi f rom 
series to series may be due to differences in initial 
pHi as mentioned above.  

In order to assess the role of  Na/H exchange on 
PHi during changes in Na  o we repeated the above 
protocol in the presence of 30 /XM H M A  as shown 
in Fig. 6B. Upon  addition of the inhibitor to the 
Na  145 mM solution pH i began to decrease slowly. 
Reducing Na  o did not produce marked changes in 
pHi as observed in Fig. 6A. Rather  there was a grad- 
ual decrease in intracellular pH which reached a 
minimum value of 6.9 in the presence  of 0 Na + 
HMA,  The overall change in pHi at 0 Na  + HMA 
was comparable  to the change observed with 0 Na  
as seen in Fig. 6A. In a total of  six tubules studied 
with this protocol  the ApHi observed was - 0 . 5 5  +_ 
0.10 for 0 Na  and -0 .51  -+ 0.11 for 0 Na  + HMA. 

As shown in Fig. 6B returning Na  back to 35 or 
to 145 mM in the superfusate in the presence  of H M A  
did not reverse  the intracellular acidification as ob- 
served in Fig. 6A. In a total of six experiments  we 
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Fig. 6. (A) Effect of varying external Na (Nao) on pH,  The 
ordinate is the corresponding phi  based on the intracellular 
calibration of the dye in this tubule. The tubule was initially 
superfused with 145 m g  Na (solution 2) and then changed to 35 
mM Na (solution 10) and again changed to 0 Na (NMDG 
replacement, solution 5). This effect of lowered extracellular Na 
on PHi was fully reversible upon returning Nao to normal. (B) 
Effect of HMA on the response to Nao. The trace begins with Na 
145 mM solution (solution 2) superfusing the tubule. HMA (30 ~M) 
was added to this solution while it was superfusing the tubule 
which resulted in a slow decrease in phi .  The succeeding solution 
changes to 35 mM Na, 0 Na, 35 mM Na and 145 mM Na were all 
in the presence of HMA as shown by the dashed line. (C) Effect 
of HMA on the phi  recovery response to increases in Nao. The 
response to increasing external Na in the absence (open circles) 
and presence (filled squares) of HMA (30/~M) was monitored in 
six tubules from the steady state at 0 Nao to 145 mM Nao. 
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compared the recovery of pHi from the steady state 
at 0 Nao to Nao 35 mM and Nao 145 mM in the absence 
and presence of HMA; the overall increase in the 
pH~ was + 0.13 + 0.07 units compared to a + 0.57 -+ 
0. I0 units in the presence and absence of HMA (Fig. 
6C). This indicates that Na/H exchanger activity is 
necessary for the recovery of pHi from the acidifica- 
tion produced by reduction of Na o. 

The results so far have demonstrated that the 
Na/H exchanger is not only active during recovery 
from an acid load but is operative under basal condi- 
tions, and it is required to extrude acid in the recov- 
ery from the acidification produced by lowering of 
Na o. Next we wanted to see whether changes in cell 
Na could lead to changes in pH i. 

V A R Y I N G  T R A N S C E L L U L A R  T R A N S P O R T  R A T E  

Figure 7A is a representative trace illustrating the 
effects of ouabain (I00 /~M) on pH~ during normal 
conditions (solution 3, Nao 145 raM) and low external 
Na (solution 10, 35 mM Na) in HEPES-buffered solu- 

tions. There is a very slight fall in pHi over a 10-rain 
period, about 0.1 pH unit. In two series of experi- 
ments (HEPES- and HCO3 buffered solutions) the 
change in phi  over a time frame of l0 min was not 
statistically significant compared to timed controls 
(Fig. 7B and C). In 2 tubules out of 18 a marked fall 
in phi  of 0.3 pH units was observed in response to 
ouabain. We do not know why these tubules be- 
haved differently from the rest. 

Reducing Nao in the presence of ouabain in 
HCO3-buffered solutions (20-rain time point, Fig. 
7B) leads to a decrease in pH; that was larger than 
that observed in the corresponding control tubules. 
This effect was not evident in the series with HEPES 
buffer (Fig. 7C). As shown in the figures, readdition 
of Na o 145 mM reversed the acidification. Compari- 
son of experimental and control tubules 30 rain after 
addition of ouabain indicated a slight acidification in 
the ouabain-treated group relative to controls. In 
HCO3-buffered solutions the mean difference in the 
ouabain-treated tubules was about - 0.13 + 0.05 pH 
units compared to -0 .05 + 0.06 in the controls, 
whereas in the HEPES-buffered solutions the mean 
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Fig. 7. (A) Effect of ouabain on pH i. The ordinate represents the approprmte pHi changes based on the calibration of BCECF in the 
tissue. The tubule was initially superfused with 145 mM Na HEPES solution (solution 3) and switched to 35 mM Na HEPES solution 
(solution 13) and back. At the third arrow, 100/.t.M ouabain was added to the 145 mM Na HEPES solution with no discernable effect 
on the pH i within this time frame. The solution was then changed to 35 mM Na HEPES solution + ouabain. (B) Time course of change 
in pH i in control (open circles) and ouabain-treated (filled squares) tubules with HCO3-buffered solutions. The changes were analyzed 
from the pH~ in Nao 145 mM after a change from Nao 35 mM. The changes were calculated from pH i 7.35 • 0.10 (n = 5), ouabain- 
treated, and pHi 7.47 • 0.07 (n = 5), control. (C) Time course of changes in phi in control (open circles) and ouabain-treated (filled 
squares) tubules with HEPES-buffered solutions. The changes were analyzed from the phi in Nao 145 mM after a change from Nao 35 
mM. The changes in pH~ were calculated from pHi 7.42 • 0.12 (n = 5, except at 30-min point n = 4), ouabain-treated, and PHi 
7.79 • 0.01, control. 

difference was -0 .10  +- 0.10 pH units in the experi- 
mental and -0 .09  + 0.06 in the controls. 

Decreasing luminal Na entry with 10 -5 M amilor- 
ide did not change pH; (Table 3). Figure 8 is a trace 
showing the lack of response in pH; with the ordinate 
being the pH; corresponding to the intracellular cali- 
bration of the dye. Thus putative changes in intracel- 
lular Na with short-term exposure to ouabain and 
amiloride did not appear to have a large effect on 
intracellular pH under the conditions of this study. 

Discussion 

We have used the opened-tubule preparation, pre- 
viously established in our laboratory for patch- 
clamp studies (Palmer & Frindt, 1987a; Frindt, 

Sackin & Palmer, 1990), to measure changes in PHi 
in principal cells using the pH-sensitive dye BCECF. 
We demonstrate that the split tubule behaves simi- 
larly to the isolated perfused tubule exposed to an 
acid load which suggests that this preparation can 
be used to study pH i regulation. The advantages of 
using this monolayer preparation are the visualiza- 
tion of the two major cell types in this part of the 
nephron, ability to control the areas from which 
fluorescence is measured and the capability of per- 
forming parallel experiments using the patch-clamp 
technique. 

Other investigators have demonstrated that a 
Na/H exchanger exists on the basolateral membrane 
of cells in the rabbit CCT (Chaillet et al., 1985; Wang 
& Kurtz, 1990; Weiner & Hamm, 1990). We were 
also able to show that such a mechanism is present 
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Fig. 8. Lack of effect of amiloride on pHi. 
The ordinate represents the corresponding pH i 
associated with the intracellular calibration of 
the dye in this tubule. The tubule was 
superfused with bicarbonate-buffered solution 
(solution 6), and at the arrow 10 -5 M 
amiloride dihydrate HCI (dashed line) was 
added to block luminal Na entry. There was 
no change in pHi that we could detect. The 
amiloride was then removed and the PHi 
monitored until the end of the trace. 

in the principal cells of this opened-tubule prepara- 
tion in which identifying and recording from individ- 
ual cell types is relatively straight forward. How- 
ever, one disadvantage of this superfused 
preparation is the loss of sidedness: both lumen and 
blood side are exposed to the same solutions. We did 
find that the recovery rate from an NH4Cl-induced 
acidification measured in our experiments was less 
than that observed in perfused rabbit CCT (0.2 v e r -  

s u s  0.8 pH U/min; Chaillet et al., 1985). However, 
in that study tubules were exposed to a higher con- 
centrations of NH4CI (20 raN), leading to a larger 
acidification. This may account for the faster recov- 
ery rate. 

Under steady-state conditions we found differ- 
ences in the apparent pHi when superfusing the tu- 
bule with bicarbonate- v e r s u s  nonbicarbonate-buf- 
fered solutions (COz-HCO 3 solutions pH; = 7.39 + 
0.04 v e r s u s  HEPES-buffered solutions pHi = 
7.55 -+ 0.03). We found no difference in the mean phi 
in principal cells exposed to 5 mM HEPES-buffered 
solutions and 25 mM HEPES-buffered solutions. In 
comparison, Weiner and Harem (1990) working with 
BCECF-loaded and perfused rabbit CCTs also found 
differences in phi of principal cells (CO2-HCO3-buf- 
fered solutions pH i 7.36 + 0.05 SE v e r s u s  HEPES- 
buffered solutions pH; 7.77 - 0.06 sE). Wang and 
Kurtz (1990) using BCECF-loaded perfused rabbit 
CCTs and confocal microscopy found a somewhat 
lower value of phi in principal cells (7.09 -+ 0.06) 
perfused with bicarbonate-buffered solutions. 

We demonstrated that acid loading principal 
cells either by switching from nonbicarbonate- to 
bicarbonate-containing solutions or by exposure to 
a pulse of NH4C1, resulted in an immediate acidifica- 
tion followed by spontaneous recovery. With CO2/ 
HCO3-containing solutions the pHi recovered to a 
value which was lower than the initial pH i measured 

with the tubule bathed in the HEPES solution. As 
pointed out in the results section this recovery value 
was very similar to the pHi measured in tubules 
exposed only to bicarbonate-containing solutions 
(Table 3). A C1/HCO3 exchanger has been identified 
on the basolateral membrane of rabbit CCT so it is 
possible that the lower pH~ may reflect the exchange 
of intracellular HCO 3 for extracellular C1 (Wang & 
Kurtz, 1990; Weiner & Hamm, 1990). The recovery 
from a CO2 acid load was blocked by HMA which 
suggests that Na/H exchange is the primary mecha- 
nism involved during recovery. This was also ob- 
served during recovery from an NH4C1 pulse and is 
in agreement with what others have found using high 
concentrations of amiloride to block the exchanger 
(Chaillet et al., 1985; Weiner & Harem, 1990). 

Varying extracellular pH in HEPES-buffered 
solutions resulted in changes in pHi in the same 
direction. Addition of the blocker HMA to the pH 
7.4 solution resulted in an intracellular acidification 
which suggests that the exchanger is active under 
basal conditions. In addition the intracellular pH 
changes associated with the changes in extracellular 
pH were the same in the absence and presence of 
the blocker. 

We also observed that changes in pHi occur in 
response to changes in extracellular Na (Fig. 6). 
To see whether these changes are mediated by a 
reduction in H + extrusion via the Na/H exchanger 
we varied external Na in the presence of the inhibitor 
and found that changes in pHi were blunted. Further- 
more, we observed intracellular acidification in the 
presence of the blocker and normal extracellular 
Na (Fig. 6B). These results suggest that the Na/H 
exchange rate is not zero in the normal steady state 
but is working to balance production and/or influx 
of acid. Thus under basal conditions and during im- 
posed acid-base perturbations pHi in principal cells 
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of rabbit CCT is dependent on the activity of the 
Na/H exchanger. 

The addition of ouabain to the 145 mN Na solu- 
tion was largely without effect on PHi within a 10- 
min time frame. However, we did observe an intra- 
cellular acidification of 0.1 to 0.2 pH units after 30 
rain of exposure to the blocker compared to the 
timed controls (Fig. 7B and C). It is unlikely that the 
effect of ouabain is delayed by poor access to the 
basolateral membrane, since addition of HMA, 
which also acts at the basolateral surface, had rapid 
effects on cell pH. We have not measured Na i under 
the conditions of our experiments. Natke and Stoner 
(1982) using helium-glow photometry in single non- 
perfused rabbit CCT measured a fourfold increase 
in Na; (control Na 17 mN) after exposure to 10 .5 M 
ouabain for 1 hr. Sauer et al. (1989) using electron 
microprobe analysis on freeze-dried cryosections of 
isolated perfused rabbit CCT reported an intracellu- 
lar Na of 10 mmol/kg wet weight which increased to 
114 mmol/kg wet weight after a 10-min exposure to 
10 .4 M ouabain. 

In contrast to our results, Harvey and Ehrenfeld 
(1988) found an acidification of the frog skin epithe- 
lial cells by as much as 0.3 pH units after exposure 
to ouabain. The magnitude of this change would 
have been well within the resolution of our system. 
On the other hand, Grinstein, Cohen and Rothstein 
(1984) found no effect of ouabain treatment on pHi 
in lymphocytes. 

We also blocked luminal Na entry with 10 .5 M 
amiloride and expected that Nai would decrease and 
pH i increase because of the more favorable gradient 
for Na entry across the exchanger. We were not able 
to demonstrate any change in pH i with addition of 
this concentration of amiloride, which is expected 
to block Na channels, but not the Na/H exchanger. 

The present results are consistent with the idea 
that pH in principal cells is dependent on the balance 
of two opposing proton fluxes. One is a proton influx 
which may be dependent on the electrochemical gra- 
dient for this ion across the cell membrane. The 
metabolic production of acid may also contribute to 
the H § load to be extruded out of the cell. The other 
proton movement would be via the Na/H exchanger 
which would extrude protons under basal conditions 
as well as during acidification of the cytoplasm. This 
pump-leak concept accounts for the effects of HMA 
and reduction of Na o under basal conditions. It is 
also consistent with the observed changes in pH i 
when pH o is varied. 

The absence of a strong intracellular acidifica- 
tion after addition of ouabain was surprising. How- 
ever, in terms of a pump-leak system this finding 
could be explained by simultaneous effects on the 
influx and efflux mechanisms. The presumed intra- 

cellular accumulation of Na (and loss of K) would 
depolarize the cell membrane potential, diminishing 
the proton leak. This would partially offset the re- 
duction in acid extrusion via the Na/H exchanger 
due to a diminished Na gradient. Thus the net change 
in pH; might be small. 

When HEPES buffer was replaced by HCO3/ 
CO 2 at the same pHo, pH i decreased rapidly, pre- 
sumably due to an increased acid load from the 
highly permeable CO2. We observed a partial recov- 
ery which was dependent on the Na/H exchanger, 
but the steady-state pH i remained lower than that in 
HEPES (Fig. 4). The difference in steady-state pH i 
may reflect an increase in the effective proton per- 
meability in the presence of CO2/HCO 3. If [HCO3] 
in the cell is lower than in the outside solution, CO2 
will be pulled into the cell and HCO3 and H+will be 
formed. The driving force for this reaction is the 
[HCO3] gradient, which in turn depends on the 
membrane potential and a permeability of the mem- 
brane to HCO3. However, if HCO3 is retained by 
the cells, the concentration would build up until the 
cell pH returned to its original level. HCO 3 could 
leave the cell either through anion channels or 
through a C1/HCO 3 exchanger. CI channels have 
been observed in the basolateral membrane of the 
principal cells of the CCT (Sansom, La & Carosi, 
1990), although their permeability to HCO 3 was not 
tested. Evidence for a C1/HCO 3 exchanger has been 
obtained from measurements of cell pH during CI 
removal (Wang & Kurtz, 1990; Weiner & Hamm, 
1990). 

In conclusion we were able to demonstrate that 
the Na/H exchanger in the principal cells of the rab- 
bit CCT is active under steady-state conditions at 
basal levels of cell pH. Cell pH was sensitive to 
extracellular Na, extracellular CO2/HCO3, extracel- 
lular pH and amiloride. Changes in pHi in response 
to presumed alterations in transcellular Na transport 
and Nai were slow and modest when the Na pump 
was blocked with ouabain and absent when Na entry 
was inhibited with amiloride. Although a contribu- 
tion of pHi to the regulation of Na channels under 
these circumstances cannot be ruled out, it appears 
likely that other factors may be more important in 
feedback inhibition of Na entry in this epithelium. 

This work was supported by U.S. Public Health Service grants 
DK27847 to L.G. Palmer and DK11489 to E.E. Windhager. 

References  

Chaillet, J.R., Lopes, A.G., Boron, W.F. 1985. Basolateral 
Na-H exchange in the rabbit cortical collecting tubule. J. Gen. 
Physiol. 86:795-812 



24 R.B. Silver et al.: Regulation of Principal Cell pH 

Frindt, G., Sackin, H., Palmer, L.G. 1990. Whole-cell currents in 
rat cortical collecting tubule: Low Na diet increases amiloride- 
sensitive conductance. Am. J. Physiol. 258:F562-F567 

Grinstein, S., Cohen, S., Rothstein, A. 1984. Cytoplasmic pH 
regulation in thyrnic lymphocytes by an amiloride-sensitive 
Na+/H + antiport. J. Gen. Physiol. 83:341-369 

Harvey, B.J., Ehrenfeld, J. 1988. Role ofNa+/H + exchange in the 
control ofintracellular pH and cell membrane conductances in 
frog skin epithelium. J. Gen. Physiol. 92:793-810 

Harvey, B.J., Thomas, S.R.,Ehrenfeld, J. 1988. Intracellular pH 
controls cell membrane Na ~ and K + conductances and trans- 
port in frog skin epithelium. J. Gen. Physiol. 92:767-791 

Kleyman, T.R., Cragoe, E.J. Jr. 1988. Amiloride and its analogs 
as tools in the study of ion transport. J. Membrane Biol. 
105:1-21 

LeHir, M., Kaissling, B., Koeppen, B., Wade, J. 1982. Binding 
of peanut lectin to specific epithelial cell types in kidney. Am. 
J. Physiol. 242:C117-C120 

Natke, E., Stoner, L.C. 1982. Na + transport properties of the 
peritubular membrane of cortical collecting tubule. Am. J. 
Physiol. 242:F664-F671 

Palmer, L.G. 1985. Modulation of apical Na permeability of the 
toad urinary bladder by intracellular Na, Ca, and H. J. Mem- 
brane Biol. 83:57-69 

Palmer, L.G., Frindt, G. 1986. Amiloride-sensitive Na channels 
from the apical membrane of the rat cortical collecting tubule. 
Proc. Natl. Acad. Sci. USA. 83:2767-2770 

Palmer, L.G., Frindt, G. 1987a. Conductance and gating of epi- 
thelial Na channels from rat cortical collecting tubule: Effects 
of luminal Na and Li. J. Gen. Physiol. 92:121-138 

Palmer, L.G., Frindt, G. 1987b. Effects of cell Ca and pH on Na 

channels from rat cortical collecting tubule. Am. J. Physiol. 
253:F333-F339 

Sansom, S.C., La, B.-Q., Carosi, S.L. 1990. Double-barreled 
chloride channels of collecting duct basolateral membrane. 
Am. J. Physiol. 259:F46-F52 

Sauer, M., D6rge, A., Thurau, K., Beck, F.-X. 1989. Effect of 
ouabain on electrolyte concentrations in principal and interca- 
lated cells of the isolated perfused cortical collecting duct. 
Pfluegers Arch. 413:651-655 

Schwartz, G.J., Barasch, J., AI-Awqati, Q. 1985. Plasticity of 
functional epithelial polarity. Nature 318:368-371 

Simchowitz, L., Cragoe, E.J., Jr. 1986. Inhibition of chemotactic 
factor-activated Na+/H + exchange in human neutrophils by 
analogues of amiloride: Structure-activity relationship in the 
amiloride series. Mol. Pharmacol. 30:112-120 

Thomas, J.A., Buchsbaum, R.N., Zimniak, A., Racker, E. 1979. 
Intracellular pH measurements in Ehrlich ascites tumor cells 
utilizing spectroscopic probes generated in situ. Biochemistry 
18:2210-2218 

Ussing, H.H., Zerahn, K. 1951. Active transport of sodium as 
the source of electric current in the short-circuited frog skin. 
Acta Physiol. Scand. 23:110-127 

Wang, X., Kurtz, I. 1990. H*/base transport in principal ceils 
characterized by confocal fluorescence imaging. Am. J. Phys- 
iol. 259:C365-C373 

Weiner, I.D., Harem, L.L. 1990. Regulation of intracellular pH 
in the rabbit cortical collecting tubule. J. Clin. Invest. 
85:274-281 

Received 27 November 1990; revised 6 June 1991 


