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Abstract. The responses of the cytosolic pH of hepato- 
cytes in suspension to agents affecting the activity of 
vacuolar adenosine triphosphatase (V-ATPase) and 
Na/H exchange have been studied. Changes of cytosolic 
pH were determined both with dual-wavelength excita- 
tion (500/440 nm) of the fluorescence of 2 ' , 7 ' - b i s - ( 2 -  

carboxyethyl)-5(and 6)-carboxyfluorescein and from the 
distribution of 14C-dimethyloxazolidinedione; both 
methods gave very similar results. Changes of vesicular 
pH were determined by comparing the fluorescence of 
fluorescein isothiocyanate-dextran and rhodamine B 
isothiocyanate-dextran taken up by endocytosis. Nitrate, 
which inhibits V-ATPase in isolated organelles, induced 
a concentration-dependent acidification of the cytosol 
and alkalinization of vesicles, with maximal effects at 
25-37.5 mM in each case, indicating that V-ATPase con- 
tributes to removal of cytosolic protons. On continued 
exposure to nitrate, the acidification underwent an 
amiloride-inhibitable reversal. At the higher concentra- 
tions of NO3-, both cytosolic acidification and vesicular 
alkalinization were reduced or absent. Bafilomycin A 1 

caused alkalinization of vesicular pH; cytosolic acidifi- 
cation was not observed, possibly because of other ionic 
exchanges. Recovery of cytosolic pH from an acid load 
(2 rain exposure to 5% CO a) was sensitive to both 25 rnu 
NO3- and to ouabain. The pH dependence of the nitrate 
effect was tested with media of different pH; the activity 
was negligible at cytosolic pH 6.2 and rose to a maxi- 
mum at cytosolic pH 7.3. Treatment of hepatocytes with 
0.5-1.0 mM ouabain resulted in an initial alkalinization 
(0.5-2 rain duration) of the cytosol, followed by a spon- 
taneous reversal and, on occasion, further acidification. 
The alkalinization was blocked by 25 n ~  NO3-, but not 
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by 25 rnM gluconate. The results suggest that the cyto- 
solic alkalinization is caused by a stimulation of H § up- 
take by V-ATPase activity. We conclude that V- 
ATPases make an important contribution to the regula- 
tion of the cytosolic pH of hepatocytes. 
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Introduction 

Regulation of cellular pH within a narrow range is cru- 
cial for the maintenance of normal metabolic activity, 
and small shifts of pH can act as intermediate signals in 
the initiation of a number of processes [16]. Control of 
cytosolic pH is considered to require the interaction be- 
tween a number of transport processes and ionic gradi- 
ents at the plasma membrane. In the hepatocyte, a pri- 
mary role is believed to be played by the amiloride- 
sensitive Na+/H + exchanger [11], which becomes 
activated to extrude protons when cytosolic pH falls [23]. 
While current work emphasizes events at the plasma 
membrane, many cytoplasmic organelles participating in 
the intracellular membrane traffic maintain characteristic 
internal pH values more acidic than the cytosol. They do 
so by active accumulation of H § by the vacuolar adeno- 
sine triphosphatases (V-ATPases) of their membranes [7, 
18, 26]. In the intact cell, the protons so taken up must 
be derived from the cytosol and it would therefore seem 
that the V-ATPases must contribute in some measure to 
the maintenance of cytosolic pH. There is indirect evi- 
dence for this in that Hep 2 cells subjected to hypotonic 
shock [ 17] and cultured hepatocytes depleted of ATP [4] 
showed acidification of the cytosol concomitantly with 
alkalinization of organellar contents. The latter case, in 
particular, suggests that inhibition of V-ATPase for lack 
of its substrate could have been the cause. 
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That V-ATPases do contribute to regulation of cy- 
tosolic pH has been demonstrated in cells where these 
enzymes occur in the plasma membranes, namely pro- 
ton-secreting epithelia [2, 13, 20, 24, 28] and macro- 
phages [14, 29]. However, the role of the V-ATPases 
has not been directly studied in the hepatocyte, a cell 
which does not appear to have V-ATPase in the plasma 
membrane [26] so that any effect would therefore most 
likely be due to an action at the organellar membranes. 

The work described here examined the possible role 
of H + transport by V-ATPase in the regulation of cyto- 
solic pH in hepatocytes by making use of two of its 
characteristics: (i) modulation of H § transport by CI-, 
which is cotransported via a specific channel [9, 32, 40, 
42]; (ii) inhibition by N O 3 -  , which acts competitively 
with CI- [32, 41]. Possible interaction with the Na/H 
exchanger was examined by its inhibition with amiloride 
and ouabain, while contributions from HCO3--dependent 
systems were eliminated by using media lacking this 
anion. The results are consistent with a contribution of 
the V-ATPases to pH control and suggest that over a 
certain range of intracellular pH the V-ATPase and Na/H 
exchanger activities are complementary. Some of this 
work has been published in abstract form [35, 36]. 

Materials and Methods 

MATERIALS 

Ouabain, amiloride, 4-(2-hydroxyethyl)-l-piperazine ethanesulfonic 
acid (HEPES), Na-gluconate, nigericin, gramicidin, collagenase (Type 
IV), 5,5-dimethyl-2,4-oxazolidinedione (DMO), fluorescein isothio- 
cyanate-dextran (average mol. wt. 71,200; FITC-dextran) and 
rhodamine B isothiocyanate-dextran (RBI-dextran) were purchased 
from Sigma Chemical (St. Louis, MO). The acetoxymethyl ester of 
2',7'-bis-(2-carboxyethyl)-5(and 6)-carboxyfluorescein (BCECF) and 
Oxonol V were purchased from Molecular Probes (Eugene, OR). 14C- 
DMO and 36C1 were from Amersham (Arlington Heights, IL). Bafilo- 
mycin A 1 was purchased from Professor K, Altendorf, Universit/it 
Osnabrtick, Germany. Concentrated stock solutions were prepared in 
dimethyl sulfoxide as follows: ouabain (400 mM), amiloride (400 raM), 
bafilomycin (1 mM), Oxonol V (5 raM), and BCECF (5 mM). Nigericin 
was prepared as a 10 mM stock in ethanol. 

CELL PREPARATION 

Male Sprague-Dawley rats (Zivic-Miller, Allison Park, PA), 150-200 
gin, were anesthetized with pentobarbital (35 mg/kg) and hepatocytes 
were isolated by collagenase perfusion [27]. The livers were perfused 
successively with: (1) a Ca2§ buffer (mM: 137 NaC1, 4.7 KC1, 2.0 
Na-phosphate, 0.6 MgSO 4, 10.0 HEPES, 1.0 EGTA, pH 7.4) and (2) a 
collagenase-containing buffer (mM: 126 NaCI, 6.7 KC1, 4.8 CaC12, 40 
HEPES, pH 7.6, collagenase 130 U/ml). The cells were finally sus- 
pended in (3) "HEPES-Ringer" (raM: 125 NaC1, 5 KC1, 1.2 CaC12, 1.0 
MgSO4, 2.0 Na-phosphate, 20 HEPES pH 7.4) to give an average 
density of 15-20 mg cell protein/ml, depending on the size of the rat. 
Initial cell viability, as determined by trypan-blue exclusion, was 
>90%. The medium used for experimental incubation of the cells was 
HEPES-Ringer or modifications of it where varying amounts of CF 
were replaced by equimolar amounts of NO 3- or gluconate. Where 
appropriate, control incubation media contained solvents at the same 
concentrations as media containing test agents. 

pH MEASUREMENTS 

Cytosolic pH 

This was usually measured by BCECF fluorescence changes, but in 
some experiments both 14C-DMO and BCECF were used to check the 
findings; both indicators gave comparable values for cytosolic pH and 
for pH changes (see Results). In each case, 2.5 ml cell suspension plus 
2.5 ml HEPES-Ringer (or a modification of it, see above) were incu- 
bated in a 50 ml plastic Erlenmeyer flask which was gassed lightly with 
02 and gently agitated in a water bath at 37~ at intervals over a period 
of up to 3 hr, aliquots were taken for experimental studies. Trypan blue 
exclusion was checked periodically to ensure a minimum of 85% via- 
bility. 

For observations with DMO, cells in the flask were equilibrated 
for 20 min with laC-DMO (0.5 m s ,  0.5 ~t Ci/ml) after which test agents 
were added and incubation continued as indicated in Results. Samples 
of the suspension (0.5 ml; approx. 10-15 mg protein) were centrifuged 
at 1,500 x g for 5 sec and aliquots of supernatant and cell pellets were 
then used for liquid scintillation counting of 13 emission, with correc- 
tions for quenching and background. Total pellet water was obtained 
as the difference between wet and dry weights (after drying at 105~ 
and extracellular water was determined with inulin assayed chemically 
[12]; values for intracellular water were obtained by difference. Cyto- 
solic pH was calculated following Pollock [21]. 

For measurements with BCECF, cells in the flasks (see above) 
were equilibrated with 5-10 BM BCECF. A loading time of 30 rain 
gave the maximum fluorescence signal. Samples of the cell suspension 
(0.5 ml) were transferred to a cuvette in the fluorimeter (Perkin-Elmer, 
model 203). Fluorescence emission at 530 nm was monitored upon 
excitation at 500 nm (pH-dependent wavelength) with periodic, brief 
(5-10 sec) measurements at 440 nm (pH independent). After stable 
baseline values were obtained (5-10 rain), the chosen test conditions 
were initiated and measurements continued, pH was determined by 
comparing the ratio of fluorescence emitted upon excitation at the two 
wavelengths, 500/440, with a calibration curve prepared by adding 
cells to a high K + modification of the HEPES-Ringer (120 mM K + 
replacing Na +) with varying pH and containing 1 I.tM nigericin [30, 31]. 
pH was adjusted with 10 N NaOH or 1 N HC1 to give pH 6.5, 7.0, 7.2 
and 7.4. Acid loading of cells equilibrated with BCECF was done by 
gassing the incubation flask with 5% CO 2 for 2 rain. Cells were then 
centrifuged (1,500 x g for 5 sec) and returned either to control HEPES- 
Ringer or its modifications as noted in Results. This transfer procedure 
was completed in 20-30 sec. 

Vesicular pH 

Hepatocytes were loaded with FITC-dextran and RBI-dextran (0.5 mg/ 
ml each), following Geisow [8]. Cells were incubated in HEPES- 
Ringer with the two markers for 40 min at 25~ followed by a 10 min 
chase. This was sufficient time for the measured pH to reach 4.5-5.5 
which is representative of the pH reported for endosomes [5]. FITC- 
dextran demonstrates pH-dependent fluorescence changes using the 
wavelengths, excitation 490 nm, emission 530 nm; rhodamine shows 
pH-independent fluorescence at excitation 550 nrrdemission 580 nm. 
FITC-dextran fluorescence decreased as pH decreased while RBI- 
fluorescence remained virtually constant during the experiment; the 
excitation ratio 490/550 nm therefore provided a measure of pH 
changes. A calibration curve for this ratio was prepared by incubating 
loaded cells for 10 nfin in HEPES buffers of varying pH (4.5-7.4) 
containing 1 gM monensin to allow equilibration of vesicular pH with 
the extracellular buffer [8]. 

In control experiments, cells were added to a HEPES buffer of pH 
6.5 to check that the FITC-dextran was located inside the vesicles and 
not in the cytosol or extracellularly. The absence of a rapid decrease in 
the fluorescence ratio, 490/550 nm, upon transfer from pH 7.4 to 6.5, 
sugges t s  a specific,  in t raves icular  local izat ion for this dye. 
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Fig. 1. Concentration-dependent 
nitrate-induced acidification measured by 
BCECF fluorescence in a series of assays from 
a single preparation of hepatocytes; (a) 37.5 
mM NO 3- (b) 75 mM NO3-. The fluorescence 
emitted at 530 nm was recorded continuously 
upon excitation at 500 nm (upper trace), with 
occasional brief readings at 440 nm (points 
noted on lower line). (c) Ratio of fluorescence 
intensity, 500/440 nm, at each of four 
incubations with different concentrations of 
NO3-. For further details of the procedure and 
calibration method, see text. The  cells were 
incubated initially in the HEPES-Ringer, to 
establish control readings. At the arrows, the 
cells were introduced into media containing 
NO 3- at the concentrations indicated. 

Time (min) 
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Table 1. Concentration dependence of the nitrate-induced cytosolic acidification as determined by (A) BCECF fluorescence and (B) 14C-DMO 
distribution 

Control pH Nitrate Minimum pH ApH N pa 
(mM) after nitrate added 

(A) BCECF measurements b 
6.67 _+ 0.11 12.5 6.62 + 0.12 -0.04 _+ 0.02 11 >0.05 
7.01 _+ 0.15 16.0 6.90 _+ 0.17 -0.11 +_ 0.04 17 <0.05 
7.06 + 0.09 25.0 6.83 +_ 0.08 -0.23 + 0.03 39 <0.001 
6.91 _+ 0.12 37.5 6.70 _+ 0.13 -0.20 _+ 0.09 13 0.05 
6.93 _+ 0.15 50.0 6.93 _+ 0.14 -0.01 + 0.05 17 >0.05 
6.72 + 0.13 75.0 6.82 _+ 0.15 0.05 + 0.04 13 >0.05 

(B) DMO measurements ~ 
7.29 +_ 0.046 12.5 7.36 _+ 0.09 0.078 _+ 0.12 5 >0.05 

16.0 7.18 +_ 0.13 -0.112 + 0.075 5 >0.05 
25.0 6.95 _+ 0.19 --0.382 + 0.15 5 <0.05 
75.0 7.50 +_ 0.12 0.167 _+ 0.064 5 >0.05 

a Probability of significance of difference between control and nitrate-treated ceils, determined by paired t-test. 
b For BCECF measurements, the pH of each sample of cells was first determined in control (135 mM CI-) medium. The cells were then transferred 
to medium in which one of the concentrations of NO 3- replaced an equal amount of CI-. The fluorescence traces were then followed continuously, 
and the minimum value of pH was determined; the minimum was always attained within 2 rain (cf Fig. 1). 

For DMO measurements, all cells were first incubated in control medium, and a sample was taken for determination of control pH. From the 
suspension remaining in the control flask, a sample of cells was transferred to media at each of the four concentrations of NO 3- indicated, and 
aliquots were then taken at intervals for determination of the minimum pH value. Thus, in this protocol, a single control sample was obtained for 
each set of determinations with NO 3- concentrations. 

MEMBRANE POTENTIAL 

Cells were equilibrated with the fluorescent dye, Oxonol V, at 5 gM 
[10]. Fluorescence was measured at 620 nm upon excitation at 580 rim. 
The potential (Em) was determined from a calibration curve prepared 
by increasing the medium K + in steps of 15 mM until a plateau of 
fluorescence was reached, indicating complete depolarization. Gram- 
icidin was present to allow K + to equilibrate across the plasma mem- 
brane. The membrane potential was then calculated from the Nernst 
equation. 

OTHER ASSAYS 

Influx of C1- was determined by adding 0.5 gCi 36C1 to 5 ml cell 
suspension. Ouabain or nitrate was introduced at the same time as the 
tracer to determine their initial effects on influx rate. Cells were then 
processed as described in the section on DMO. Cells were routinely 
assayed for K + by emission flame photometry and for ATP enzymically 
[381. 

Results 

EFFECTS OF NITRATE ON CYTOSOLIC AND VESICULAR pH 

To determine whether V-ATPases contribute to cytosolic 
pH regulation, the effects of different concentrations of 
NO3-, an inhibitor of V-ATPase in isolated organelles, 
were tested in the intact hepatocytes, Figure 1 shows 
representative responses of BCECF fluorescence, all 
from the same preparation of cells. Figure la  and b 

show the pen tracings (upper line) of the fluorescence 
emitted at 530 nm in response to excitation at the pH- 
sensitive wavelength, 500 nm; the periodic breaks in the 
trace are points at which the excitation wavelength was 
briefly (approx. 10 sec) altered to the pH-insensitive 
wavelength, 440 nm (shown as points on the lower line). 
The tracings show a short section of the initial, control 
fluorescence when the cells were in the HEPES-Ringer 
solution with 132.4 rnM C1-. The cells were then trans- 
ferred to media with some of the CF replaced by NO3-, 
37.5 mM (Fig. la) or 75 rnM (Fig. lb), and recording was 
started again within 20-30 sec. Fluorescence excited at 
440 nm showed little response to the presence of NO 3- 
but the pH-sensitive fluorescence trace at 37.5 naM NO 3- 
showed a profound, initial decrease of pH which was 
followed by a slower recovery to the baseline (Fig. la). 
By contrast, at 75 m~ NO 3- there was little change of 
fluorescence (Fig. lb). The ratio of fluorescence excited 
at 500 nm to that at 440 nm in these two experiments, 
together with others at 25 and 16 rnM NO3-, are shown in 
Fig. lc. With this particular preparation of cells, the 
maximum change of pH was seen with 37.5 mM NO3-, 
but the concentration for peak acidification was some- 
what variable between preparations. In an extensive se- 
ries of experiments the initial acidification was maximal 
at 25-37.5 mM NO 3- and absent at higher concentrations 
(Table 1A). The time to maximal acidification varied 
somewhat in different experiments but was always com- 
pleted within 2 rain. Analogous experiments in which 
cytosolic pH was determined from the distribution of 
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Table 2. Vesicular pH after addition of nitrate a 

Nitrate pH before ApH after N pb 
(raM) nitrate addition 

of nitrate 

0 5.06 _+ 0.26 4 
(control) 

25 5.14 + 0.26 0.077 ___ 0.011 4 <0.01 
37.5 5.21 _+ 0.28 0.15 _+ 0.024 4 <0.01 
50 5.25 + 0.23 0.18 --- 0.043 4 <0.05 
75 5.09 + 0.23 0.035 -+ 0.052 4 >0.05 

pH was measured with FITC-dextran. Cells were preincubated in 
HEPES-Ringer (132.4 mM CF) before being transferred to media in 
which HEPES-Ringer was modified by substituting the indicated con- 
centrations of nitrate for equal concentrations of CI-. 
b Significance of differences compared with control, determined from 
paired t-test. 

~4C-DMO showed a similar pattern of results, although 
no measurements were made at 37.5 and 50 rnM NO 3- 
(Table 1B). 

The initial cytosolic acidification at the lower con- 
centrations of NO 3- is consistent with an inhibition of 
V-ATPase and consequent reduction of proton removal 
from the cytosol. This conclusion is corroborated by 
measurements of vesicular pH, using FITC-dextran (Ta- 
ble 2). Nitrate caused a statistically significant alkalin- 
ization of the vesicles at 16-50 raM, with maximal effect 
at the same concentration range (25-37.5 rnM NO3- ) as 
that giving maximal acidification of the cytosol. Fur- 
thermore, NO 3- had no effect on vesicular pH at 75 rnM, 
again corroborating the observations on cytosolic pH. 

Some experiments were done to test whether NO 3- 
had effects other than the inhibition of vesicular proton 
transport. Levels of ATP one minute after exposure to 
25 mM NO 3- were equal to those of control cells and 
tended to be higher than controls after longer times (Ta- 
ble 3). This is consistent with the inhibition of ATP 
consumption by an ATPase, as seen also when ouabain 
inhibited Na-K transport (Table 3). Nitrate, however, 
did not inhibit the Na-K transport for it failed to reduce 
K + content at 25 or 75 mM (not shown). The mean cel- 
lular water content 1 min after transfer to 25 rnM NO 3- 
was 5.49 _+ 0.60 gl/mg dry wt (n = 6), a value somewhat 
(but not significantly) higher than that of control cells, 
3.49 _+ 0.28 gl/mg (6). However, the former value re- 
mained constant for at least the first 10 min treatment 
with NO3-, during which the initial cytosolic acidifica- 
tion and subsequent recovery were completed, so that 
volume changes appear not to account for the pH 
changes. Only after 30 rain with NO 3- was there a sub- 
stantial increase of cell volume, to a value of 9.88 + 3.50 
gl/mg, compared to 3.80 + 0.51 gl/mg in control cells. 
Lastly, neither 25 nor 50 mM NO3- affected the plasma 
membrane potential after 5 min (see below). There is, 
therefore, little or no indication that the pH changes pro- 

duced by NO 3- are due to anything but inhibition of 
vesicular H + accumulation. 

The slower (10-15 min) recovery of the cytosol 
from the initial acidification (Fig. 1, a,c), in the contin- 
ued presence of NO3-, was markedly sensitive to 
amiloride. In the experiments of Table 4, recovery from 
the acidification caused by 16 rnM NO 3- was completely 
absent while at 25 ~ recovery occurred, but more 
slowly. Thus, the removal of the excess protons retained 
in the presence of NO 3- was at least largely due to the 
Na/H exchange at the plasma membrane. Moreover, 
amiloride enhanced the initial, nitrate-induced acidifica- 
tion (Table 4, ApH), suggesting that in control conditions 
both V-ATPase and Na/H exchange contribute to re- 
moval of protons from the cytosol. 

The reason for the absence of an initial cytosolic 
acidification and of vesicular alkalinization in the pres- 
ence of higher concentrations (50-75 raM) of nitrate is 
less obvious. It is probably due to the ability of NO 3- to 
substitute for C1- as a counter-ion for H + transport (see 
below). 

EFFECTS OF BAFILOMYCIN 

At concentrations up to 1 gM, bafilomycin A 1 is a spe- 
cific inhibitor of the V-ATPase of isolated organelles [3], 
phagosomes in intact macrophages [15, 29] and plasma 
membranes of renal and alveolar epithelial cells [13, 20]. 
However, at concentrations of 5 ~tM and above it also 
inhibits Na-K ATPase in isolated plasma membranes [3]. 
It was tested on the intact hepatocytes at concentrations 
of 1.0-50.0 gM and in no case did it have a significant 
effect on cytosolic pH (Table 5A). By contrast, at 4 and 
8 gM it increased vesicular pH by 0.12-0.5 units (Table 
5B), a result consistent with the expected inhibition of 
endosomal V-ATPase. However, already at 1 gM there 
were indications that it affected cell K + content and at 10 
gM and above it caused a significant loss of K § (Table 
5A), consistent with inhibition of Na-K ATPase activity. 
These latter findings show that, at least in intact hepato- 
cytes, the concentrations of bafilomycin required to in- 
hibit vesicular V-ATPase have a less specific effect than 
NO 3- does. Its failure to acidify the cytosol may there- 
fore be a consequence of secondary ionic exchanges. 

EFFECTS OF OUABAIN ON CYTOSOLIC pH 

Ouabain could affect pH regulation by either of two ef- 
fects. Its primary action, to inhibit the coupled transport 
of Na + and K § (Na-K transport), is expected to reduce the 
activity of the Na/H exchanger, so causing cytosolic 
acidification. A secondary consequence of the inhibition 
of Na-K transport in liver cells is a net retention of C1- 
[25,34]. The consequent increase of cytosolic C1- could 
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Table 3. Effects of incubation time and various agents on the ATP content of hepatocytes a 

Agents [C1-]o 
mM 

t in presence of agents (min) 

1 10 30 120 

Control 132 2.5 • 0.3 1.6 • 0.4 2.1 + 0.5 
Ouabain 0.5 mM 132 2.3 • 0.9 1.9 • 0.3 3.2 • 1.0 
Nitrate 25 mM 107 2.4 _+ 0.6 2.4 + 0.6 3.2 • 0.8 
Gluconate 25 ms 107 2.4 _+ 0.8 3.0 -2_ 0.9 2.0 • 0.6 
NO 3- + Ouabain 107 2.7 • 0.5 2.0 • 0.3 3.3 b 
Amiloride 1 mM 132 3.5 b 3.8 b 

1.74; 3.18 b 

"Cells were preincubated in HEPES-Ringer (132 mM C1-) and then transferred to Erlenmeyer flasks under the conditions noted. Samples were taken 
for ATP analysis at intervals. For further details of incubation conditions and ATP analysis, see Materials and Methods. Each value is the mean • 
SEM of four samples, except as noted below. 
b Single samples. 

Table 4. Effect of amiloride on nitrate-induced acidification" 

Preincubation pH after Nitrate ApH after c Final pH d (n) 
preincnbation b (mM) nitrate 

Control 6.75 + 0.28 16.0 -0.09 +- 0.08 6.76 + 0.27 (4) 
Amiloride e 6.71 • 0.22 16.0 -0.22 + 0.02 6.40 +_ 0.26 (4) 

Control 6.83 _+_ 0.24 25.0 -0.15 + 0.04 6.81 + 0.22 (8) 
Amiloride e 6.84 ! 0.21 25.0 -0.25 • 0.05 6.81 +_ 0.20 (8) 

a Cells were preincubated for 15 min in HEPES-Ringer either without (control) or with 0.25 m~ amiloride; during this period, any acidification due 
to am•177 was completed. Cells were then transferred to Ringer with 16 or 25 mM nitrate substituted for CI- (see Materials and Methods) either 
without or with amiloride and incubation continued for a further 15 rain. pH values are given as mean + SEN. bpH of cells at completion of 
preincubation. ~ change of pH after transfer to nitrate medium (attained within 2 min of transfer), apH 15 rain after transfer to nitrate 
medium, eAmiloride was present throughout preincubation and subsequent incubation in nitrate medium. 

stimulate the V-ATPases, resulting in enhanced uptake 
of cytosolic H + into organelles. The initial consequence 
of treatment with ouabain was indeed a concentration- 
dependent, transient alkalinization of the cytosol. Figure 
2 shows results from a single preparation of cells; Fig. 2a 
is the tracing of a response to 0.5 rnM ouabain while Fig. 
2b shows the changes of fluorescence ratio (500 nm ex- 
citation/440 nm) at 0.1, 0.25 and 0.5 n ~ ;  Table 6A sum- 
marizes results from a large series of experiments. The 
time to maximal alkalinization varied from approxi- 
mately 20 sec (the time required to obtain the first read- 
ing after ouabain addition) to 2 min after addition. The 
peak alkalinization was always followed by a return to 
the baseline pH within 2-3 min. These rapid changes 
were not accompanied by significant changes of ATP 
content compared to control cells (Table 3). Similar re- 
sults were obtained when cytosolic pH was determined 
with DMO (Table 6B). Support for an increased V- 
ATPase activity as the mechanism underlying the oua- 
bain-induced alkalinization comes from two observa- 
tions. First, addition of 1 rnM ouabain and 36C1 simulta- 
neously to the cells showed that ouabain stimulated the 
influx of the CI- by approximately 50% (P < 0.05) in the 
first minute, a time coinciding with the transient alkalin- 
ization, but not after 5 and 10 min (not shown). Second, 

25 rng NO 3- eliminated the ouabain-induced alkaliniza- 
tion measured both by BCECF (Fig. 2c; Table 6B) and 
DMO (Table 6C). This was the case whether the 25 rnM 
nitrate was substituted for an equal amount of C1- (leav- 
ing 107.4 rnM) or added to the full HEPES-Ringer (not 
illustrated). 

However, a number of observations indicate that 
ouabain also caused the expected inhibition of H + extru- 
sion by the Na-H exchanger. (i) The cytosolic alkalin- 
ization was rather rapidly reversed (Fig. 2). (ii) In a 
number of the experiments of Table 6, the highest con- 
centrations of ouabain caused some acidification (by 
0.02-0.25 pH units) rather than alkalinization. This was 
the case in 5 of the 37 experiments with 0.5 n ~  ouabain 
and 5 of the 12 with 1 rnM ouabain. Both points (i) and 
(ii) suggest that a more complete inactivation of Na-H 
exchange (either by more prolonged exposure to, or 
higher concentrations of, ouabain) led to a retention of 
H § which exceeded its removal by V-ATPase. (iii) In the 
presence of 25 rrtM NO3-, ouabain not only failed to 
cause the alkalinization (Fig. 3c) but sometimes led to a 
sustained acidification which was not reversed (not 
shown). It is concluded that ouabain had both the effects 
suggested above but that, at least immediately after ad- 
dition of ouabain, the stimulated activity of V-ATPases 
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Table 5. Effects of bafilomycin A 1 on cytosolic pH, vesicular pH and 
cellular K + content a 

Bafilomycin 
(~M) 

(A) Cytosolic pH and cellular K + content a (n) 

K + content pH before pH with 
(mmolfkg. bafilomycin bafilomycin 
dry wt) 

Control 210 _+ 56 (8) 
1.0 186_+ 11 7.20_+0.14 7.26_+0.12 (3) 
5.0 216+27  7.10_+0.26 7.41 -+0.22 (3) 

10.0 165-+12 6.71_+0.42 6.76_+0.47 (5) 
25.0 145 _+ 42 7.04 _+ 0.22 7.06 _+ 0.26 (5) 
50.0 87_+20 7.18_+0.20 7.22_+0.16 (5) 

(B) Vesicular pl-I b 

Control pH pH with bafilomycin 

4 pM 8 gM 

4.51 ~ 4.62 4.67 
5.74 5.76 5.86 
5.85 6.35 

a Cells were loaded with BCECF during incubation in flasks. Samples 
were transferred to fluorimeter cuvettes, and pH was determined before 
and after addition of bafilomycin A~ to the final concentrations indi- 
cated. Bafilomycin was added to other flasks incubated in parallel with 
those used for fluorimetry; 20 rain after the addition, cell samples were 
taken for K + analysis, bprocedures as for A, except that cells were 
loaded with FITC-dextran and RBI-dextran instead of BCECF. CResults 
are single observations from three separate experiments. 

was great enough to counteract the accumulation of H + 
resulting from inhibition of the Na-H exchanger. 

COMPARISON OF NITRATE AND GLUCONATE 

In many of the experiments described so far, NO 3- was 
introduced as a substitute for an equimolar amount of 
C1-. It is possible that the observed effects could have 
been due in part to the effect of the reduced CI- concen- 
tration on V-ATPase activity. To test this, and also to 
determine whether the ability of NO 3- to permeate mem- 
branes [39] was a factor, a comparison was made of 
N O  3-  and the nonpermeant anion, gluconate. At 25 raN, 
both nitrate and gluconate substituted for chloride pro- 
duced a cytosolic acidification of similar magnitude, but 
whereas (as described above) the nitrate-treated cells re- 
covered from this acidification within 10-15 min, those 
treated with gluconate did not (Table 7). Moreover, glu- 
conate produced a marked acidification at all concentra- 
tions up to 75 rnM (Table 7), in contrast to NO 3- (Tables 
1 and 7). This suggests that, at high concentrations, 
N O  3-  may effectively substitute for C1- as the counter- 
ion for H § transport, so relieving its own inhibition of the 
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V-ATPase, whereas the membrane-impermeant glu- 
conate ion cannot. 

Gluconate also differed from NO 3- in three other 
respects: (i) At 25 mM, gluconate failed to eliminate the 
ouabain-induced alkalinization (Table 8). (ii) Gluconate 
at 25 mM did not conserve cellular ATP levels (Table 3). 
These two observations point to a direct inhibition of the 
V-ATPase by N O  3-  which is not due to reduced C1-. 
(iii) In measurements using the fluorescent dye, Oxonol 
V, plasma membrane potential was not significantly af- 
fected 5 min after transfer from the full HEPES-Ringer 
to media in which 25 or 50 mM CI- was replaced by 
NO 3- or gluconate. However, 75 rnM gluconate induced 
a threefold greater increase of fluorescence intensity 
(+17 _+ 3%) than 75 mM NO 3- (+5.5 -+ 2.2%), indicative 
of a more marked depolarization in gluconate-containing 
medium. This is to be expected when intracellular chlo- 
ride leaks from the cell in response to the 50-60% re- 
duction of medium C1- and cannot be replaced by entry 
of the impermeant gluconate. By contrast, equilibration 
of the permeant NO 3- would compensate for any C1- 
loss. 

These data appear to indicate that in experiments 
substituting NO3- for an equivalent amount of CI-, the 
effects of NO 3- are only partially attributable to the cor- 
responding reduction of medium CI-, while most are due 
to a direct inhibition at the V-ATPase. Two other find- 
ings support this. First, 25 rnM NO 3- substituted for C1- 
did not reduce the initial influx of 36C1 across the plasma 
membrane (not shown). Second, a series of experiments 
in which 25 ham NO 3- or gluconate were added to the full 
HEPES-Ringer (132.4 mM C1-) caused acidifications 
similar to those noted above; the cytosolic pH fell by 
0.33 + 0.08 (4) pH units in response to nitrate and by 
0.23 _+ 0.10 (4) when gluconate was added. In addition, 
cell water contents in gluconate (e.g., after 1 min, 5.05 _+ 
0.60 gl/mg dry wt) did not differ significantly from those 
of nitrate-treated cells (mean 5.49 gl/mg, see above). 

pH DEPENDENCE OF THE V-ATPase 

The sensitivity of the V-ATPase to intracellular pH was 
examined by adding cells to media of differing pH (pHe 
ranging from 6.0-8.0), with and without 25 rnM nitrate, 
using BCECF. The effect of 25 mM NO 3- on the change 
of cytosolic pH (pHi) at each level of pHe was deter- 
mined. In each individual assay, the pH i was determined 
first in the standard Ringer medium with pHe 7.4 (Table 
9, columns 1 and 4) and then after transfer to an exper- 
imental medium of different pHe without (column 3) or 
with (column 5) 25 naM NO3-; in either case the change 
of pH i was noted (i.e., for controls, column 1 minus 
column 3; for nitrate, 4-5). The transfer to media with or 
without nitrate was made alternately in consecutive as- 
says with cells of the same preparation. The difference 
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Fig. 2. Concentration-dependent ouabain-induced alkalinization and effect of nitrate. (a) Representative tracing showing effects of 0.5 mM ouabain, 
added at arrow. (b) Effects of different concentrations of ouabaln on three samples from the same preparation of hepatocytes, showing the ratio of 
fluorescence intensities upon excitation at 500 and 440 nm. (c) Fluorescence ratios upon addition of 0.5 mM ouabain in the presence of 25 mM NO 3- 
(upper trace) and its absence (lower trace). Addition of ouabain indicated by the arrows. 

Table 6. Concentration dependence of ouabain-induced alkalinization and effects of nitrate a 

Control pH Ouabain Maximum pH ApH P n 
(mM) 

(A) Ouabain titration; BCECF measurements 
6.84 _+ 0.27 0.10 
7.19 _+ 0.17 0.25 
6.93 _+ 0.09 0.50 
6.69 + 0.11 1.0 

(B) Effect of nitrate; BCECF measurements 

6.98 + 0.25 0.14 + 0.06 >0.05 6 
7.30+0.14 0.11 +0.07 >0.05 9 
7.14 +- 0.07 0.20 -+ 0.04 <0.001 37 
7.03 -+ 0.20 0.34 + 0.13 <0.05 12 

7.11 + 0.15 0.5 7.43 + 0.17 0.32 + 0.09 <0.01 9 
6.99 + 0.11 0.5 + N03 b 6.87 + 0.10 -0.13 + 0.04 <0.05 9 

(C) DMO measurements 
7.27 + 0.03 1.0 7.46 +_ 0.04 0.19 + 0.05 0.01 6 
7.29 +- 0.05 1.0 + NO3 b 7.14 + 0.11 --0.15 +- 0.09 >0.05 6 
7.23 -+ 0.07 1.0 + NO3 ~ 7.20 -+ 0.08 -0.034 + 0.10 >0.05 5 

a For measurements with BCECF, pH values were followed for 5-10 min in HEPES-Ringer. After addition of ouabain, the maximum pH was 
attained between 0.5 and 2 min. For measurements with DMO, cells were loaded for 20 min either in HEPES-Ringer or in the medium with 25 mM 
NO 3- substituted for the same concentration of CI- (see Materials and Methods); samples were then assayed for the "control" pH. Ouabain was 
then added, and samples were taken 1 rain later; time course studies with DMO showed that this was the mean time for maximum alkalinization 
(not shown), b25 mM nitrate present throughout incubation, c25 mM present during last 60 sec of the preincubation. 

b e t w e e n  these  values,  (1 -3 )  - (4 -5 )  = ApHv,  was  taken 

to indicate  the cont r ibu t ion  o f  V - A T P a s e  to the main te-  

nance  o f  p H  i. W h e n  the m e d i u m  pH was  6 .0-6 .5 ,  the 

cy toso l  in contro l  cells  was  sl ightly m o r e  alkaline than 

the m e d i u m  (pHi 6 .6-6 .7 ;  Table  9, co lumn  3) and 25 mM 
nitrate did not  cause  a s ignif icant  change  in this ( co lumn 

5), i.e., V - A T P a s e  s h o w e d  little act ivi ty co lumn  6). At  

pH~ 7.0 (pH i = 6.89 -+ 0.15), the d i f fe rence  o f p H  i in cells  

w i t h  and  w i t h o u t  n i t ra te  b e c a m e  m o r e  p r o n o u n c e d  

(ApH v 0.059 _+ 0.042; Table  9, co l u mn  6) and at pH~ 7.4 

(pH i 7.3 + 0.11) the d i f fe rence  b e t w e e n  contro l  and ni- 

t ra te- t reated cells  was  max ima l  (ApHv 0.095 + 0.040). 
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Fig. 3. Representative BCECF tracings of acid loading followed by recovery in either control or nitrate (25 raM) media. The figure illustrates two 
samples of cells from the same preparation of hepatocytes. Lines A and B are fluorescence tracings at 500 nm excitation from cells in the C1- medium 
or 25 mM NO 3- medium, respectively. Lines C (control) and D (nitrate) show the ratio of fluorescence intensities at 500 and 440 nm. The first part 
of each line illustrates the initial pH for both the control and nitrate (25 raM) treated cells. The latter were pretreated with 25 mM nitrate for 15-20 
rain to allow the nitrate-induced acidification as well as recovery from this acidification to be completed. Acid loading was then carried out by 
gassing with 5% CO 2 for 2 min, with consequent fall both of the fluorescence intensity at 500 nm and of the ratio. The recovery was then followed 
for 15 min after restoration to HEPES-Ringer with or without nitrate. Rates of recovery for five such experiments are presented in Table 11. The 
figure suggests possible regions in which the Na/H exchanger (a.) and V-ATPase predominate (b.). See text for further explanation. 

Table 7. Comparison of effects of nitrate and gluconate on cytosotic 
pH a 

Table 8. Initial effect of ouabain on cytosolic pH in media with 25 mM 
NO 3 or gluconate 

Experimental ApH in response to experimental anion Experimental pH before pH after ApH 
anion (raM) anion (25 mM) ouabain ouabain 

NO 3- Gluconate addition (1 raM) 

25 ~0.28 _+ 0.05 ( 1 4 )  b -0.28 - 0.04 (14) Control 
37.5 ~0.10 (2) b -0.45 _+ 0.12 (3) (132.4 mM C1-) 7.20 _+ 0.34 7.34 _+ 0.28 
50 -0.10 _+ 0.08 (7) -0.17 _+ 0.10 (7) Nitrate (25 mM) 6.97 + 0.25 6.71 + 0.26 
75 +0.16 (2) --0.47 (2) Gluconate (25 raM) 7.07 --+ 0.32 7.20 _+ 0.31 

0.14 _+ 0.06 
-0.23 _+ 0.012 

0.13 + 0.017 

a pH was measured with BCECF. Cells were preincubated in HEPES- 
Ringer (132.4 mM C1-) before being transferred to media in which 
HEPES-Ringer was modified by substituting the indicated concentra- 
tions of anion for equal concentrations of C1 . Values are mean _+ SEM 
(n) for the maximum change of pH (ApH) following the introduction of 
the experimental anion, bThis initial acidification upon NO 3- addition 
was followed by a return to the initial pH pertaining in the original 
HEPES-Ringer, in contrast to the unreversed acidification noted with 
all concentrations of gluconate (see text). 

Thus, as the cytosolic pH decreased below 7.3, the ni- 
trate-inhibitable V-ATPase became progressively less 
active. A similar pH dependence of V-ATPase activity 
has been noted with isolated organelles [1, 39]. 

pH measured with BCECF. Cells were preincubated for 10 min either 
in the HEPES-Ringer or in media in which 25 mM NO 3- or gluconate 
were substituted for an equal concentration of CI-. The pH values 
shown are those noted before, and 1-2 rain after, addition of 1 mM 
ouabain. (n = 3). Values are mean _+ SEN (n = 3 in each case). 

AcID LOADING 

Cells were subjected to an acid load by gassing with CO 2 
(see Materials and Methods) and then returned to a "re- 
covery medium" of the control HEPES-Ringer with or 
without ouabain or 25 mM NO3-. In the last case, the 
cells were pretreated with nitrate and allowed to recover 
from the nitrate-induced acidification (cf Fig. 1), before 
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Table 9. pH dependence of the nitrate-inhibitable V-ATPase ~ 
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(1) (2) (3) (4) (5) (6) 
pH i at pHe pH i pHi at Min. pHi + Nitrate- 
pHe 7.4 at pHe pile 7.4 nitrate inhibited 
(control) (control at pH~ ApH v 

before NO3) 

P (n) 

7.39 _+ 0.16 6.0 6.58 _+ 0.13 7.38 _+ 0.15 6.61 +_ 0.16 -0.032 _+ 0.044 >0.05 4 
7.30 _+ 0.16 6.5 6.74 _+ 0.21 7.25 _+ 0.18 6.70 _+ 0.21 0.020 _+ 0.031 >0.05 7 
7.19 _+ 0.11 7.0 6.89 _+ 0.15 7.26 _+ 0.14 6.89 _+ 0.16 0.059 _+ 0.042 >0.05 8 
7.31 _+ 0.11 7.4 7.30 _+ 0.11 7.42 _+ 0.09 7.23 _+ 0.11 0.095 + 0.04 <0.05 10 
7.58 _+ 0.21 8.0 7.55 +_ 0.22 7.68 _+ 0.21 7.55 _+ 0.19 0.056 _+ 0.055 >0.05 7 

For description of the experimental procedure, see  text. Columns (1) and (4) give the pH i values at the control pH~ of 7.4. Column (4) is the value 
before addition of nitrate. Column (2) is the pHe for columns (3) and (5). Column (3) shows the pH i the cells can attain at the given pHe without 
nitrate. Column (5) shows the minimum pH obtained after addition of nitrate. Values for column (6) were obtained as follows: 
ApH v (nitrate-inhibitable V-ATPase) = [pH i (at pHe 7.4) - pH i (at pile)] - [pH i (at pH e 7.4 before NO3) - min. pH i (at pH e + NO3)]; 
i.e., as columns: 6 = [1 - 3] - [4 - 5]. 

Table 10. Effects of nitrate and ouabain on recovery from acid loading a 

Medium ApH after Recovery medium ApH during 
before CO 2 pulse recovery 
CO2 pulse for 15 min 

%Recovery (n) 

HEPES -1.14 _+ 0.13 HEPES 0.59 -+ 0.08 68.0 _+ 10.3 23 
HEPES ~0.62 + 0.09 HEPES + ouabain 0.06 _+ 0.03 13.4 _+ 6.4 6 
Nitrate (25 raM) -1.20 + 0.19 Nitrate (25 raM) 0.14 _+ 0.05 13.6 --+ 5,9 16 

Measurements of pH were made with BCECF. Experiments followed the pattern of Fig. 3. Cells were subjected to a pulse of CO 2 (5% in 95% 0 2 

for 2 min) and then transferred to fresh HEPES-Ringer at pH 7.4 modified where indicated. Ouabain was used at 0.5 mM. Values of pH were 
determined just before gassing, immediately after transfer to fresh medium and 15 rain later; the differences between these values are given as mean 
q- SEM. 

Table 11. Effects of nitrate on rates of recovery from acid loading 

Rate of recovery (ApH/min) 

First phase Second phase 
of recovery of recovery 

HEPES (control) 0.18 _+ 0.03 0.22 _+ 0.04 
Nitrate (25 raM) 0.048 _+ 0.03 0.01 + 0.01 

Recoveries from acid loading (increase in pH) for five experiments 
with control and corresponding nitrate-treated cells were used to cal- 
culate rates of recoveries for the two rapid phases of recovery (see Fig. 
3 and text for further details.) The methods followed those used in 
Table 10. 

the C O  2 pulse was given, to ensure separation of the 
recoveries from the two different causes of acidification. 
Fifteen minutes was chosen as the standard time for 
which to monitor recovery of pH. Results of a typical 
experiment are shown in Fig. 3 and summarized in Ta- 
bles 10 and 11. The gassing with CO 2 caused a mean 
decrease of 0.6-1.2 pH units in different experiments and 
control cells showed an average of 68% reversal of this 
change, expressed as percent pH units (Table 10). When 

ouabain (0.5 rnM) was present in the recovery medium, 
the recovery rate expressed as the change in pH units 
(ApH) was only 10% of that in controls, with the net 
recovery amounting to only 13% of the acidification. 
This indicates the considerable importance of the Na-H + 
exchanger for proton expulsion upon acid-loading. Ni- 
trate (25 mM) also inhibited the recovery, but the mean 
recovery rate as ApH in 15 min, presumably due to Na/H 
exchange, was double that in the presence of ouabain. 
Table 11 expresses the recovery from an acid load as the 
rate of pH increase for five control and corresponding 
nitrate-treated cells. Figure 3 and Table 11 show an in- 
dication of a biphasic recovery. Initially, a rapid rate of 
recovery occurred (presumably indicating rapid activa- 
tion of the Na/H exchanger), followed by a slowing of 
the rate of recovery (possibly due to the fall of Na/H 
exchanger activity as pH/ rises). This phase was then 
followed by a second increase in pH (possibly mediated 
by activation of the V-ATPase). In most experiments 
nitrate reduced and ouabain eliminated the first phase of 
recovery with no evidence of a second phase. These five 
experiments in Table 11 illustrate such an inhibitory ef- 
fect of nitrate on the first phase of recovery, although the 
degree to which nitrate inhibited the first phase of the 
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recovery was greater than predicted from the pH sensi- 
tivity of the V-ATPase (Table 9). Clearly, each of the 
two processes is important in the recovery, although the 
degree of interaction between the Na/H exchanger and 
V-ATPase appears to be more complex than expected. 

Discussion 

Most studies of the regulation of cytosolic pH in hepa- 
tocytes have emphasized the importance of transport sys- 
tems of the plasma membrane. Bicarbonate-dependent 
systems are believed to be of little importance in pH 
regulation in hepatocytes and were eliminated as a factor 
in our experiments by the use of HCO3--free media. 
Rather, the Na/H exchanger has been shown to account 
for 70% of the pH regulation in hepatocyte couplets [11], 
becoming active especially when cytosolic pH falls [23]. 
Results described above are in agreement with the im- 
portance of this system for they show that recovery from 
an acid load, whether as a presumed endogenous load by 
release of vacuolar protons (i.e., in the presence of ni- 
trate) or as an exogenous load (following acidification of 
the medium with CO2), is inhibited by amiloride or oua- 
bain. However, the principal inference from our results 
is that V-ATPase-dependent proton transport also plays a 
considerable role in these cells. This is indicated by the 
cytosolic acidification and vesicular alkalinization 
caused by moderate concentrations (16-37 mM) of nitrate 
and the effects on cytosolic pH of conditions that alter 
CI- content. The contribution of V-ATPases to pH reg- 
ulation increased as the pH of the cytosol increased to- 
wards neutrality i.e., in the contrary fashion to the con- 
tribution of the Na/H exchanger. 

Measurements of cytosolic pH were made by two 
widely used methods which depend on different princi- 
ples, namely the pH-dependent changes of the fluores- 
cence of BCECF and the altered distribution of the weak 
acid, DMO, between cells and medium. In each case the 
marker compound entering the cells can be expected to 
be predominantly confined to the cytosol, rather than 
entering acidic organelles. Both methods gave very sim- 
ilar results when directly compared (Tables 1 and 6). 
This was true both for the steady-state pH levels under 
different conditions and for the changes of pH in re- 
sponse to test agents. Measurements of vesicular pH 
were made with a widely used marker, FITC-dextran, 
which is confined to acidic vesicles. The results indicate 
changes of vesicular pH opposite to those seen with 
BCECF and DMO and so further substantiate a distinct 
compartmentalization of the presumed vesicular and cy- 
tosolic pH indicators. 

EVIDENCE FOR V-ATPase INVOLVEMENT 

Ni t ra te  as  Inh ib i t o r  

Our evidence that V-ATPases play a role in pH regula- 
tion is to a large extent based on the universal effects of 

NO 3- as an inhibitor and of C1- as an activator of these 
systems in a wide range of organelles in animal and plant 
cells [1, 9, 19, 22, 32, 34]. The kinetics of NO 3- inhi- 
bition studied in liver Golgi membranes show it to act 
competitively against the activating effects of CI-, with 
K i of 2-6 mM, depending on whether proton accumula- 
tion or ATPase was the activity studied [41]. Consider- 
ing that the present work was done with intact cells, the 
requirement of 16 mM NO 3- for a significant effect on 
cytosolic pH and 25 mM for maximal effect, is in rea- 
sonable agreement with the Kg values. Lukacs et al. [14] 
found an apparent K i of 25 mM for nitrate inhibition of 
phagosomal acidification in permeabilized macrophages. 
That NO 3- induced cytosolic acidification in hepatocytes 
by inhibiting vesicular V-ATPase is strongly supported 
by the concomitant increase in vacuolar pH measured 
with FITC-dextran. We are not aware of any other effect 
of NO 3- on animal cells at these concentrations. Control 
experiments measuring other parameters showed no sig- 
nificant effects of 25 mM NO 3- on cell viability, mem- 
brane potential or K § and ATP contents, except for an 
increase of the last that is itself possibly attributable to 
inhibition of ATP consumption by an ATPase. 

In summary, three types of experiments were carried 
out with NO3-, all of which were consistent with the 
suggestion that it inhibited a system that was responsible 
for removing H + from the cytosol: (i) it caused cytosolic 
acidification and vesicular acidification in cells that were 
not subjected to other treatments; (ii) it prevented or 
greatly slowed recovery of pH after acidification by a 
pulse of CO2; (iii) it prevented the transient alkaliniza- 
tion of the cytosol upon treatment with ouabain. Accord- 
ingly, we propose that V-ATPases are involved in each 
case. 

Act i va t ion  by  C1- 

The concentration of C1- required for half-maximal ac- 
tivation of V-ATPase in isolated Golgi vesicles was 27 
mM for proton accumulation [41] and 16 mM for CI- 
uptake [33]. The cytosolic CI- concentration reported 
for isolated hepatocytes is 25-32 mM [6] and therefore in 
the range for small changes to exert a measure of control 
on V-ATPase activity in the intact cell. That such effects 
can occur is shown by experiments in which reduction of 
medium C1- from 132 to 107 raM, by replacement with 
25 mM gluconate, led to an initial cytosolic acidification 
not significantly different from that due to NO3-. 
However, it does not follow that the acidification seen 
due to NO 3- was solely due to reduction of CI-, for 
similar effects were obtained when NO 3- was added to 
the full Ringer medium (i.e., 132.4 mM CI-) instead of 
being substituted for CI-. 

A different indication of the activating effect of cy- 
tosolic CI- is suggested by the transient, ouabain-induced 
alkalinization. This effect of ouabain cannot be ex- 
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plained by activation of Na-dependent mechanisms of 
the plasma membrane, such as the Na/H exchanger, for 
their inhibition would be expected from a reduction of 
the electrochemical gradient of Na +. It is, however, ex- 
plicable if the increase of cytosolic C1- induced by oua- 
bain, secondarily to inhibition of Na-K ATPase, activates 
the V-ATPases to remove protons from the cytosol. The 
importance of V-ATPase is shown by the fact that the 
cytosolic alkalinization is abolished by 25 mM nitrate, but 
not by 25 mu gluconate. Upon more complete inhibition 
of Na-H exchange activity, by higher concentrations of, 
or longer exposure to ouabain, the expected inhibition of 
Na-coupled processes became evident as the early return 
of pH to its baseline (pre-ouabain) level and subsequent 
acidification. 

POSSIBLE CONTRADICTING RESULTS 

High Concentrations of Nitrate 

While the above results appear to be mutually consistent 
in suggesting a role for V-ATPase in cytosolic pH reg- 
ulation, the failure of higher concentrations of NO 3- (50- 
75 raM) to cause acidification requires explanation. That 
it is due to a release of the inhibition of V-ATPase is 
shown by the simultaneous absence of vesicular alkalin- 
ization at these concentrations of nitrate. This observa- 
tion is similar to the finding with isolated Golgi vesicles 
that partial substitution of C1- by 25 rnM NO 3- (leaving 
125 mu C1- present) caused greater inhibition of proton 
accumulation than did complete replacement with 150 
rnM nitrate [41]. In lysosomes, 100 rn~ nitrate had no 
significant effect on proton pumping activity [1]. Sulfite 
and S042- also show concentration-dependent, biphasic 
effects on lysosomal V-ATPase activity, although in the 
reverse sense to NO 3- [1]. Thus, biphasic effects of an- 
ions are well recognized in isolated organelles and there 
is no reason to suppose that they will not also be reflected 
as changes in whole-cell cytosolic pH. 

That the inhibition by NO 3- is competitive with C1- 
is usually taken to mean that the former prevents the 
charge-compensating uptake of CI-, probably by block- 
ing the C1- channel. However, nitrate is relatively well 
able to pass biological membranes [39]. It is therefore 
proposed that when the electrochemical gradient for 
NO 3- across the V-ATPase-containing membranes is 
great enough, nitrate is itself able to pass either directly 
through the membrane or through a C1- channel (separate 
from the ATPase) in sufficient quantity to replace C1- as 
a counter-ion to H +, so restoring H + transport. The fail- 
ure of correspondingly high concentrations of the much 
less permeant anion, gluconate, to show a similar resto- 
ration of pH control is consistent with this proposal. 

Bafilomycin 

Like moderate concentrations of NO3-, bafilomycin A 1 
caused alkalinization of the hepatocyte compartments 

containing FITC-dextran, confirming the role of V- 
ATPase in the action of NO3-. On the other hand, bail- 
lomycin did not induce acidification of the cytosol at any 
concentration used (1-50 g~). However, the rather high 
specificity of bafilomycin as an inhibitor of V-ATPase 
rather than of Na-K ATPase is based on experiments 
with isolated organelles and is dependent on its concen- 
tration [3]. The situation is less clear in intact cells 
where both of these ATPases are active and the relative 
concentrations of bafilomycin pertaining in the immedi- 
ate environment of each is likely to be modified by per- 
meability barriers e.g., the concentration at the plasma 
membrane Na-K ATPase is likely to be higher than that 
attained at the organellar V-ATPases. The present find- 
ings (Table 5) suggest that there is a considerable overlap 
between the concentration of bafilomycin inhibiting ve- 
sicular V-ATPase and Na-K ATPase (as indicated by K + 
content) in the whole hepatocytes. This dual effect 
would result in several direct and indirect alterations of 
ionic homeostasis and membrane depolarization that 
could override the cytosolic pH changes immediately 
caused by inhibition of V-ATPase. 

INTERACTION OF V-ATPase AND Na/H EXCHANGE 1N 
pH RZGtmATION 

Our results show that the activity of V-ATPase in deter- 
mining cytosolic pH is sensitive to pH changes in the 
opposite manner to the Na/H exchanger. In hepatocytes, 
the latter is known to have minimal activity at pH i 7.2 
and maximal activity at pH i 6.4 [23]. By contrast, the 
acidification caused by nitrate, reflecting the role of 
V-ATPase, is low at pH i 6.6, but increases significantly 
when pH i is 6.8 and is maximal at 7.3 and above. Sim- 
ilar results were obtained in studies of proton accumula- 
tion by isolated Golgi membranes [41] and lysosomes 
[1]. Thus, in principle, the two activities could readily 
complement each other as pH i changes from acidic to 
neutral and vice versa, the one becoming more active as 
the other declines. Our results indicate that such an im- 
portant interaction occurs; however, the degree of inter- 
action between the two systems appears to be more sub- 
stantial than predicted from the pH sensitivities of both 
systems. 

One possible indication of the interaction between 
the Na/H exchanger and V-ATPase is the inhibition by 
amiloride of recovery from the nitrate-induced acidifica- 
tion. The recovery appears to be due to the amiloride- 
sensitive Na/H exchanger, which would normally be ac- 
tive at pH 6.8 (nitrate-induced). Secondly, the recovery 
from the externally introduced acid load appears to be 
sensitive to inhibitors (nitrate and ouabain) of both sys- 
tems but faster when the Na/H exchanger was active 
(ApH = 0.14 _+ 0.05 pH units) than without it (ApH = 0.06 
+ 0.03 pH units). That the interaction between the two 
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systems is more complex  than indicated by  the pH sen- 
sitivities is demonstra ted by  the degree of  inhibi t ion by 
nitrate of the first part of  the recovery. Al l  of  the data, 
however,  indicate that the interact ion be tween  the two 
systems is necessary for regulat ion of cytosolic pH. 

SITE OF THE V-ATPase  REGULATING CYTOSOLIC pH 
IN HEPATOCYTES 

Although the V-ATPases  are characteristically associ- 
ated with the membranes  of  intracellular  organelles,  they 
have also been  found in  the p lasma membranes  of  renal 
and alveolar epthelia [13] and of  macrophages [14, 15]. 
In  these instances,  the p lasma membrane  V-ATPases  
contr ibute to regulat ion of  cytosolic pH, but  this does not  
preclude the V-ATPases  of the intracellular  organelles of  
these cells having a contr ibutory role, al though dais has 
not  been  directly suggested, to date. 

In the case of  hepatocytes,  there is no evidence for 
the presence of V-ATPase  in the plasma membrane  [26]. 
Our failure to f ind an effect of  baf i lomycin  on cytosolic 
pH, while inhibi t ing K + accumulat ion,  seems to be con- 
sistent with the lack of  a contr ibut ion of  p lasma mem-  
brane  V - A T P a s e  to pH control.  By contrast,  the V- 
ATPases  of  intracellular  organelles were inhibi ted both 
by  nitrate and baf i lomycin.  W e  therefore conclude that it 
is these which contr ibute to removal  of  H + from the 
cytosol. Others have shown that leakage of  H + from ve- 
sicular contents  can acidify the cytosol [4, 17] al though 
they did not  explici t ly postulate a role for the V-ATPases  
in pH control.  

Whether  the total organellar  V-ATPase  activity and 
buffer ing capacity are sufficient to play a role of  signif- 
icant  magni tude  in normal  condit ions,  in comparison to 
the other recognized systems at the p lasma membrane ,  
will require further information.  However,  it is signifi- 
cant  that morphometr ic  estimates of vesicular  surface 
area in the hepatocyte,  under  the heading of " smoo th  
endoplasmic  r e t i cu lum"  (but inc luding Golgi  apparatus 
and a range of other vesicular  membranes)  is at least 16 
t imes the surface area of  the plasma membrane  [37]. 
This  suggests the possibi l i ty  that the total organellar  
V-ATPase  activity may  be at least of  a similar order to 
that of  p lasma membrane  pH-regulat ing systems. Con- 
sistent with this Bronk  and Gores [4] est imated the total 
vo lume of  acidic vesicles in cul tured hepatocytes to be 
approximately 4% of the cell vo lume and the immedia te  
release of  their acid contents  to contribute 20% of the pH 
change resul t ing from A T P  depletion. 

This work was supported in part by National Institutes of Health B.R.S. 
Grant 507 RR05417 to Temple University. 
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