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The effect of C a t +  mobilizing agonists arginine 
vasopressin and phenylephrine on Na+/H + exchange 
was studied in freshly isolated hepatocytes and iso- 
lated perfused rat livers. The activity of Na+/H+ 
exchange was determined from the rate of H+ efflux, 
""Na uptake and pH, recovery. Arginine vasopressin 
and phenylephrine stimulated H+ efflux and 22Na 
uptake in isolated rat hepatocytes and increased the 
rate of pHi recovery from acid-loaded hepatocytes. 
These effects were inhibited by amiloride. Arginine 
vasopressin- and phenylephrine-induced increases in 
H + efflux were also dependent on extracellular Na+. 
Arginine vasopressin- and phenylephrine-induced in- 
creases in intracellular Ca+ + concentration, H+ efflux, 
"2Na uptake and intracellular pH recovery were de- 
creased in hepatocytes preloaded with the Ca+ +- 
buffering agent [bis-(2-amino-5-methylphenoxy)- 
ethane-N,N,N',N'-tetraacetic acid1 (MAPTA). Na+/H+ 
exchange-dependent intracellular pH recovery from 
cytosolic acidification was stimulated by thapsigargin, 
which increases intracellular calcium concentration 
by inhibiting endoplasmic reticulum Ca+ + ATPase. 
Arginine vasopressin- and phenylephrine-induced in- 
creases in intracellular pH recovery were not de- 
pendent on extracellular Ca+ + and were inhibited by 
calmidazolium, a calmodulin inhibitor. Arginine vaso- 
pressin and phenylephrine also increased H+ efflux in 
the absence but not in the presence of amiloride in 
perfused rat livers without affecting biliary HC0,- 
excretion. These results indicate that arginine vaso- 
pressin and phenylephrine activate Na+/H+ exchange 
in rat hepatocytes, an effect mediated in part by 
intracellular Ca+ + and calmodulin kinase. Fur- 
thermore, sinusoidal Na+/H+ exchange does not 
appear to be involved in biliary HC0,- excretion. 
(HEPATOLOGY 1992; 15: 134- 143.) 

The Na'/H ' exchanger is present in the plasma 
membranes of all cell types studied (1-3); it is responsible 
for a reversible and electroneutral exchange of Na+ for 
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H + . Under physiological conditions, this transporter 
functions as a H+  extruder and thus as a base-loading 
mechanism. Studies in other cells indicate that the 
activity of this antiporter is altered by various agonists 
and second messengers. The activation of the exchanger 
in many cases is thought to be mediated by protein 
kinase C (1). Epidermal growth factor and activators of 
protein kinase C stimulate this exchanger in hepatocytes 
(4,5). Activity of this exchanger is also regulated by the 
intracellular calcium concentration ([Ca' + IJ. An in- 
crease in [Ca+ + I i  induced by agonists or Ca+ + iono- 
phores has been suggested to activate Na+/H + exchange 
in human fibroblasts (6, 7), lymphocytes (8) and rat 
parotid acinar cells (9) and to inhibit the exchanger in 
rabbit ileum (10). Thus agents that increase [Ca++li 
seem to regulate Na+/H+ exchange differently in dif- 
ferent cell types. However, little is known about the role 
of [Ca++I i  in the regulation of hepatic Na+/H+ ex- 
change. 

The Na+/H+ exchanger in hepatocytes is localized in 
the basolateral (sinusoidal) membrane (11,12) and, as in 
other cells, is involved in the regulation of intracellular 
pH (pH,) and cell volume (13-18). This transporter may 
be involved in transepithelial transport of HC0,- in 
proximal tubular cells (19) and pancreas (20). Because 
HCO, - is excreted in bile, it would be of interest to know 
whether hepatic Na+/H+ exchange is involved in biliary 
HC0,- excretion. 

The aim of this study was to determine whether 
agonist-induced increases in [Ca' +Ii affect the activity 
of Na+/H+ exchange in hepatocytes and whether the 
altered activity of the transporter affects biliary HCO, - 
excretion. The role of [Ca+ + I i  was evaluated by studying 
the effect of arginine vasopressin (AV) and phenyl- 
ephrine (PE) on Na+/H+ exchange in isolated rat 
hepatocytes. AV and PE are known to increase hepa- 
tocyte [Ca' +Ii  (21). The rate of Na+/H+ antiport can be 
determined from the rate of H + efflux, Na + influx and 
changes in pH,. All three methods were used to de- 
termine the activity of Na+/H+ exchange in isolated 
hepatocytes. Studies were also conducted in isolated 
perfused rat livers to determine the effects of AV and PE 
on sinusoidal (basolateral) H + efflux and biliary HCO, - 
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FIG. 1. Effect of AV (upperpanel) and PE (lowerpanel) on H + -efflux 
from hepatocytes in the presence and absence of 1 mmol/L amiloride. 
After 5-min recording of basal H ' efflux in the presence or absence of 
amiloride, AV or PE was added (arrow). 

excretion. These studies show that AV and PE activate 
Na+/H+ exchange (an effect mediated in part by 
intracellular Ca++)  and do not affect biliary HC0,- 
excretion. 

MATERIALS AND METHODS 
Materials. Monensin and MAPTAM [bis-(2-amino-5- 

methy1phenoxy)-ethane-N,N,N',N'-tetraacetic acid tetra- 
acetoxymethyl ester] were purchased from Cal-Biochem 
(San Diego, CA). BCECF [2',7'-bi~-2-(carboxyethy1)-5(6)- 
carboxyfluorescein] and its acetoxymethylester (BCECFAM) 
were obtained from Molecular Probes (Eugene, OR) and 
quin-2-tetra(acetoxymethyl)ester (Quin-2AM) was from Lan- 
caster Synthesis Ltd. (Windham, NH). Amiloride, nigericin, 
ouabain, AV, PE, thapsigargin, calmidazolium, collagenase 
and Triton X-100 were obtained from Sigma Chemical Co. (St. 
Louis, MO). 22Na (1.1 Ci/mg) and tritiated inulin (80 Ci/mmol) 
were purchased from Du Pont-New England Nuclear (Boston, 
MA). Male Wistar rats (200 to 300 gm) obtained from Charles 
River Breeding Laboratories (Charles River, MA) served as 
liver donors. National Institutes of Health guidelines re- 
garding care and killing of the animals were followed. The 
protocol was approved by the University Animal Welfare 
Committee. 
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FIG. 2. Effect of Na' and amiloride on AV- and PE-induced 
increases in H' efflux from hepatocytes. Effects of AV and PE on H ' 
efflux were determined in the absence of extracellular Na ' ( - N u + )  
or in the presence of 1 mmol/L amiloride (+AM). Data expressed as 
mean 2 S.E.M. (n = 9). *Significantly different from respective 
control values. 

TABLE 1. Effect of 1 mmoln amiloride on AV- and 
PE-induced azNa uptake 

azNa uptake (nmol/min/mg) 

Without With Amiloride-sensitive 
Agent amiloride amiloride fraction 

Control 6.45 +- 0.34" 6.33 t 0.12 0.12 * 0.035 
10 nmoUL AV 9.73 ? 0.51b 6.76 t 0.57 2.97 f 0.43h 
100 kmol/L PE 8.77 ? 0.71b 6.17 t 0.45 2.59 * 0.38" 

Uptake of 22Na was determined in the presence or absence of 
1 mmol/L amiloride. The amiloride-sensitive fraction was obtained by 
subtracting values yielded in the absence of amiloride from those 
yielded in its presence. 

"Data expressed as mean i- S.E.M. (n = 9). 
*Significantly different from the corresponding control value. 

Hepatocyte Studies. Hepatocytes were isolated from rat 
livers using a previously described collagenase-perfusion 
method (22). Hepatocytes showing the following viability 
criteria were used for each study: (a) less than 10% stainable 
by trypan blue, (b) lactate pyruvate ratio in cell-free medium 
of less than 15 and (c) spontaneous 0, consumption of more 
than 5 nmol/min/mg protein. Freshly prepared hepatocytes 
suspended (100 mg wet wt/ml) in a buffer (pH 7.4) containing 
20 mmol/L HEPES, 140 mmol/L NaCl, 5 mmol/L KC1, 
1 mmol/L MgSO,, 1.0 mmol/L CaC1, and 0.8 mmol/L KH,PO, 
were stored on ice. Hepatocytes were incubated for 15 to  30 
min at  37" C under air before initiation of studies to determine 
H +  efflux, ,,Na uptake, [Ca' +I i  and pH,. Unless otherwise 
noted, hepatocytes were incubated in the above-mentioned 
buffer in all studies. All reported studies were repeated in at 
least three different cell preparations. 

Determination of Hi Efflux. The rate of H' efflux from 
hepatocytes was measured as described previously (13). Cell 
suspension (1 ml) was washed twice and resuspended in 5 ml 
of an unbuffered assay medium containing 145 mmol/L NaC1, 
1.3 mmoUL CaCl,, 5 mmol/L KC1 and 1 mmol/L MgSO, before 
transfer to a chamber equipped with a thermostat for efflux 
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FIG. 3. Effect of AV and PE on basal pH,. Hepatocytes were loaded 
with the fluorescent pH indicator BCECF and pH, was calculated as 
described in "Materials and Methods." Traces depicts pH, before and 
after addition of AV (upper panel) or PE (lower panel) in hepatocytes 
incubated in the standard buffer (pH 7.4). Results are typical of three 
similar experiments. 
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FIG. 4. Effects of AV and PE on pH, recovery. Hepatocytes were 
acid-loaded by incubation in Na ' -free buffer for 30 min, washed and 
resuspended in the same buffer containing AV or PE. After 5-min 
recording, 50 mmol/L. NaCl was added (arrow). Results from the same 
cell preparation are shown. 

measurement. The rate of H +  efflux was calculated from the 
amount of NaOH needed per minute to maintain the pH of the 
cell suspension at  7.4. Rapid efflux of H' after addition of 
monenesin (2 kmol/L) at the end of each experiment was used 
as a positive control. The effect of extracellular Na' on H' 

TABLE 2. Effect of amiloride on pH, recovery from 
acid-loaded hepatocytes 

Recovery rate (dpHi/min) 

Experimental Without With 
condition PHi amiloride amiloride 

Na' -free incubation 
Control 6.63 2 0.013" 0.072 ? 0.007 0.023 t 0.0096 
10 nmol/L AV 6.61 2 0.019 0.127 -+ 0.007c 0.033 2 0.015' 
100 kmol/L PE 6.62 5 0.017 0.118 i 0.012" 0.013 t 0.007' 

Control 6.76 & 0.007 0.069 -1- 0.006 0.028 2 0.006' 
10 nmol/L AV 6.78 & 0.018 0.106 t 0.005" 0.033 t 0.003' 
100 p,mol/L PE 6.77 i 0.011 0.108 t 0.003' 0.034 ? 0.014' 

Hepatocytes were acid-loaded by incubation in Na ' -free buffer or in 
10 mmol/L NH,C1 buffer for 30 min. Recovery of pH, was initiated by 
adding 50 mmol/L NaCl as described in "Materials and Methods" 
section. 

"Data expressed as mean ? S.E.M. (n = 9) and are obtained from 
four different cell preparations. 

'Significantly different from values in the absence of amiloride. 
'Significantly different from control values. 

10 mmol/L NH,C1 prepulse 

efflux was studied by completely replacing Na' by choline' 
and titrating with choline base. 

Determination of Nu ' Uptake. Uptake studies were ini- 
tiated by mixing 0.2 ml of hepatocyte suspension with 50 pl 
incubation media containing 22Na (2.0 pCi/ml), 5 mmol/L 
ouabain and appropriate agents. Uptake was stopped at  
various times by adding 200 pl of the reaction mixture to 1.0 
ml ice-cold buffer containing 0.5 pCi[3H]inulin and then 
centrifuging. The supernatant was saved for counting and the 
pellet was washed twice with ice-cold buffer without r3H]inu- 
lin. An aliquot of resuspended pellet was counted for radioac- 
tivity, and the remainder was used for protein determination. 
Radioactivity was measured in a liquid-scintillation counter 
with quench correction by an external standard ratio method. 
22Na content of hepatocytes was expressed in nanomoles per 
milligram of protein after correcting for extracellular 22Na 
( < 10% of total count) estimated from L3H]inulin content. 22Na 
uptake was linear for 3 min, with the uptake rate (nanomoles 
per minute per milligram of protein) calculated from the slope 
of the time-dependent uptake at 0.5, 1.0, 1.5,2.0 and 3.0 min. 

Determination of ICa ' ' I i .  Effects of various agents on 
[Ca' + I i  were monitored continuously using a Ca' + - selective 
fluorescent indicator, Quin-2, as previously described (23). 
Hepatocytes were loaded with Quin-2 by incubating with 100 
pM Quin-2AM for 15 rnin at 37" C. The fluorescence intensity 
(excitation = 340 nm; emission = 500 nm) was continuously 
monitored using a Perkin-Elmer fluorescence spectrofluo- 
rometer (LS3; Perkin Elmer-Cetus Corp., Nonvalk, CT). 
[Cat + I i  was calculated using a standard formula (24): 

[Ca' +Ii = Kd.  (F - Fm,,,Y(F,,,~ - F) 

The dissociation constant (K,) was assumed to be 115 nmol/L. 
F is cell fluorescence, F,, is maximal fluorescence after 
addition of Triton X-100 (10 mg/ml) and F,,, is minimum 
fluorescence after addition of EGTNTris (pH > 8.0). All 
fluorescence values were corrected for autofluorescence. 

Determination of pH,. pHi was determined using a pH- 
sensitive fluorescent dye, BCECF, as previously described (25). 
Hepatocytes were loaded with BCECF by incubating 2.0 ml of 
cells (15 mgprotein/ml) with 10 pmol/L BCECF-AM for 30 min 
at 37" C. After washing twice to remove extracellular dye, 60 
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TABLE 3. Effect of MAPTA on AV- and PE-induced changes in [Ca+ +I,, H' efflux, "Na uptake and pH, recovery 

10 nmolb AV 100 pmol/L PE 

Parameters Without MAF'TA With MAPTA Without MAPTA With MAPTA 

Increases in [Ca' +Ii  (nmolb) 168 f 17.8" 10 2 2.4' 118 ? 10.5 11.31 f 3.1b 
H + efflux (% increase) 43 2 3.2 4 L- 1.4b 35 k 2.1 5 f 1.6' 
"Na uptake (nmoliminlmg) 2.55 2 0.212 1.09 L- 0.111' 2.34 t 0.183 1.06 f 0.O9g6 
pH, recovery rate (dpH,/min) 0.14 f 0.004 0.06 ? 0.001' 0.13 ? 0.005 0.05 k 0.006' 

At initial pH, 6.58 f 0.021 6.51 2 0.024 6.57 t 0.033 6.59 f 0.019 

22Na uptake and H + efflux data represent amiloride-sensitive fraction and were obtained by subtracting values found in the absence of 

"Values expressed as mean -C S.E.M. (n = 6-9). 
bSignificantly different from corresponding values in the absence of MAPTA. 

amiloride from those found in its presence. pH, recovery was studied after acid-loading by incubation in Na+-free medium. 

p1 of BCECF-loaded cell suspension (about 1 mg cell protein) 
was added to 2 ml incubation buffer in a cuvette for 
fluorimetric measurements at 37" C. The effect of AV and PE 
on pH, was determined under two different sets of experi- 
mental conditions. 

In the first series of experiments, AV or PE was added to 
BCECF-loaded hepatocytes to determine the effect on basal 
pHi. In the second series, hepatocytes were acid-loaded by 
incubation in Na+ -free buffer (Na' replaced by choline) or in 
10 mmol/L NH,C1 buffer (equimolar NaCl replaced by NH4C1) 
during incubation with BCECFAM. Hepatocytes were washed 
twice, resuspended in Na+-free buffer with 60 p1 of cell 
suspension added to cuvettes containing 2 ml of Na+-free 
incubation buffer and AV, PE, thapsigargin and/or amiloride 
when used. This protocol is similar to one used by Moule and 
McGivan (4) to study Na+/H+ exchange activity in freshly 
prepared hepatocytes. In some experiments, hepatocytes were 
loaded with MAPTA by incubating hepatocytes for 15 min with 
500 pmoVL MAPTAM. After recording for 5 min, 50 mmoVL 
NaCl was added with the rate of change of pHi (dpH,/min) 
during the initial 30 sec calculated. In selected experiments, 50 
mmol/L choline chloride was added to determine the Na+ 
dependency of dpHJmin. 

The fluorescence of BCECF-loaded cells (emission = 530 
nm) was measured using a Hitachi spectrofluorometer 
(F2000; Hitachi Ltd., Tokyo, Japan) fitted with a magnetic 
stirrer and a thermostat-equipped cuvette holder. The fluo- 
rescence intensity ratio at excitation wavelengths of 450 and 
500 nm (F500/F450) was continuously monitored at 2-sec 
intervals. pH, was calculated from the F500/F450 ratio 
using a calibration curve determined for each cell preparation. 
The high K+-nigericin technique was used to obtain the 
calibration curve. BCECF-loaded hepatocytes were washed 
and resuspended in a high-K+ buffer (pH 6.5, 6.8, 7.0, 7.2 or 
7.5) containing 15 mmol/L HEPES, 15 mmol/L MES 
(2 [N-morpholino]ethanesulfonic acid), 15 mmol/L NaCl, 120 
mmol/L KCl, 1.0 mmol/L MgSO,, 1.0 mmolL CaCl, and 0.8 
mmol/L KH,P04. After equilibration (3 to 5 min) of extracel- 
lular pH with pH, in the presence of the K+-H' exchanging 
ionophore nigericin (2.5 ps;/ml), the F500/F450 ratio was 
recorded. A plot of the F500/F450 ratio vs. pH yielded the 
calibration curve for that cell preparation. 

Cell-viability Studies. The effect of amiloride and 
MAPTAM on the release of lactate dehydrogenase (LDH) and 
trypan blue exclusion was studied under experimental condi- 
tions described above. None of these agents significantly 
increased LDH release or decreased the number of cells that 
excluded trypan blue. Thus these agents did not adversely 
affect cell viability. 

TABLE 4. Effect of MAPTA preloading on basal parameters 

Parameters Control MAPTA 

Trypan blue staining (%) 1.4 t 0.45" 8.1 t 0.36 
0, uptake (nmoUmidmg) 7.1 c 0.28 6.5 2 0.16 
LDH release (% total) 11 k 1.8 13 t 2.3 
H + efflux (nmollminlmg) 9.6 t 0.12 9.1 t 0.93 
[Ca + 'I, 205 t 18.7 116 t 13.@ 
pH, recovery rate (dpH,/min) 0.092 k 0.006 0.055 t 0.004' 

Hepatocytes were incubated with 500 pnol/L MAPTAM or DMSO 
(control) for 15 min at 37" C and then washed before determination of 
various parameters. 

"Values represent mean ? S.E.M. (n = 6-12). 
'Significantly different from respective control values. 

Isolated Perfused Rat Liver Studies. Livers were surgically 
isolated and perfused in situ with a nonrecirculating, HC0,-- 
containing, balanced electrolyte solution as described previ- 
ously (26). Each liver was perfused at a flow rate of 30 mVmin 
under hydrostatic pressure of 10 t o  15 cm H,O. Hepatic 0, 
uptake was determined from a continuous recording of 0, 
tension in the perfusate. 

Each liver was perfused for 85 min, divided into the 
following four consecutive periods: (a) a 30-min perfusion- 
equilibration period, (b) a 15-min control period, (c) a 20-min 
period of AV (0.3 nmolimin), PE (3 pmol/min) or saline 
(control) infusion and (d) a 20-min recovery period. The same 
protocol was used to study the effect of 1 mmol/L amiloride, 
except that livers were perfused with amiloride containing 
perfusate for the entire 85-min perfusion period. Bile was 
collected every 5 min and immediately analyzed for HCO,-, 

Calculation of Perfusate H + Emux. pH of perfusate en- 
tering and leaving the liver was continuously monitored using 
two in-line pH electrodes, and the difference in pH 
(dpH = pHin ue - pHoutput) was used to calculate H' efflux 
(JH+ in pmo?.min-l .gm liver-l) using the following rela- 
tionship (26): 

J,+ = d p H * B * F / L  

where B is the perfusate buffering capacity (mmol/L/pH), F is 
perfusate Row rate (ml/min) and L is liver weight (gm). 
Perfusate buffering capacity [B = W(dpH/F)] was determined 
after each experiment from changes in pH (7.4 to 7.1) after 
infusion of known amounts of HCl or NaOH (X pmol/min) 
during sham perfusion. Perfusate buffering capacity was 
routinely determined in the presence or absence of AV, PE 
and/or amiloride. Neither amiloride nor AV and PE signifi- 
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FIG. 5. AV- and PE-induced changes in [Ca' ' I i  in control 

f - MAPTA) and MAPTA-loaded (+ MAF'TA) hepatocytes. Hepatocytes 
loaded with Quin-2 were incubated for 15 min with 500 kmol/L 
MAPTAM and washed before fluorescent measurements. 

cantly affected perfusate buffering capacity. Similarly, buf- 
fering capacities of the inflow and outflow perfusate were 
comparable (26). 

Other Methods. Protein content of hepatocytes was deter- 
mined by the method of Lowry et al. (27). An enzymatic 
method was used to  determine biliary HC0,- concentration, 
using a kit from Sigma Chemical Co. Student's t test was used 
to determine the significance of differences between mean 
values, and a p value < 0.05 was considered significant. 

RESULTS 
Effects of AV and PE on H +  Eflux. Both AV and PE 

increased H' efflux from hepatocytes (Fig. 1). The rate 
of H + efflux reached a peak value within 2 min and then 
declined to the baseline. AV and PE failed to stimulate 
H+ efflux in the presence of amiloride (Fig. 1). AV and 
PE increased H + efflux by an average of 30%; it declined 
to 5%-7% in the presence of amiloride and in the absence 
of extracellular Na' (Fig. 2). AV and PE increased 
amiloride-sensitive and Na + -dependent H + efflux by 
3.2 t 0.33 and 2.9 t 0.23 nmol/min/mg protein 

7-1 r 100 nM 

+1 mM Amiloride 

FIG. 6. Effect of thapsigargin on pH, recovery in acid-loaded 
hepatocytes. pH, recovery was initiated by adding 50 mmol/L NaCl 
(arrow). Results from the same cell preparation are shown. 

(mean 2 S.E.M.; n = 18), respectively. In a separate 
series of experiments, the effects of AV and PE were 
found to be concentration dependent. AV increased H + 

efflux by 10% .t 1.7%, 40% t 2.9% and 57% +- 3.4% 
(n = 9) at 1, 10 and 100 nmol/L, respectively; PE 
increased H' efflux by 11% k 1.3%, 26% f 2.4% and 
36% f 2.7% (n = 9) at 1, 10 and 100 pmol/L, respec- 
tively. 

Effects of AV and PE on 22Na Uptake. AV and PE 
increased ,,Na uptake in the absence but not in the 
presence of amiloride (Table 1). AV and PE increased 
amiloride-sensitive 22Na uptake by 2.9 and 2.5 
nmol/min/mg, respectively. These increases were simi- 
lar to AV- and PE-induced increases in amiloride- 
sensitive H+  efflux. Note that amiloride did not affect 
basal 22Na uptake, a result consistent with previous 
findings (15). Total H' efflux was higher than total 22Na 
uptake. (Fig. 1, Table 1). This difference may represent 
Na'-independent H' efflux, which is due to  the efflux of 
CO, and lactate in hepatocytes, as shown previously 
(13). 

IntracellularpH Studies. The effect of AV and PE on 
pH, was investigated to obtain further evidence for the 
activation of Na+/H+ exchange. Neither AV nor PE 
affected basal pH, (Fig. 3). This result is consistent with 
a preliminary report by others that AV did not affect 
basal pHi in cultured hepatocytes (28). Activation of 
Na + /H + antiport by AV and PE, as indicated from H + 

efflux and ,,Na uptake studies, would have been 
expected to increase basal pH,. However, activation of 
the antiporter at basal state may not have been large 
enough to produce detectable changes in pH,, and/or 
intracellular buffering or unknown pH, recovery mech- 
anisms may have been adequate to maintain pH,. 
Moreover, AV and PE stimulated H' efflux only 
transiently under basal conditions (Fig. 1). Because the 
activity of the antiporter increases with decreasing pH, 
(4,5), the effect of AV and PE was studied in hepatocytes 
acid-loaded by the ammonium prepulse technique or by 
incubating in Na + -free medium. Results obtained with 
both methods of acid-loading were qualitatively similar. 
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in the legend to Figure 7. 

TABLE 5. Effect of calmidazolium and extracellular Ca+ ' on AV- and PE-induced dpHi/min 

p F  recovery (dpH,/min) 

Agent Without CALM With CALM Without [Ca + '1- With [Cat ' 1- 

Control 0.055 k 0.002" 0.061 * 0.003 0.062 2 0.004 0.056 f 0.002 
10 nmol/L AV 0.086 * 0.005 0.066 2 O.OOlb 0.087 2 0.005 0.079 ? 0.003 
100 pmol/L PE 0.081 t 0.003 0.059 * 0.002b 0.081 2 0.004 0.075 f 0.002 

Acid-loaded hepatocytes were incubated with 5 FmoUL calmidazolium or DMSO for 5 rnin at 37" C before addition of AV or PE. To determine 
the effect of extracellular Ca+ t ,  acid-loaded hepatocytes were suspended in the buffer containing 1.3 mmol/L Ca+ + (+  [Ca' +lo) or no added 
Ca ' + plus 1 mmol/L EGTA ( -  [Cat ' I,,). Recovery of pH, was initiated by adding 50 mmol/L NaCl. Initial pH, readings were between 6.8 and 
6.9. 

"Data expressed as mean t S.E.M. (n = 6 to 12) and are obtained from 4 different cell preparations. 
bSignificantly different from respective values in the absence of calmidazolium. 

Incubation of hepatocytes in Na' -free medium for 30 
min decreased pH, to 6.5 to 6.6 (Fig. 4). Addition of 50 
mmol/L NaCl produced immediate intracellular alkalin- 
ization, and this recovery from acid-loading was en- 
hanced in the presence of AV or PE (Fig. 4). Amiloride 
significantly decreased the rate of pH, recovery in the 
control and in the presence of AV and PE at comparable 
initial pH, (Table 2). Addition of 50 mmol/L choline 
chloride instead of 50 mmol/L NaCl induced a rate of 
recovery comparable to that in the presence of amiloride. 
These results indicate that pH, recovery after acid- 
loading is due to activation of Na'/H+ exchange, and 
that AV and PE activate this exchanger. 

Role of [Ca + +I3. If the effect of AV and PE is me- 
diated by an increase in [Ca' +Ii, agents that can buffer 

[Ca' + I i  should prevent this effect. This hypothesis was 
tested by studying the effect of I"TA, a Ca' + 

buffering agent, on H' efflux, Na' uptake and pH, 
recovery. AV and PE produced rapid increases in 
[Cat + 1, in control hepatocytes but not in hepatocytes 
preloaded with W T A  (Fig. 5). In the latter case, 
[Ca+ +Ii  increased slowly. The ability of AV and PE to 
increase amiloride-sensitive H + efflux, "Na uptake 
and the rate of pH, recovery also decreased significantly 
in hepatocytes preloaded with W T A  (Table 3). 
MAPTA also decreased the rate of pH, recovery induced 
by 50 mmol/L NaCl alone and basal [Ca+'li without 
affecting trypan blue staining, LDH release, 0, up- 
take and basal H' efflux (Table 4). Thus it is unlikely 
that the inhibitory effect of MAF'TA on AV- and 
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FIG. 9. Effects of AV and PE on bile formation in isolated perfused 
rat livers. Other conditions are as described in the legend to Figure 7. 

PE-induced activation of Na+/H+ exchange is due to 
nonspecific cellular effects. The effect of MAPTA on 
basal pH, recovery may be due to  its effect on basal 
[Ca' +Ii .  

Thapsigargin is known to increase hepatocyte 
[Ca+ + I i  by inhibiting endoplasmic reticulum Ca' +-  

ATPase (29). In this study, thapsigargin (100 nmol/L) 
increased [Ca+ + I i  by 90 +- 6.5 nmol/L and also stimu- 
lated pH, recovery from acid-loaded hepatocytes (Fig. 6). 
The rate of pH, recovery increased from a control 
value of 0.073 -t 0.008 dpHi/min to 0.132 2 0.007 
dpHi/min (n = 6) in thapsigargin-treated hepatocytes. 
Thapsigargin-induced pH, recovery decreased to 
0.039 2 0.006 dpHi/min in the presence of 1 mmol/L 
amiloride and to 0.032 +_ 0.002 dpHi/min when 50 
mmol/L choline chloride instead of 50 mmol/L NaCl was 
added to initiate pH, recovery. Thus thapsigargin- 
induced pH, recovery is primarily due to stimulation of 
Na + /H + exchange. 

Calmidazolium (5 pmol/L), a calmodulin antagonist, 
also inhibited AV- and PE- induced pH, recovery without 
affecting the basal rate (Table 5). The effect of AV and 
PE on pH, recovery was not significantly decreased in 
the absence of extracellular Ca+ + (Table 5). 

Perfused Rat Liver Studies. The effect of AV and PE 
on H' efflux in perfused rat livers was studied to 
determine whether these agents also stimulate Na+/H + 

exchange in a more physiological model and whether this 
stimulation is associated with an increase in biliary 
HC0,- excretion. When AV or PE was infused, sinu- 
soidal efflux of H +  increased (Fig. 7). This effect was 
reversible, as shown by the decline in H' efflux when 
infusion was stopped. AV and PE failed to stimulate H + 

AV(0.3nrnol/rnin) 
I A-AAV+AM 

F 
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FIG. 10. Effects of AV and PE on biliary HCO, - excretion in isolated 
perfused rat livers. HC0,- excretion is the multiple of bile flow and 
biliary HC0,- concentration. Other conditions are as described in the 
legend to Figure 7. 

efflux in the presence of amiloride, indicating that 
increased H' efflux may be due to Na+/H+ exchange. 
AV and PE also increased 0, uptake in perfused rat 
livers, an effect inhibited in the presence of amiloride 
(Fig. 8). Note that PE-induced increases in H' efflux 
preceded the increase in 0, uptake. Neither bile flow 
(Fig. 9) nor biliary HC0,- excretion (Fig. 10) was 
significantly increased by AV or PE. 

DISCUSSION 
This study demonstrated that AV and PE stimulates 

Na+-dependent H +  efflux and ,,Na uptake in isolated 
rat hepatocytes. The rate of pH, recovery from acid- 
loaded hepatocytes was increased by AV and PE. AV and 
PE also increased H + efflux in perfused rat livers. These 
effects of AV and PE were inhibited by amiloride, a 
known inhibitor of Na+/H' exchange. These results 
indicate that AV and PE activate Na+/H+ exchange in 
rat hepatocytes. 

Studies in isolated hepatocytes were conducted in the 
nominal absence of HC0,- for two reasons. I t  is 
experimentally convenient, and this allows determi- 
nation of effects on Na+/H+ exchange in the funtional 
absence of HC0,- -transporting mechanisms. However, 
the effects of AV and PE may be different in the presence 
of HC0,-. To determine whether AV and PE activate 
Na+/H+ exchange in the presence of HC0,-, studies 
were conducted in a more physiological model of isolated 
rat livers perfused with HCO, - -containing buffers. AV 
and PE stimulated amiloride-sensitive H + efflux from 
perfused livers, indicating activation of Na+/H + ex- 
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change. In this model, the calculated H' ef€lux repre- 
sents net H' efflux, which can be due to H' efflux or 
OH- influx. Thus stimulation of net H+ efflux (or OH- 
influx) could be due to AV- and PE-induced activation of 
the Na+/HCO, - cotransporter located at the sinusoidal 
membranes of hepatocytes (30). However, this seems 
unlikely because Na+/HCO, - cotransport is not in- 
hibited by amiloride (30). 

Our studies showed that AV- and PE-induced stimu- 
lation of H + efflux was associated with an increase in 0, 
uptake in perfused rat livers. Amiloride, which inhibited 
H + efflux, also decreased 0, uptake. These results raise 
the possibility that activation of Na+/H' exchange by 
AV and PE may result from an increase in metabolic 
activity and the consequent production of H' . Increased 
production of H' would lead to activation of Na+/H' 
exchange to maintain pH,. AV has been shown to 
activate Na+,K' -ATPase in rat liver plasma membrane 
vesicles (31); it is also known to  stimulate glycogenolysis. 
Because PE-induced changes in H' -efflux preceded 
changes in 0, uptake (Fig. 8), the increased 0, uptake 
by PE may in part be a result of activation of Na+/H+ 
exchange. It is conceivable that activation of Na+/H+ 
exchange leads to an increase in intracellular Na', 
resulting in the activation of Na' ,K+ -ATPase and hence 
the increased 0, uptake to meet energy demands. Such 
an indirect activation of Na+ ,K+ -ATPase has been 
proposed for the action of insulin in hepatocytes (31). 
Thus AV and PE may stimulate hepatic Na+/H' 
exchange directly and/or indirectly by increasing meta- 
bolic activity. 

The Na'/H+ exchanger has been proposed to be 
involved in vectorial transport of solute across certain 
epithelia (3). Thus the coupled operation of an apical 
Na + /H + antiport and a basolateral Na + /HCO, - 
symport is involved in HC0,- reabsorption by renal 
proximal tubular cells (19). Transepithelial NaCl 
transport in the gallbladder (32) and small intestine (33) 
is achieved by the coupled operation of Na+/H+ and 
C1 -/HCO, - antiports. In hepatocytes, baseloading 
mechanisms (Na' /H + antiport and Na + /HCO, ~ 

symport) are located in the basolateral membrane (11, 
12, 301, and a base-extruding mechanism (Cl-/HCO,- 
antiport) is located in the canalicular membrane (34). 
Thus coupled operation of these transporters could lead 
to vectorial transport of base (HCO,-) from the sinusoid 
into canaliculi, as has been proposed to explain pan- 
creatic excretion of HC0,- (20). In our studies, acti- 
vation of Na+/H+ exchange in perfused rat livers by AV 
and PE was not associated with an increase in bile flow 
or in biliary HC0,- excretion. This result indicates that 
the hepatic Na+/H+ exchanger may not be involved in 
transhepatic transport of HC0,-. It is possible that the 
Na+/H+ exchanger in cells other than hepatocytes are 
being activated in isolated perfused rat livers. However, 
this seems unlikely because hepatocytes are the main 
cell type in the liver, and AV and PE activate the 
exchanger in isolated hepatocytes. Thus the stimulation 
of H+ efflux in perfused livers must be at least in part 
due to activation of the exchanger in hepatocytes. 

However, it is likely that the exchanger in other cell 
types is also activated by AV and PE. 

AV and PE produced a sustained increase in H + efflux 
in perfused livers (Fig. 71, as opposed to a transient 
increase in hepatocytes (Fig. 1). The reason for this 
difference is not clear; it may be due to activation of 
Na'/H+ exchange in other cell types in the liver. 
Because livers were perfused with HC0,--containing 
media and hepatocytes were incubated without HC0,- , 
some undefined amiloride-sensitive, HC0,- -dependent 
transport mechanisms may also be involved. 

Based on differences in the expression, Na+ and H+ 
dependency and sensitivity to amiloride analogs of the 
Na + /H + exchanger in different epithelial cell lines, 
Rabito, Cragoe and Viniegra (35) proposed the presence 
of a regulatory and a nonregulatory Na'/H+ exchange 
system. The regulatory system would be involved in the 
regulation of pHi and cell volume, among other factors, 
whereas the nonregulatory system would be involved in 
the transepithelial transport of H' . According to this 
classification, the hepatic Na+/H + exchanger would 
represent the regulatory system, because this trans- 
porter is involved in the regulation of pH, and cell 
volume, but not transepithelial transport of H + . 

AV and PE stimulate phosphoinositol bisphosphate 
breakdown by receptor-mediated activation of phospho- 
lipase C in hepatocytes (36). The resultant increase in 
inositol trisphosphate leads to an increase in [Ca' + I i  
(21) and increase of diacylglycerol to an activation of 
protein kinase C (37). Because phorbol esters- activator 
of protein kinase C - stimulate hepatic Na+/H + ex- 
change (4, 5), the effect of AV and PE may be mediated 
by protein kinase C. Our studies indicate that intracel- 
lular Ca++ may also be involved in the activation of 
Na+/H + exchange in hepatocytes. This conclusion is 
supported by our results that (a) MAPTA decreased AV- 
and PE-induced increases in [Ca' +Ii, H' efflux, Na+ 
uptake and pH, recovery from acid-loaded hepatocytes 
(Table 3); (b) thapsigargin, which increases [Ca' +Ii, 
stimulated pHi recovery by activating Na+/H + exchange 
(Fig. 6); and (c) AV- and PE-induced pHi recovery was 
not dependent on extracellular Ca' + . This indepen- 
dence of extracellular Ca' + suggests that the influx of 
Ca' + due to receptor-mediated activation of Ca' + 

channels (38) may not contribute significantly to the 
activation of the exchanger. Our preliminary studies 
showed that ionomycin, a Ca+ + ionophore, produced 
rapid alkalinization in hepatocytes (39). However, this 
effect on pHi was not due to activation of Na+/H+ 
exchange; it appears to be due to Ca+ +/H+ exchange 
induced by the ionophore. W T A  also decreased basal 
[Ca++li and pH, recovery (Table 3). Taken together, 
these results indicate that basal and agonist-induced pHi 
recovery mediated by Na+/H+ exchange may be de- 
pendent on [Ca+ +Ii in hepatocytes. Intracellular Ca' + 

has been suggested to play a central role in Na+/H+ 
exchange-mediated recovery from cytosolic acidification 
under basal and stimulated states in human lympho- 
cytes (40). 

Studies in other cells indicate that the Ca' + effect 
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may be mediated by a Ca' +-calmodulin kinase in 
fibroblasts (6,7), sea urchin eggs (41) and aortic smooth 
muscle cells (42); by cell shrinking in lymphocytes (8); by 
Ca+ +-mediated activation of protein kinase C in pine- 
alocyte (43); or by an undefined mechanism in parotid 
acinar cells (9). Because calmidazolium inhibited 
AV- and PE- induced pHi recovery (Table 51, Ca++- 
mediated activation of hepatic Na+/H+ exchange may 
involve Ca+ +-calmodulin kinase. It is notable that 
Ca' +-calmodulin kinase may be involved in Ca+ +- 

mediated inhibition of Na+/H+ exchange in the rabbit 
ileum (10). It would appear that calmodulin kinase 
regulates Na + /H + exchange differently in hepatic and 
ileal cells. Increased [Ca+ +I i  has been shown to activate 
protein kinase C in epithelial and nonepithelial cells (44, 
45). Thus the activation of Na+/H+ exchange by AV and 
PE in hepatocytes may involve Ca' +-mediated acti- 
vation of protein kinase C, in addition to calmodulin 
kinase. 
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