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An antiport that exchanges Na’ for internal H’ plays 
an essential role in’ the regulation of cytoplasmic pH 
(pHi) in most mammalian cells [l-3]. The Na’/H+ anti- 
porter has been suggested to be stimulated directly by 
e.g. protein kinase (IX) C and/or by cytoplasmic aci- 
dification [l-3]. In macrophages an increased metabolic 
acid production occurs e.g. during activation of the su- 
peroxide-generating NADPH oxidase [4,5]. The mecha- 
nism of this process and its topology necessarily leads 
to an accumulation of H’ in the cytosol since one 
proton is generated in the cytosol for every 01- appear- 
ing in the extracellular space [4,5]. Recently, we could 
show that inhibition of the Na+/H+ antiporter or artifi- 
cial intracellular acidification of liver macrophages 
leads to an inhibition ofprostanoid synthesis but has no 
effect on the generation of superoxide [6]. We inter- 
preted these data as a differential effect of pHi on phos- 
pholipase AZ and NADPH oxidase, the key enzymes of 
these two cellular pathways. The present study was un- 
dertaken to investigate the relationship among genera- 
tion of superoxide, activation of PKC and pH, in cul- 
tured liver macrophages, 
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Phorbol 12.myristate I3-acetate (PMA) was from Pharmacia, 
Freiburg (Germany). Arachidonic acid, cytochrome C, nigcricin. 4z- 
phorbol 12.13.didecanoate. staurosporinc and zymosan were pur- 
chased from Sigma, Municb.(Germanyj .2’,7’-bis(carboxycthyl)-5(B)- 
carboxyfluorcscein (BCECF). its pentaacetoxymethyl ester (BCECF- 
am) and ionomycin were obtained from Calbiochem. Giessen 
(Germany). Amiloride hydrochloride dihydrate was a gift of Merck 
Sharp and Dohmc Rcscarch Laboratories (Rah&ay, USA). Leighton 
tubes WCPC purchased from Tccnomara, Fcrnwald (Germany). All 
other chemicals wcrc of analytical grade. 

Liver macrophages were isolated and cultured as descrilxd prcvi- 
ously [7]. 

2.3. Dcrrrtttlnaiutt ofpH, 
Cells altachcd to Leighton tube slides were incubated in RPM1 

medium containing 1% newborn calf strum and 25 pM BCECF-am 
(added from a 2.5 mM stock solution in dimethyl sulphoxide) for 30 
min at 37%. Thereafter, the loaded cells were washed thoroughly wilh 
Hanks’solution (122 mM NaCI, 5.4 mM KCI, 1.3mMCaCI,,0.5 mM 
MgC&. 0.4 mM MgSO,, 0.38 mM KH2P0,,0.34 tnM KIHPO,, IOmM 
glucose, 20 mM HEPES, pH 7.4) and the Leighton tube slides were 
fixed with a special holder at a 45” unglc in a thcrmostutted cuvcttc 
containing 3 ml Hanks’ so!L;Ion. Fluorescence measurements were 
performed with stirring at 30% in a RF-5600 Shimadzu spectrotluo- 
rometer. The wavcbngth for excitation and emission were 5Wr I .5 
nm, 44Wl.5 nm and 52721.5 nm, respectively. The nigcricitipotas- 
sium method of Thomas et al. [S] was used for wlibmtion of lluores- 
fence versus pHi. Briefly, the cells were incubated in Hanks’ solution 
containing 122 mM KCl. 5.4 mM NaCI, IO PM nigcricin and the 
cxtcrnul pH adjusted to ditTercnt pH values with HCI or KOH. Al 
:P,cse condkicns pH, will qua! pH, [8]. Tbe raiI0 or 504 nm1440 nm 
fluorescence recorded at various known PH. (=pH,) values yielded a 
calibration cluve which was then used to estimate pH, in resting and 
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stimulated cells, All the cxpcrimcnls were performed at 30°C Leakage 
of dye during the time of measurement was less than 2% and could 
be negloztcd. It was estimated by measuring the fluorescence in the 
cuvctte after removing the Leighton tube slide. Even distribution of 
fluorescence throughout the cytosol was ascertained by comparatative 
phasr and fluorescence microscopy. 

Cells were routinely cultured on 24-well plates and the content of 
superoxide in cell media measured as superoxide dismutasc-inhib- 
itablc cytochrome C reduction [6]. Experiments with cells cultured on 
Leighton tube slides gave the sme results (data not shown). 

Activity of PKC in subcellular fractions was determined as de- 
scribed previously. Specific activity is expressed as the diffcrcncc be- 
tween the values obtained in the presence and absence of Ca” and 
lipids, respectively [9.10]. 

3. RESULTS AND DISCUSSION 

The classical approach for studying the presence and 
the role of the Na+/H+ antiporter in pHi-regulating 
mechanisms is to perturb cells rapidly by loading them 
with H’ and then to monitor the recovery towards the 
initial pHi value in physiological sodium media without 
or with amiloride. a known inhibitor of the Na+/H+ 
antiporter [ll], or in sodium-depleted media [l]. One 
largely used technique to achieve this goal is the 
ammonia prepulse technique [l]. When liver macro- 
phages were loaded with NHJZI and then external 
ammonia is removed a rapid recovery towards the ii& 
tial pHi value (7.26kO.05) occurred in physiological 
sodium media (Fig. IA). Recovery of pHi was much 
slower in the presence of amiloride (Fig. IC) or by 
incubating the cells in sodium-depleted media (Fig. 1B). 
These results demonstrate the presence and importance 
of the Na+/H+ antiporter in regulating pHi in cultured 
liver macrophages. 

Fig. 2 shows that addition of phorbol ester to liver 
macrophages caused a rapid intracellular acidification 
of 0.3-0.4 pH units when the experiments were per- 
formed in sodium-depleted media whereas no change in 
pHi was observed at physiological concentrations of 
sodium. PMA is known to exert its action via transloca- 
tion and activation of PKC [ 121 and in liver macro- 
phages leads to an enhanced generation of eicosanoids 
and superoxide [6,9]. Activation of the superoxide- 
generating NADPH oxidase is accompanied by a 
production of H’ in ,the cytosol and if these are not 
removed to an intracellular acidification [4,5]. The 
PMA-induced pHi decrease could therefore be due to an 
inhibition of the Na’/H+ antiporter and/or to an activa- 
tion of NADPH oxidase. To elucidate this question, the 
effect of different compounds on pHi (Table I) and su- 
peroxide generation (Table II) were investigated. 

In resting cells the steady-state pHr was determined 
to be about 7.25 and was slightly lower when the cells 
were incubated in sodium-depleted media (Table I). 
This indicates the absence of a pronounced metabolic 
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Fig, 1. Recovery of pH, from NH,Cl-preloaded liver macrophages. 
Liver macrophages (72 h in primary culture) were loaded with BCECF 
and pH, was determined as described in section 2. The cells were first 
exposed to 20 mM NH,Cl for 20 min; at time zero medium was 
changed and the cells incubazd in Hanks’ solution containing physi- 
ological concentrations of sodium without (A) and with (C) 200 PM 
amiloride or in sodiumdepleted Hanks’ solution ((B), NaCl was rc- 
placed iso-osmotically by N-methyl-D-glucatninc-HCI). A typical set 

of data is shown which was reproduced at least four times. 

acid production in unstimulated cells. The addition of 
PMA to cells incubated with amiloride or in sodium- 
depleted media induced a decrease Of pHi of 0.3-0.4 pH 
units whereas in physiological sodium-media pH, 
remained unchanged. In platelets, peritoneal macro- 
phages and some other cells PMA has been shown to 
elicit under appropriate conditions an intracellular ala- 
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Fig. 2. ElI& of PMA on pH, in liver macrophages, Liver macrophages 
(72 h in primury culture) were loaded with KECF and pH, was 
determined as described in section 2. Aiicr defining the base-line pH,, 
PMA (1 ,uM) was added as indicated by the arrow. +Na, Hanks’ 
solution containing physiological sodium concentrations; -Na, 
sodium-depleted Hanks’ solution (NaCI was replaced iso-osmotically 
by N~mcthyl+glucamine~HCl). A typical set of’ data is shown which 

was reproduced ut least six times, 

kalinization [ 1 ,I 3-153. These results are often inter- 
preted by the authors as a direct effect of PKC on 
Na’/H+ antiporter. The impotency of PMA to induce 
a similar alkalinization in liver macrophages (Fig. I, 
Table I) may indicate that in these cells the Nat/H’ 
antiporter is not directly regulated by PKC or that 
activation of the Na+/H’ antiporter balances the aci- 
dification due to the activation of the NADPH oxidase. 
Furthermore, PMA elicited an enhanced generation of 
superoxide independently if the cells were treated with 
amiloride or incubated in sodium-depleted media 
(Table II, [6]). The effect of PMA on pHi (Table I) and 
superoxide release (Table 11) seems to be mediated by 
PKC sinde an inactive phorbol ester, 4a-phorbol 12,13- 
didecanoate [16], was without any effect and inhibition 
[17] or desensitization [9] of PKC with staurosporine or 
pretreatment with PMA, respectively, suppressed both 
responses. A regulatory role of PKC in this process is 
supported by the previous findings that PMA-induced 
superoxide production is also suppressed by K252a [9], 
RO 31-7549 and RO 31-8220 [I8], three other inhibitors 
of PKC. 

Besides PMA, zymosan induced a release of super- 
oxide (Table II) and a decrease of pH, (Table I) of about 
‘0.4 pH units in sodium-depleted media. Both responses 
‘+/ere suppressed by staurosporine or desensitization of 
PKC (data not shown) indicating that the effects of 
zymosan are also mediated by PKC, 

Ionomycin and arachidonic acid had no effect on pHi 
(Table I) and did not elicit a release of superoxide 
(Table II). However, these agents are known to induce 

Table I 

E~I’ect of different agents on pHi 
The pHi in liver macrophagcs (72 h in primary culture) wasdctcrrnined 
as described in section 2. In the Na’-deplcted medium (-Na) NnCl was 
replaced iso-osmotically by N-mclhyl-o.glucarninc-HCl. After addi- 
tion of PMA (I ,uM). 4a.phorbol 12.13didecanoate (I PM). iono- 
mycin (5 PM), arachidonic acid (30 PM) or potassium fluoride (30 
mM) fluorescence was continuously recorded for I5 min. Amiloridc 
(2O!IyM), staurosporinc (I yM) or PMA (IO0 nM) were added IO min 
or 24 h prior to the stimuli, respectively. For the determination of pHi 
in zymosan.stimulatcd cells. zymosan (0.5 mgml) was added to cells 
incubated in Leighton tubes for different periods of time and there- 
after pHi determined as described in section 2 (phagocytosis of zy- 
mosan was diminished in cells incubated in cuvcttes and by magnetic 
stirring). Maximal pHi changes were obtained 8 and 15 min after the 
addition of PMA and zymosan, respectively. Data are mean&SD. of 
three to six independent experiments and represent maximal pHi 
changes. P values wcrc calculated using Student’s I-test for unpaired 

samples; *P-rO.OOG. 

PH, Difference” 

Treatment +Na -Na 

None 7.26iO.05 7. I8f0.08 -0.08 
PMA 7.2 I +0.08 6.83+0.02* -0.38 

+amiloride 6.88&0.04* 6.80+0.02* -0.08 (-0.38)b 
Waurosporine 7.26f0.07 7.20+0.04 -0.06 
+PMA (24 h) 7.2420.03 7.22+_0.06 -0.02 

4a-Phorbol I2,I3- 
didecanoatc 7.23PO. IO 7.20~0.10 -0.03 
Zymosan 7.27n0.03 6.88+0.05* -0.39 
lonomycin 7.2510.04 7.17*0.12 -0.08 
Arachidonic acid 7.24+0.09 7.2OkO.05 -0.04 
Fluoride 7.23L0.08 6.88+0.09+ -0.35 

“(+Na) - (-Na); b(+Na, -amiloride) - (-Na, +amiloride) 

a formation of prostanoids in liver macrophages [10,19] 
suggesting that synthesis and release of prostanoids is 
not associated with changes in pHi. The inability of 
ionomycin to induce a change in pHi (Table I) suggest 
that in these cells cytosolic Ca”’ plays no central role in 
regulating plli. This assumption is confirmed by the 
findings that the effect of PMA and zymosan on pHi 
(Table I) did not require the presence of extracellular 
Ca” (data not shown). These data are in contrast to 
results obtained with platelets, fibroblasts and some 
other cells [ 1,20-223 where cytosolic Ca” has been 
shown to be an important regulator of pZIi. 

Fluoride induced in liver macrophages (incubated in 
sodium-depleted media) a decrease of pHi (Table 1) but 
not a generation of superoxide (Table II). Therefore, the 
fluoride-induced intracellular acidification can not arise 
from protons generated by NADPH oxidase. The 
mechanism of how fluoride induces a decrease of pH, 
is not quite understood. It may be that fluoride induces 
an activation of other acid-forming processes leading to 
intracellular acidification or that the effect of fluoride 
is due to inhibition of protein phosphatases. On the 
other hand we recently showed [lo] that fluoride leads 
to a translocation and activation of PKC in these cells 
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Table II 

Effect of difterent agents on superoxide generation and translocation 
of PKC. 

Superoxide generation in liver .macrophages (72 h in primary culture) 
was determined as described in section 2. Experimental conditions 
were as described in legend oTTable I. Duta are means?S.D. of three 
tco SAX ‘~nb~xnfaxnii -extmxrtt%. ?xa 50s xiir&ii~&r~~ 6 P<c xi 
from [9,1O]. Total a&icy in the homogenate was set to 100% and 
correspontis ‘LD O%k57 pmo\)min x mR.TteaImtnI 0C tI)e c&1% wi\h tht 
different agents did not alter this activity. “Treatment with PMA (100 
nM) for 24 h led to a complete disappearance of PKC in Kupffer cells 

[9]. n.d.. not determined. 

Superoxide release 
(nmol/106 cells 

x 60 min) 

PKC activity 
(% of control) 

Treatment 

None 
FM4 

+amiloridc 
+staurosporinc 
+PMA (24 11) 

?a-Phorbol 12,13- 
didecanoate 
Zymosan 
lonomycin 
Arachidonic acid 
Fluoride 

+Na -Na Soluble Particulate 

Sk3 424 71x 5 292 5 
3g27 Qx 45 7 4(f 7 
3757 3626 n-d, n.d, 
422 n-d. n.d. n.d, 
623 n.d. 0” 0” 

524 md. n.d. n.d, 
38&7 4O-clO 44* I4 57214 
625 724 664 2 34* 2 
424 2f4 662 4 342 4 
6e_3 525 45+ 1 5% 7 

(Table II). PMA and zymosan but not arachidonic acid 
or calcium ionophore have also been shown to be potent 
ac~~vakors of PKC in Ger mab~opbages (T&k 11, I\O3). 
Therefore, it may Cre that the efict of Auorkk on pH, 
is also mediated by PKC. This assumption is confirmed 
by the observations that the fluoride-induced change in 
pHi is suppressed by staurosporine or desensitization of 
PKC (data not shown). 

In order to distinguish between the relative contribu- 
tions of NADPH oxidase and PKC on pHi and activity 
of.Na+/H’ antiporter it would be necessary to perform 
experiments where (I) NADPH oxidase is activated by 
a PKC-independent pathway, and (2) when NADPH 
oxidase but not PKC activity is inhibited. However, all 
agents tested so far elicit superoxide release via activa- 
tion of PKC <[9] and unpublished data) and reported 
inhibitors of NADPH oxidase [23,24] are inactive or 
cytotoxic in liver macrophages (unpublished data). 
Therefore, the relative contributions of NADPH 

oxidase and PKC in the zymosan- and PMA-elicited 
decrease of pHi in liver ‘macrophages remain open, 
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