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Cell alkalinization is not necessary and increased sodium 
influx is not sufficient for stimulated superoxide production 
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Preincubation of rabbit neutrophils for 5 min with the protein kinase C inhibitor H7 causes inhibition of 
the rise in intracellular pH but not the increase in Na+ influx or stimulated oxidative burst produced by 
the chemotactic factor formyl-methionyl-leucyl-phenylalanine. On the other hand, the stimulated super- 
oxide production, but not the increase in Nat influx produced by phorbol 12-myristate 13-acetate, is inhib- 
ited by H7. The effect is more pronounced on the rate than the extent of the stimulated superoxide release. 
Furthermore, cell acidification produced by the phorbol ester but not by the chemotactic factor is decreased 
in the presence of H7. These results suggest that (i) most of the stimulated Na+ influx is not coupled to 
H+ efflux, (ii) in the case of the chemoattractant, the rise in intracellular pH is not necessary for stimulated 
superoxide production, (iii) the increase in Nat influx, in the case of the phorbol ester, is not sufficient for 
the stimulation of the oxidative burst, and (iv) the sources of the H+ responsible for the stimulated pH drop 
are the various metabolic activities of the cell, including NADPH oxidation and activation of the hexose 

monophosphate shunt. 

H7 IonJIux Protein kinase C &peroxide 

1. INTRODUCTION 

The addition of the chemotactic factor fMet- 
Leu-Phe to neutrophils activates several cell func- 
tions and profoundly modifies the permeability 
characteristics of the plasma membranes of these 
cells [l-17]. Among the most dramatic of the 
permeability changes initiated by fMet-Leu-Phe 
are rapid increases in Na+ and H+ fluxes. 

hibits both stimulated Na+ influx, H+ efflux and 
superoxide production produced by fMet-Leu-Phe 
[11,12,14-171. The role of protein kinase C in the 
regulation of the Na+/H+ antiport and superoxide 
production is based on the importance of protein 
kinase C in cell activation [18] and on the finding 
that the addition of phorbol 1Zmyristate 13-ace- 
tate (PMA) to neutrophils increases Na+ influx, H+ 
efflux and superoxide production [9,11,12,17,19]. 

It has been suggested, in analogues to other cell The present studies were undertaken to in- 
types, that the stimulus-induced increases in Na+ vestigate the relationship among stimulated Na+ 
influx and H+ efflux are mediated by the Na+/H+ influx, H+ efflux and superoxide production. We 
antiport system which is activated, in part but not have found, using the protein kinase C inhibitor, 
solely, by protein kinase C. It has also been H7 [20,21], which inhibits both the agonist and an- 
hypothesized that the rise in intracellular pH and tagonist properties of PMA [22,23], that (i) most 
increase in Na+ influx produced by chemotactic of the increase in Na+ influx produced by fMet- 
stimuli are important for stimulated superoxide Leu-Phe can be dissociated from the corre- 
production [14- 171. The evidence linking the sponding increase in H+ efflux, (ii) the rise in in- 
Na+/H+ antiport to the increase in superoxide tracellular pH but not the corresponding increase 
generation is based on the demonstration that in superoxide production produced by fMet-Leu- 
amiloride, a known inhibitor of this system, in- Phe is inhibited by H7, and (iii) the PMA-induced 
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changes in superoxide production and cell acidifi- 
cation but not the stimulated Na+ influx are in- 
hibited by H7. 

2. MATERIALS AND METHODS 

Rabbit neutrophils (4-16 h exudate) were col- 
lected, washed and resuspended in Hanks’ bal- 
anced salt solution buffered with 10 mM Hepes as 
described [ 191. The buffered solution contained 
1 mg/ml albumin and no added magnesium. The 
cells were suspended at lo7 cells/ml. When H7 was 
used, the cells were incubated with H7 for 5 min 
before stimulation. 

Changes in the intracellular pH of the neutro- 
phils were measured by following the distribution 
of the weak acid 5,5 ‘-dimethyloxazolidine-2,4- 
dione (DMO) as in [9]. The cells ( lo7 cells/ml) were 
incubated with [i4C]DM0 for 1 min, then the 
chemoattractant was added and the distribution of 
the label was followed with time. We have also 
used the pH-sensitive fluorescent dye 2 ’ ,7 ’ -bis(2- 
carboxyethyl)-5,6-carboxyfluorescein (BCECF). 
In these experiments the extracellular medium pH 
was 7.0. 

Na+ influx was measured using the rapid 
sampling silicone oil technique detailed in [ 131. 
Radiolabelled sodium and the desired stimuli were 
added simultaneously and the amount of radioac- 
tivity associated with the cells was measured with 
time. 

Superoxide production was determined using the 
method of Cohen and Chovaniec [24]. The con- 
tinuous measurement of OF-dependent cyto- 
chrome c reduction was performed at 37°C in a 
Lambda 3B double-beam spectrophotometer 
equipped with a 3600 Data Station (Perkin-Elmer, 
Norwalk, CT). Briefly, isolated PMNs were 
suspended at 5 x 106/ml in Krebs-Ringers-phos- 
phate with glucose (pH 7.3) plus 119 PM cyto- 
chrome c. The reference cuvette contained 0.02 
mg/ml of superoxide dismutase. The various 
stimuli were introduced simultaneously to both the 
reference and experimental cuvettes and the reduc- 
tion of cytochrome c was followed spectrophoto- 
metrically at 550 nm. The release of 0; was deter- 
mined as the change in absorbance from baseline 
after 10 min. This was converted to nmol reduced 
cytochrome c by use of the molar extinction coeffi- 
cient 21.1 x lo3 M-‘*cm-‘. 
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Table 1 

Effect of the addition of H7 on fMet-Leu-Phe-induced 
changes in intracellular pH 

Experimental Change in intracellular pH 
conditions (mean + SE)a 

APHi, ApJ-L.7 

Control 0.00 f 0.01 -0.01 f 0.01 
+ fMet-Leu-Phe 

( lO-9 M) -0.06 f 0.02 0.08 k 0.02 
H7 (25 PM) -0.02 * 0.01 0.01 + 0.005 
H7 + fMet-Leu-Phe 

(1O-9 M) -0.07 * 0.02 0.02 * 0.015 
+ fMet-Leu-Phe 

(lo-’ M) -0.09 + 0.025 0.10 + 0.025 
H7 + fMet-Leu-Phe 

(lo-’ M) -0.11 + 0.03 0.03 + 0.015 

a ApH ,,I = PH,,I - PH,,o; ApHI, = PJ-J,,~ - PH,,o where 
pHi,o, pH,,r and pHi,7 are the values of the intracellular 
pH at 0 time, 1 min and 7 min, respectively. The cells 
were preincubated with H7 for 5 min before 
[14C]DM0 was added. Each value represents the 
mean + SE of at least three separate experiments. Each 
experiment was carried out in duplicate 

fMet-Leu-Phe, Hepes, cytochrome c and super- 
oxide dismutase were purchased from Sigma (St. 
Louis, MO), PMA was obtained from CMC, Can- 
cer Chemicals (Brewster, NY), and I-(5-isoquino- 
line-sulfonyl)-2-methylpiperazine (H7) was pur- 
chased from Seikagaku America (St. Petersburg, 
FL). The 14C-labelled DMO and 22Na were pur- 
chased from New England Nuclear (Boston, MA). 

3. RESULTS AND DISCUSSION 

The effect of pretreatment of rabbit neutrophils 
with the protein kinase C inhibitor H7 on the 
changes in intracellular pH produced by the 
chemotactic factor fMet-Leu-Phe was examined 
(table 1). The results summarized in this table 
clearly show that the chemotactic factor fMet-Leu- 
Phe causes a rapid decrease (acidification) fol- 
lowed by an increase (alkalinization) in the intra- 
cellular pH. Similar results were obtained using the 
pH-sensitive fluorescent dye BCECF. The initial 
acidification (most likely due to metabolic events 
of the cells) is not affected by incubating the cells 
for 5 min with 25 PM H7. On the other hand, the 
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alkalinization (most likely due to Na+/H+ anti- 
port) is inhibited by H7. Note that H7 by itself has 
no significant effect. The results with BCECF were 
not reliable. 

The addition of fMet-Leu-Phe to neutrophils 
causes an increase in Na+ influx in addition to the 
rise in intracellular pH. It is commonly hypothe- 
sized, as in other cell types, that stimulated Na+ in- 
flux is coupled to H+ efflux through the Na+/H+ 
antiport. In order to test this hypothesis, we have 
investigated the effect of H7 on the increase in Na+ 
influx produced by fMet-Leu-Phe. The results 
summarized in fig.1 clearly show that incubation 
of the rabbit neutrophils for 5 min with 25 ,uM H7, 
a concentration which reduces the stimulated rise 
in intracellular pH, does not affect the increase in 
Na+ influx produced by fMet-Leu-Phe. This clear 
dissociation of the two stimulated fluxes (Na+ in- 
flux and H+ efflux) strongly suggests that most of 
the increase in Na+ influx produced by fMet-Leu- 
Phe occurs through a pathway which is separate 
from the Na+/H+ antiport. 

Time, mln 

Fig. 1. Effect of H7 on the time course of **Na influx in 
control and Net-Leu-Phe-stimulated rabbit neutro- 
phils. (A) Control cells, (A) control cells stimulated with 
fMet-Leu-Phe (10e9 M), (0) H7-treated (25 yM for 
5 min) cells, (0) H7-treated cells stimulated with fMet- 
Leu-Ptie. Results are taken from a single experiment that 
is representative of at least three separate experiments. 
Each was carried out in duplicate. The pellet represents 

5 x lo6 cells. 

Table 2 

Effect of H7 on superoxide production produced by 
fMet-Leu-Phe and PMA 

Experimental Superoxide production 
condition (nmol/5 x lo6 cells per 10 min) 

Control + H7 (25 pM)= 

+ fh4et-Leu-Phe 
(1O-9 M) 5.5 f 0.5 8.0 * 0.5 

+ fMet-Leu-Phe 
(1O-8 M) 22.5 f 1.0 28.4 k 1.0 

+ PMA (100 ng/ml) 54.1 * 2.0 24.0 + 1.5 

a The cells were incubated with H7 for 5 min before the 
stimulus was added. The reaction was carried out for 
10 min after the addition of the stimulus. Each value 
represents the mean + SE of at least two separate 
experiments. H7 by itself has small (< 10% stimula- 
tion) effect 

To examine the relationship between the rise in 
intracellular pH and the increase in superoxide 
production, we have investigated the effect of 
pretreatment of the cells with H7 on production of 
superoxide produced by fMet-Leu-Phe and PMA 
(table 2). The data in this table clearly show that, 
unlike the rise in intracellular pH produced by 
fMet-Leu-Phe, the addition of H7 has no in- 
hibitory effect on superoxide production produced 
by the same stimulus. In fact, a small potentiation 
by H7 of the oxidative burst response to the 
agonist can be observed. This indicates that the 
two responses (rise in pH and 0: production) in- 
itiated by the chemoattractant can be clearly 
dissociated. On the other hand, the addition of 
25 PM H7 for 5 min inhibits, by more than 50%, 
superoxide production produced by PMA. It must 
be clearly pointed out that the inhibition is more 
pronounced on the rate and not the extent of 
superoxide production (i.e. H7 slows the reaction). 

Next we investigated the effect of H7 on the 
PMA-induced increase in Na+ influx. The results 
summarized in fig.2 show that pretreatment of the 
cells with 25 /IM H7 for 5 min, conditions which 
significantly reduced superoxide release, have no 
effect on stimulated Na+ influx produced by 
PMA. 

It has been suggested that the stimulus-induced 
drop in intracellular pH is due to NADPH oxida- 
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Time, mln 

Fig.2. Effect of H7 on the time course of 22Na influx in 
control and PMA-stimulated cells. (A) Control cells, (A) 
control cells stimulated with PMA (100 ng/ml), (0) 
H7-treated (25 PM for 5 min) cells, (0) H7-treated cells 
stimulated with PMA. Results are taken from a single 
experiment that is representative of at least three 
separate experiments. Each was carried out in duplicate. 

The pellet represents 5 x lo6 cells. 

both 0; production and the acidification pro- 
duced by PMA but not by fMet-Leu-Phe are 
reduced in the presence of H7. 

The results presented above make several separ- 

tion and/or the associated increase in the hexose 
monophosphate shunt activity [25]. To examine 
this point, we tested the effect of the protein kinase 
C inhibitor H7 on the decrease in pHi foll6wing 
stimulation by PMA and fMet-Leu-Phe. The 
results summarized in table 3 clearly show that 

Table 3 

ate, 

(1) 

(2) 

(3) 

though interrelated, points. 

The rise in intracellular pH produced by fMet- 
Leu-Phe is significantly diminished by the pro- 
tein kinase C inhibitor H7. This suggests that 
the protein kinase C system, through the 
phosphorylation of one or more proteins, is 
involved in cell alkalinization, possibly 
through the regulation of the Na+/H+ 
antiport. 

H7, at a concentration which reduces the rise 
in intracellular pH, has little effect on the in- 
crease in Na+ fluxes produced by fMet-Leu- 
Phe. This clear dissociation of the two fluxes 
strongly suggests that most of the stimulated 
Na+ influx occurs through a pathway separate 
from the Na+/H+ antiport. 

H7, at a concentration which reduces the rise 
in intracellular pH, has no inhibitory effect on 
the stimulated superoxide production by fMet- 
Leu-Phe. In fact, a small but significant in- 
crease is commonly observed. Gerard et al. 
[26] have very recently demonstrated that the 
stimulation by PMA of the oxidative meta- 
bolism of human neutrophils, but not by 
fMet-Leu-Phe, could be inhibited by an 

Effect of H7 on the drop in intracellular pH and superoxide production produced by fMet-Leu-Phe and PMA 

Conditions Cell acidification Superoxide 
APH?‘,~ productionb 

Control + H7 Control + H7 

No addition -0.01 f 0.01 -0.02 f 0.01 0.0 0.2 * 0.1 
+ fMet-Leu-Phe (lo-’ M) -0.17 + 0.03 -0.20 f 0.04 5.5 * 0.5 8.0 f 0.5 
+ PMA (100 ng/ml) -0.13 & 0.03 -0.08 + 0.03 54.1 f 2.0 24.0 + 1.5 

a ApHi. = pHi.2 - pHi.0 where pHi.0 and pHi.2 are the values of intracellular pH at 0 and 2 min respectively. The 
changes are expressed as pH units. Each value represents the mean f SE of at least two separate experiments. Each 
experiment was carried out in duplicate. The cells were incubated with H7 (25 PM) for 5 min and amiloride (1 mM) 
for 2 min before they were stimulated. Amiloride was used to enhance acidification 

b The values of superoxide production are expressed as nmol/5 x lo6 cells per 10 min. The cells were incubated with 
H7 (25 ,uM) for 5 min 
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(4) 

(5) 

(6) 

analogue of H7, compound C-l. This clear 
dissociation, in the case of fMet-Leu-Phe, be- 
tween the rise in intracellular pH and oxidative 
burst, strongly suggests that the former 
response is not necessary for the increase in 
the oxidative metabolism produced by this 
chemoattractant. 

H7, at a concentration which inhibits the in- 
crease by PMA in the oxidative burst by more 
than 50%) does not inhibit the stimulated Na+ 
influx produced by the same stimulus. In the 
case of PMA, this clear dissociation between 
the two responses strongly suggests that the 
stimulated Na+ influx alone is not sufficient to 
trigger superoxide production. 

The most likely sources of the H+ responsible 
for the stimulated pH drop are the various 
metabolic activities of the cell and the 
biochemical changes that ensue following 
stimulation. These include NADPH oxida- 
tion, activation of the hexose monophosphate 
shunt, lipid remodeling, increased ATPase ac- 
tivities and others. This conclusion is based on 
several experimental findings. (i) The decrease 
in intracellular pH is associated with a net H+ 
equivalent efflux [25]. (ii) Neutrophils ob- 
tained from patients with chronic granulo- 
matous disease (CGD), unlike cells from nor- 
mal donors, do not display acidification when 
stimulated with PMA in Na+-free or 
amiloride-containing media [25]. (iii) PMA- 
induced acidification is absent in neutrophils 
obtained from normal donors when NADPH 
oxidation and/or the hexose monophosphate 
shunt pathways are blocked by using al- 
kylating reagents or deoxyglucose [25]. (iv) 
Superoxide production and acidification 
produced by PMA, but not by fMet-Leu-Phe, 
are inhibited by the protein kinase C inhibitor 
H7. 

The finding that H7 does not inhibit the in- 
crease in Na+ influx produced by PMA 
represents the only case where a protein kinase 
C inhibitor does not affect PMA action. All of 
the reported agonist and antagonist properties 
of PMA have been shown to be inhibited by 
protein kinase C inhibitors [23,26,27]. There 

are two possible explanations for this result. 
First, the PMA action on Na+ influx is not 
mediated by protein kinase C. The observa- 
tion that the stimulated Na+ influx produced 
by the chemoattractant fMet-Leu-Phe is not 
affected by H7 is consistent with this view. 
However, this is unlikely since the inactive 
analogue &-phorbol 12,13-didecanoate does 
not increase Na+ influx in those cells [19]. 
Second, there is a family of protein kinase C, 
some of which are not inhibited by H7. 
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