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Cytosolic pH regulation in mouse macrophages

Proton extrusion by plasma-membrane-localized H"-ATPase

Hans TAPPER and Roger SUNDLER

" Department of Medical and Physiological Chemistry, Lund University, P.O. Box 94, S-221 00 Lund, Sweden

Recent evidence indicates that H* extrusion in macrophages is in part accomplished by a H*-ATPase of vacuolar type.
The presence and plasma-membrane localization of such a mechanism in adherent resident macrophages was verified by
inhibition of H* extrusion, monitored by changes in both cytosolic pH (pH,) and extracellular pH, with low
concentrations of the H*-ATPase inhibitors N-ethylmaleimide and 7-chloro-4-nitrobenz-2-oxa-1,3-diazole. The H*-
ATPase was operative at physiological pH, levels, thus contributing to maintenance of steady-state pH,. It was further
shown to be sensitive to the plasma-membrane potential, with hyperpolarization being strongly inhibitory. In addition,
H* extrusion mediated by the H*-ATPase and the generation and release of lactic acid caused acidification of the
pericellular space and could enable secreted lysosomal hydrolases to act extracellularly.

INTRODUCTION

Mechanisms that extrude H* equivalents from cell cytosol are
vital, since many enzymic reactions have narrow pH optima in
the physiological range [1,2]. These mechanisms must counteract
the tendency of cells to accumulate protons due in part to the
plasma-membrane potential, which sets the electrochemical
gradient for protons such that pH, would be well below that
normally maintained [2,3]. Also, metabolic processes can acidify
the cytosol if not counterbalanced by H* extrusion. Special
demands may be put on the pH,-regulatory capacity in cells such
as macrophages that reside in an acidic environment under
certain pathophysiological conditions. Macrophages possess, in
addition to Na*/H* exchange and Na*/Cl-/HCO,~ exchange
[4), an alkalinizing mechanism which is Na*- and HCO, -
independent and tentatively identified as a H*-extruding ATPase
of vacuolar type [5,6]. Such a H*-ATPase is most likely present
also in osteoclasts, where it is responsible for the acidification of
their resorptive lacunae [7).

In the present paper, H* extrusion by plasma-membrane-
localized H*-ATPase in macrophages has been characterized
with respect to pH,-dependence, to sensitivity to low concentra-
tions of H*-ATPase inhibitors and to manipulations of plasma-
membrane potential. Since the plasma-membrane H*-ATPase of
macrophages could also be important for an acidification of the
pericellular space, a possible prerequisite for degradative
processes employing secreted lysosomal enzymes [8], its ability to
cause extracellular acidification along with extruded lactic acid
has also been assessed.

MATERIALS AND METHODS

Materials and methods not described below were identical
with those in the preceding paper [4]. Compositions of ex-
perimental media, their abbreviated designations and the pres-
entation of experimental results were the same as in the previous

paper [4].

Materials

Fluorescein isothiocyanate—dextran (FD; average M, 42000;
9 mmol of fluorescein isothiocyanate/mol of glucose residue), 4-

methylumbelliferyl N-acetyl-g-p-glucosaminide, carbonyl cyan-
ide p-trifluoromethoxyphenylhydrazone (FCCP) and reagents
for determination of lactate and lactate dehydrogenase (LDH,
EC1.1.1.27) were purchased from Sigma. Valinomycin was
obtained from Molecular Probes, Eugene, OR, U.S.A. NBD-Cl
was from Aldrich. FCCP and valinomycin were dissolved in
ethanol, and NBD-Cl was dissolved in dimethyl sulphoxide, and

- added to the experimental media in a volume not exceeding

0.5%.

Measurement of LDH

Experiments were performed with cells on culture dishes, the
culture media were collected and the cells were lysed with 1 ml of
0.19% (v/v) Triton X-100 and scraped off with a Teflon police-
man. The samples were centrifuged at 5000 rev./min for 5 min,
and the supernatants collected and put on ice. LDH activity in
media relative to cell lysates was assayed by a modification of a
method described previously [9], and taken as an indication of
cellular integrity [10]. Assay was performed on the day of the
experiment, and the release of enzyme was corrected for the
release observed in controls (< 59%). Unless otherwise stated,
conditions used in pH experiments with cells on coverglasses
were, in parallel experiments on culture dishes, found to cause
negligible release of LDH.

Measurement of N-acetyl-g-D-glucosaminidase (EC 3.2.1.30)
Experiments were performed as described above for the LDH

“assay, and N-acetyl-g-D-glucosaminidase in media and cell lysates

was determined as described previously [8].

Measurement of lactate

For these experiments, cells were seeded on culture dishes with
a 3-fold increased cell density. Cell protein in each well after
overnight culture was approx. 150 ug as measured by the
Bradford [11] method. Experiments were performed in 1 ml of
experimental medium for 30 min, after which medium and cell
lysate were obtained as described above for the LDH assay.
Lactate in media was determined by a modification of a method
described previously [12] and related to protein content in the
same well. The amount of lactate in the cell lysate was negligible.

Abbreviations used: BCECF-AM, 2’,7’-bis(carboxyethyl)-5(6)-carboxyfluorescein tetra-acetoxymethyl ester; FCCP, carbonyl cyanide p-
trifluoromethoxyphenylhydrazone ; FD, fluorescein isothiocyanate-dextran; LDH, lactate dehydrogenase NBD-Cl, 7-chloro- 4-mtrobenz-2-oxa-l 3-

diazole; NEM, N-ethylmaleimide; pH,, extracellular pH; pH,, cytosolic pH.
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Fig. 1. Fluorimeter cuvette for measurement of H* extrusion from cells in
monolayer

A coverglass with cells was placed in a chamber at approx. 30° angle
relative to the light beam with the cells facing the exciting light and
the opposing side of the coverglass being in close contact with one
wall of the chamber. Water at 37 °C was continuously perfused
beside the chamber on the side of emitted light. The dotted line
represents the plane of cross-section.

Measurement of lysosomal pH with FD

Loading with FD and experimental conditions for
measurements and calibration of lysosomal pH were as described
previously [8].

Measurement of H* extrusion

Cells seeded with 3-fold increased cell density on coverglasses
were assayed for H* extrusion in a specially built fluorimeter
cuvette (Fig. 1). The experimental media used were similar to
Na- or Ch-medium, except for decreasing Hepes to 100 uM and
supplementation with 400 nM-BCECF (free acid). Experiments
were performed in 125 ul of medium, degassed and equilibrated
with O,/N, (21:79) before registration of H* extrusion. Uptake
of probe by the cells was negligible, as judged by fluorescence
microscopy and also by the similar fluorescence intensity recorded
from the BCECF-containing media at excitation wavelength
456 nm before and after the experiments. It was also assessed
that the fluorescence ratio of BCECF had a similar pH-de-
pendence under these conditions as when used to monitor pH,.

RESULTS

pH;-dependence of H*-ATPase and inhibition by NEM and
NBD-Cl1

The presence of a Na*-independent alkalinizing pH-regulatory
mechanism in macrophages was indicated by a substantial pH,
recovery in Na*-free medium (Fig. 2a, upper trace). Under these
conditions, after acid-loading to different pH, levels in the range
6.1-6.6, no difference in recovery rate was seen (results not
shown). However, if a larger acid load was applied (Fig. 2a,
lower trace) recovery was severely inhibited. The mechanism
responsible for pH, recovery under Na*-free conditions is prob-

ably a H*-ATPase, siricé in the presencé of NEM (75 uM), an-

inhibitor of H*-ATPase of the vacuolar type [13], no pH, recovery
was seen (Fig. 2a, middle trace).
In Na*-free medium, pH, recovery was enhanced in the
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presence of amiloride compared with in its absence (cf. Figs. 2b
and 2a), indicating that reversed Na*/H* exchange driven by the
outward-directed Na* gradient could acidify the cytosol and that
this H* influx was inhibited by amiloride. However, the H*-
ATPase was not inhibited by amiloride, since H* extrusion
showed similar sensitivity to NEM under these conditions (cf.
Figs. 2b and 2a). Furthermore, the apparent inactivation of the
H*-ATPase when pH, approached approx. 6.0 was evident also
in the presence of amiloride (Fig. 2b, lowest trace).

As shown in Fig. 3(a), recovery of pH, in a Na*- and HCO,"-
free medium was inhibited by NEM already at concentrations
below 75 uM. This was true also for NBD-CI (Fig. 3b), another
inhibitor of H*-ATPase of the vacuolar type [13]. In earlier
studies of macrophage H*-ATPase [6,14], NEM was used at a
concentration of 1 mM. This high concentration was not necessary
in our system. Instead, it was desirable to use low concentrations
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Fig. 2. pH;-dependence of H*-ATPase and inhibition by NEM or NBD-Cl

Cells were acid-loaded for 15 min with 10 mm (upper two traces) or
25mM (lower trace) amine. Traces show recovery of pH, in
Ch/HCO,-medium (pH 7.2). The middle traces were recorded in the
presence of 75 uM-NEM. In (b) all traces were recorded in the
presence of 600 yM-amiloride.
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Fig. 3. Dose-dependent inhibition of H*-ATPase by NEM or NBD-Cl

Cells were acid-loaded for 15 min with 15 mM amine. Traces show
recovery in Ch-medium (pH 7.2) in the presence of 600 yM-amilpride. |
In (a) was included in the second trace from top.25 uM-NEM, in the
third trace 75 xM-NEM and in the bottom trace 150 4uM-NEM. In (b)
was: included in the top.trace 5 uM-NBD-Cl, in.the middle trace
25 uM-NBD-Cl and in the bottom trace 75 uM-NBD-Cl.
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Fig. 4. Toxicity of NEM or NBD-Cl is decreased after acid-loading of
the cytosol

Cells were incubated in Ch/HCO,-medium (pH 7.2) in the presence
of indicated concentrations of either NEM (a) or NBD-Cl (b) for
30 min, and the release of LDH was assessed (@); O, release from
cells that had been acid-loaded with 10 mM-amine for 15 min before
exposure to NEM or NBD-Cl.
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Fig. 5. Effect of NEM and NBD-CIl on lysosomal pH

Cells were loaded with FD as described in the Experimental section.
Traces were recorded (a) in Na/HCO,-medium (pH 7.2) containing
(top five traces, downward): I mM-, 500 uM-, 250 uM-, 150 uM- or
75 uM-NEM. Bottom trace is recorded in Na/HCO,-medium con-
taining 600 uM-amiloride and 75 uM-NEM after preincubation with
15 mM amine for 15 min. In (b) traces were recorded in Ch-medium
(pH 7.2) supplemented with 600 zM-amiloride and (top trace to
bottom): 0, 75 uM-, 25 uM- or 75 uM-NBD-CI. Before recording of
the top and the two bottom traces, cells were preincubated with
10 mm amine for 15 min.

of NEM and NBD-CI, since both inhibitors caused extensive
release of LDH from the cells at concentrations above 150 uM
and 25 uM respectively (Fig. 4). On the other hand, acidification
of the cytosol by an NH,Cl pre-pulse partially protected the cells
from the deleterious effects of NEM and NBD-Cl (Fig. 4),
although acid-loaded cells also releassd LDH at higher
concentrations of NEM or NBD-CI after a time delay (results
not shown). Since the reactivity of these agents is pH-dependent
[15,16], protection of intracellular proteins from covalent
modification was possibly obtained under conditions of acidic
pH,. Under no conditions where NEM or NBD-Cl otherwise was
used in this or the preceding paper [4] was there any release of
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LDH above that in control cultures, even when the time of
exposure was tripled. Also, similar retention of BCECF and
preservation of H* gradients by the cells (cf. Figs. 3 and 5)
confirmed the lack of cytotoxicity.

Inhibition of cytosolic H* extrusion does not raise lysosomal pH

Vacuolar-type H*-ATPase is primarily localized to intracellu-
lar membranes of the endocytic pathway, but might also be
present in the plasma membrane [5,6,17]. In order to determine
whether the NEM- or NBD-Cl-inhibitable H* transport de-
scribed above was carried out by H*-ATPase present in vacuolar
membranes or the plasma membrane, we monitored proton flux
into the lysosomal compartment (Fig. 5) and into the extracellular
environment (Fig. 6). As shown in Fig. 5(a), only higher
concentrations of NEM caused an increase in lysosomal pH.
Since both LDH and the lysosomal enzyme N-acetyl-g-D-
glucosaminidase were released under these conditions, and
roughly in parallel (results not shown), this pH increase most
likely reflects cell damage. The bottom trace (Fig. 5a) was
recorded after an acid load of the cytosol and in the presence of
NEM (75 um), and did not differ from traces recorded in the
absence of NEM (not shown). Neither did traces differ when
recorded without prior acid-loading of the cytosol, in the absence
or presence of a non-toxic concentration of NEM (75 uM, Fig.
5a). Thus lysosomal pH was unaffected by changes in the rate of
H* extrusion from the cytosol, induced by acid loading or
treatment with NEM (75 uM). Neither was lysosomal pH affected
by NBD-CI, at concentrations sufficient to inhibit cytosolic H*
extrusion (Fig. 5b); only higher (toxic) concentrations of NBD-
Cl led to a rise in lysosomal pH similar to that seen with toxic
concentrations of NEM (results not shown). Possibly, a lower
effective concentration of inhibitor is attained at the lysosomal
membrane as compared with the plasma membrane, owing to
protection by intracellular thiol-containing agents, e.g.
glutathione.

H* extrusion by plasma-membrane-localized H*-ATPase

Direct evidence for the existence of a H*-ATPase localized in
the plasma membrane could be obtained if H* extrusion into the
extracellular medium could be attributed to its operation. By
using a special fluorimeter cuvette (Fig. 1) and weakly buffered
media containing BCECF (free acid), it was possible to monitor
H* extrusion from cells in monolayer into the extracellular
medium. Results from such experiments are presented in Fig. 6.
In a medium containing glucose (Figs. 6a and 6b) the H*-
extrusion rate was found to be larger than in a glucose-free
medium (Figs. 6¢ and 6d). This implied that H* equivalents were
generated by glucose-requiring metabolic pathways. Glycolysis
generating transportable acid equivalents in the form of lactic
acid would be such a pathway. That resident macrophages
produced and released lactate (approx. 1 nmol/30 min per ug
of cell protein) and that this did not occur in a medium devoid
of glucose were confirmed experimentally (results not shown).

In a Na*- and glucose-containing medium, no effect of NEM
was seen on H* extrusion (Fig. 6a) either with (two lower traces)
or without prior acid-loading of the cytosol. This is most likely
due to a masking effect of lactic acid release and possibly also to
extrusion of H* equivalents by Na*-dependent mechanisms
operative in addition to the H*-ATPase. The rapid initial
acidification seen in the two lower traces of Fig. 6(a) was
probably due to activation of Na*/H* exchange by prior acid
loading of the cytosol. Amiloride was not used in these
experiments, since it acted as a buffer (pK, = 8.7). As shown in
Fig. 6(b) (upper trace), in a Na*-free medium containing glucose
an inhibitory effect of NEM was evident after enhancement of
H* extrusion by prior acid-loading of the cytosol. Again, the lack
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Fig. 6. Extracellular acidification by H* extrusion via Na*/H"* exchange
and H*-ATPase

H* extrusion was measured as described in the Experimental section
in (a) weakly buffered Na-medium, (b) weakly buffered Ch-medium,
(c¢) weakly buffered Na-medium without glucose and (d) weakly
buffered Ch-medium without glucose. From top trace to bottom,
inclusion of 150 uM-NEM and/or prior acid loading (NH,Cl for
15 min) was as follows: (a) no treatment, NEM, acid load (20 mm),
acid load (20 mm)+NEM; (b) acid load (20 mm)+ NEM, acid
load (20 mM), NEM, no treatment; (c) no treatment, acid load
(20 mm) + NEM, acid load (20 mm), acid load (40 mMm)+ NEM, acid
load (40 mM); (d) acid load (20 mm) + NEM, no treatment, acid load
(20 mM). Arrows denote cross-over of traces.

of inhibition of H* extrusion by NEM when cells were not acid-
loaded (Fig. 6b) would be due to masking by lactic acid release.
If so, the unmasking of NEM inhibition after an acid load would
indicate that the formation of lactate was inhibited by cytosol
acidification [1,2]. Lactate production in a Na*-free medium was
decreased at extracellular pH (pH,) below neutrality, probably
owing to a decrease in pH,, since acid-loading of the cytosol by
preincubation with amine also decreased lactate production
(results not shown). Under conditions of prolonged cytosol
acidification, as would occur after an acid load in a Na*-free
medium containing NEM, lactate production was severely
inhibited (> 50 %). It may also be noted that, after acid-loading
in Na-medium, NEM (75 uM) only slightly impaired glucose
metabolism to lactate.

An alternative way of inhibiting lactate production would be
to remove glucose from the medium. As shown in Fig. 6(c), an
inhibitory effect of NEM was seen in Na*-containing glucose-
free medium after a prior acid-loading of the cytosol (second and
fourth traces from top). It may also be noted that the initial rapid
acidification ascribed to Na*/H* exchange was larger when a
larger acid load was applied. The inhibitory effect of NEM on H*
extrusion was, however, most clearly demonstrated in a Na*- and
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Fig. 7. Inhibition of H*-ATPase by hyperpolarization

In (@) and (b), media with indicated K* concentrations were obtained
by replacing choline chloride in Ch-medium with KCl. Medium with
low KCl was obtained by replacing KCl in Ch-medium with choline
chloride. All traces in (a)+(c) were recorded in the presence of
400 pM-amiloride. In (a), traces show pH, in media containing
10 uM-FCCP in the absence (top trace) or presence of 10 uM-
valinomycin. Recording was started in medium containing 11.6 mMm-
K*, which was replaced by successive perfusion with media con-
taining 1.2 mM-, 37.0 mM-, 62.4 mM- and 138.6 mM-K*. Arrows
denote cross-over of traces. Traces in (b) show recovery of pH, after
amine-induced acid load (15 mM, 15 min) in media containing (top
trace to bottom) 37.0 mM-, 11.6 mM-, 1.2 mM- and 1.2 mM-K*. The
bottom trace was recorded in the presence of 10 gM-valinomycin. In
(c), traces show pH, in the presence of 10 4M-FCCP in Ch-medium.
The bottom trace was recorded after preincubation with 15 mm
amine for 15 min. pH, in the presence of 10 uM-FCCP in various
media after preincubation with 15 mM amine for 15 min is shown in
(d). In the bottom and middle traces, recording was started in
Ch-medium, which after 2 min was replaced by Na-medium (by
perfusion). Bottom trace was recorded in the presence of 400 uM-
amiloride. Top trace was recorded in Na/HCO,-medium. o

glucose-free medium (Fig. 6d), where the basal H* extrusion was
much increased by an acid load (lower trace) and largely inhibited
by NEM (upper trace).

In parallel experiments, where pH, changes were monitored,
no difference in pH, recovery mediated by either Na*/H*
exchange or H*-ATPase was seen in glucose-free as compared
with glucose-containing medium (results not shown).

H*-ATPase-mediated H* extrusion is sensitive to plasma-
membrane potential

In mammalian cells, pH, is maintained at a level considerably
higher than that expected from the passive distribution of protons

1992



Cytosolic pH regulation by H*-ATPase in macrophages

according to the electrochemical gradient [2,3]. After addition of
a protonophore, such as FCCP, a H* influx down this gradient
would be expected, with pH, approaching the pH set by the
gradient [18]. Accordingly, addition of 10 uM-FCCP to
macrophages resulted in a rapid and large acidification of the
cytosol (Fig. 7a). The change in pH, elicited by FCCP would be
expected to be sensitive to changes in the plasma-membrane
potential, provided that pH, is maintained at a fixed level [19].
Macrophages have been shown to possess a number of K*-
conductive pathways [20,21] and, like other cells, to depolarize
when extracellular K* is elevated. When extracellular K* was
decreased in the presence of FCCP, a decrease in pH, was
recorded, whereas increases in extracellular K* led to graded
increases in pH, (Fig. 7a). In the presence of the K*-ionophore
valinomycin, pH, fell even further than in its absence in medium
low in K* (Fig. 7a, lower trace), indicating that the exit of K*
from the cells, leading to hyperpolarization, was enhanced by
valinomycin.

H* transport via vacuolar-type H*-ATPase has been shown to
be influenced by the membrane potential [13,22,23]. Thus sen-
sitivity to changes in the plasma-membrane potential of the H*-
ATPase mediating pH, recovery in macrophages would further
support its localization to the plasma membrane. In medium low
in K*, pH, recovery was clearly depressed, and it was virtually
abolished when valinomycin was also included (Fig. 7b). On the
other hand, in medium high in K*, recovery was only somewhat
accelerated, but proceeded to a higher level (Fig. 7b). This
indicated that the H*-ATPase is more strongly inhibited by a
hyperpolarization than it is accelerated by a depolarization. In
medium with 11.6 mM-K* valinomycin caused only slight in-
hibition, in agreement with the data in Fig. 7(a), whereas no
inhibitory effect of valinomycin was seen in medium with
37.0 mM-K* (results not shown).

The lag period exhibited by H* extrusion via H*-ATPase (Fig.
7b) and the inhibition of pH, recovery seen after a larger acid
load (cf. Fig. 2) could be explained if acid load of the cytosol
caused plasma-membrane hyperpolarization. In agreement with
this possibility, the lag phase was decreased when cells were
exposed to medium high in K* for 5 min before recording of pH,
was started (results not shown). A transient hyperpolarization
was also indicated by pH, in the presence of FCCP after an acid
load (Fig. 7c¢). However, when Na*/H* exchange was operative,
the hyperpolarization indicated by FCCP was rapidly nullified
(Fig. 7d). Finally, the very similar pH, levels recorded in the
presence of FCCP in Na-medium, Na/HCO,-medium and
Ch-medium containing amiloride (Figs. 7c and 74) indicate that
the membrane potential is similar when cells are maintained in
these media.

DISCUSSION

Macrophages possess an alkalinizing pH,-regulatory mech-
anism, dependent on neither Na* nor HCO,", that has been
characterized as a H*-ATPase of vacuolar type primarily on the
basis of its inhibitory profile [5]. In the accompanying study [4],
the H* pump was found to be operative at physiological pH,,
since pH, was lowered in the presence of the H*-ATPase inhibitor
NEM. Thus the H*-ATPase appears to be operating continuously
and to contribute to the maintenance of steady-state pH, together
with Na*/Cl-/HCO,~ exchange [4]. This conclusion differs from
that of Swallow et al. [24], who found no effect of H*-ATPase
inhibition on steady-state pH,. However, these authors employed
thioglycolate-elicited macrophages in suspension and a different
inhibitor of the H*-ATPase.

In order to ascertain that the pH,-regulatory H* transport
occurred over the plasma membrane, H* extrusion into the
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medium and the internal pH of lysosomes were monitored. No
evidence was found, related to changes in pH,, for changes in
lysosomal H* transport in response to relevant concentrations of
the H*-ATPase inhibitors NEM and NBD-Cl, neither with nor
without prior acid-loading of the cytosol. However, extracellular
acidification was enhanced after a cytosolic acid load, and was
inhibited by NEM under conditions where lactic acid production
by the cells was decreased. Glycolysis is quite active in
macrophages also under aerobic conditions [25] and, as shown in
the present paper, contributes significantly to an acidification of
the pericellular space. However, inhibition of glycolysis by
glucose starvation did not affect H*-ATPase-mediated pH,
regulation, indicating that its operation was not critical in
furnishing ATP under these conditions. Activated macrophages
have been found able to seal off an acidic extracellular com-
partment through adherence [26], much like osteoclasts that
create an acidic resorptive lacuna on the surface of bone, into
which they secrete lysosomal enzymes [7,27]. The H*-ATPase as
well as the generation of lactic acid may be important in the
acidification of such a pericellular space.

Changes in the plasma-membrane potential were found to
affect pH, regulation mediated by the H*-ATPase, with a
hyperpolarization being strongly inhibitory. By the use of the
protonophore FCCP to monitor the membrane potential in-
directly, a transient hyperpolarization was recorded after acid
load of the cytosol in the presence of amiloride or in a medium
devoid of Na*. Operative Na*/H* exchange rapidly nullified this
hyperpolarization, possibly owing to influx of Na*. Thus acid
loading by preincubation with amine results in a hyper-
polarization which might be responsible for the lag period seen
for H*-ATPase-mediated pH, recovery, and also for the inhibition
of recovery seen after a larger acid load. A hyperpolarization
upon acidification of macrophage cytosol has previously been
recorded by using potential-sensitive probes and was ascribed to
the operation of the H*-ATPase [5]. However, electrogenic H*
transport should not affect the membrane potential in the
presence of a high concentration of protonophore. Accordingly,
in the presence of 10 uM-FCCP, similar pH, recordings to those
in Figs. 7(c) and 7(d) were obtained if H*-ATPase-mediated H*
extrusion was inhibited by 150 uM-NEM or 75 uM-NBD-Cl
(results not shown), suggesting an alternative cause of the
observed hyperpolarization. The transient nature of the
hyperpolarization after a moderate acid load raises the possibility
that it is established during the pretreatment with amine, e.g. by
modulation of some pH-sensitive K* channel [28].

In urinary epithelial cells, H*-ATPase is mobilized to the
plasma membrane, by exocytotic insertion of vesicle membrane
containing H*-ATPase, secondary to an increase in cytosolic
Ca? [17]. In macrophages, H*-ATPase appears to be
constitutively present in the plasma membrane, since it is
operative in resident cells at steady-state pH,. Also, pH, recovery
mediated by H*-ATPase was similar after acid loading obtained
by either exposure to acidic pH, or preincubation with amine
(results not shown). It has been shown that treatment with amine
induces massive exocytosis of lysosomal contents from
macrophages and that acidic pH, is strongly inhibitory [8]. Thus
recruitment of H*-ATPase from the lysosomal membrane in
response to an acid load of the cytosol appears unlikely. The
same conclusion was reached by Swallow et al. [5] on the basis of
other experimental evidence.

In certain pathophysiological environments, such as infectious
abscesses and solid tumours, special demands may be posed
upon the pH, regulation in macrophages, owing to relative
anaerobiosis, acidosis [29] and, possibly, decreased bicarbonate
concentration. Na*/H* exchange and Na*/Cl-/HCO,™ exchange
would both be ineffective under these conditions, and the
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macrophage would then depend on an accelerated H* extrusion
via the H*-ATPase, provided that ATP can be furnished by
anaerobic  glycolysis. Although lactate production by
macrophages is sensitive to acidosis, it is only partially inhibited,
as shown in the present paper. Further studies on pH, regulation
in macrophages under conditions of acidic pH, and the possible
role of an elevated K* concentration [29,30] are needed.
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