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proton and electron currents in human neutrophils

T. E. DeCoursey**, V. V. Cherny*, W. Zhou*, and L. L. Thomas*

Departments of *Molecular Biophysics and Physiology and *fimmunology/Microbiology, Rush Presbyterian St. Luke’s Medical Center, Chicago, IL 60612

Edited by Charles F. Stevens, The Salk Institute for Biological Studies, La Jolla, CA, and approved March 28, 2000 (received for review February 2, 2000)

Generation of reactive oxygen species by the NADPH oxidase
complex is an important bactericidal weapon of phagocytes. Phor-
bol myristate acetate (PMA) is a potent agonist for this “respiratory
burst” in human neutrophils. Although stoichiometric H* efflux
occurs during the respiratory burst, efforts to stimulate voltage-
gated H* channels by PMA in whole-cell patch-clamped phago-
cytes have been unsuccessful. We have used a modification of the
permeabilized-patch configuration that allows control of intracel-
lular pH and preserves second-messenger pathways. Using this
method, we show that PMA dramatically enhances and alters
voltage-gated proton currents in human neutrophils. PMA pro-
duced four alterations in H* current properties, each of which
increases the H* current at any given voltage: (i) a 40-mV negative
shift in the H* conductance-voltage (gu-V) relationship; (ii) faster
activation [smaller activation time constant (7act)] during depolar-
izing pulses; (iii) slower deactivation [larger deactivation time
constant (mi)] on repolarization; and (iv) a larger maximum H*
conductance (gu,max)- Inward current that directly reflects electron
transport by NADPH oxidase was also activated by PMA stimula-
tion. The identity of this electron current was confirmed by its
sensitivity to diphenylene iodinium, an inhibitor of NADPH oxi-
dase. Diphenylene iodinium also reversed the slowing of 7. with
a time course paralleling the inhibition of electron current. How-
ever, the amplitudes of H* and electron currents activated by PMA
were not correlated. A complex interaction between NADPH oxi-
dase and voltage-gated proton channels is indicated. The data
suggest that PMA stimulation modulates preexisting H* channels
rather than inducing a new H* channel.
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ADPH oxidase is a major bactericidal weapon of neutro-

phils and other phagocytes (1). On stimulation, the enzyme
complex assembles in the membrane and produces superoxide
anion, the precursor to several bactericidal reactive oxygen
species. NADPH oxidase is electrogenic (2), releasing a proton
into the cytoplasm for each superoxide anion released into the
phagocytic vacuole or extracellular medium. As a result, pH
changes reflecting increased H* permeability are seen during
the respiratory burst in phagocytes (2, 3) after stimulation by the
phorbol ester, phorbol 12-myristate 13-acetate (PMA). Voltage-
gated proton channels, discovered in snail neurons (4), were
postulated to mediate the increased H* permeability during the
respiratory burst in human neutrophils (2, 5, 6). The importance
of H* efflux as a means of charge compensation is emphasized
by the inhibition of PMA-stimulated superoxide anion produc-
tion by Zn?>* or Cd?*, which presumably act by inhibiting proton
current (7, 8). However, attempts to demonstrate effects of PMA
on H* currents in phagocytes studied in the whole-cell patch-
clamp configuration have heretofore been unsuccessful. It is
therefore unclear whether the gy observed in phagocytes by
conventional recording is the same conductance that is activated
during the respiratory burst in intact cells. Furthermore, a recent
report described a distinct “novel” variety of voltage-gated
proton current in human eosinophils studied in whole-cell
configuration under conditions that activated NADPH oxidase
(9). We have undertaken this study in part to resolve the identity

of the proton channels that are activated during the respiratory
burst in human neutrophils. To accomplish this, we have devel-
oped a variant of the permeabilized-patch technique (10-13)
that permits a vigorous response to PMA. The ability to observe
H™ current enhancement and NADPH oxidase-mediated elec-
tron flux simultaneously permits dissection of the relationships
between these processes.

Methods

Neutrophils were isolated from the blood of healthy adult
donors, under informed consent, by density gradient centrifu-
gation (14) and kept on ice before use. Type II alveolar epithelial
cells were isolated from adult male Sprague—-Dawley rats by
using enzyme digestion, lectin agglutination, and differential
adherence, and maintained in primary tissue culture, as de-
scribed elsewhere (15). Standard patch-clamp techniques at
20°C, with modifications described below, and computerized
data acquisition and analysis were used (15). For whole-cell
recording, the bath and pipette solutions contained 100 mM
buffer near its pK,, tetramethylammonium methanesulfonate to
bring the osmolarity to ~300 mOsm, 1 mM EGTA, and 2 mM
MgCl, or CaCl, (Sigma). For permeabilized patch recording, the
pipette and bath solutions usually contained 50 mM NH; in the
form of 25 mM (NH4),SO, (Aldrich), 2 mM MgCl,, 5 mM BES
buffer, and 1 mM EGTA, and were titrated to pH 7.0 with
tetramethylammonium hydroxide. We added ~500 pg/ml sol-
ubilized amphotericin B (=45% purity) (Sigma) to the pipette
solution, after first dipping the tip in amphotericin-free solution.

Results

As illustrated in Fig. 14, exposure of a human neutrophil in the
whole-cell configuration to 60 nM PMA for >20 min had no
discernable effect on the amplitude or gating kinetics of voltage-
gated H* currents. One possible explanation for the failure of
PMA to act in this configuration is the disruption of intracellular
signaling pathways by dialysis with the pipette solution. In this
study, we have used the “permeabilized patch” configuration
(10, 11) to preserve the cytoplasmic contents. For this, we added
the pore-forming antibiotic amphotericin B to the pipette solu-
tion (12). Amphotericin partitions into the patch of membrane
spanning the pipette tip and allows small ions (hence electrical
current) to pass between the pipette and the cytoplasm. This
technique cannot be used to study proton currents, because high
concentrations of buffer are required in the cell to control
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Fig. 1. PMA has no effect on human neutrophils in conventional whole-cell

configuration but produces dramatic effects in permeabilized patches. (A)
Lack of effect of PMA in a human neutrophil studied in conventional whole-
cell recording configuration. After 16 min in whole-cell configuration, 60 nM
PMA was applied. Superimposed are currents during test pulses to +60 mV
applied from a holding potential (Vhoiq) of —40 mV just before PMA was added
and 23 min later. The bath and pipette solutions were identical to those used
to study PMA effects in permeabilized-patch recordings (see Methods). (B)
Creating an NH; gradient has been shown to establish pH; in whole-cell
configuration (13, 17). To validate this approach for amphotericin-
permeabilized patch recording, we determined the reversal potential, Vie,, of
H* currents in human neutrophils. Average Ve, data are plotted against the
Nernst potential for NH;, Ennsa*, which ideally is the same as Ey if the NH;
gradient successfully establishes pH;. Mean =SD values of V,, are plotted for
5,12, 15, and 51 neutrophils (Left to Right) in 1-, 3-, 15-, and 50-mM NH; bath
solutions, respectively. These data confirm that NH; can permeate ampho-
tericin pores, because otherwise pH; would be uncontrolled, and V., would
have been the same in all solutions. The dashed line shows the Nernst
potential for NH; that would obtain if the NH; gradient controlled pH;
perfectly and if the H* channel were perfectly selective for H*, which appears
the case (18). The control of pHi; is excellent with gradients =10. Because we
are interested in physiological responses, we operated in the range of a
50//500r 15/ /50 gradient (pH; = pH, or pH; = pH, —0.5), where the control
is excellent. Vye, was similar before and after PMA treatment, with an average
change of <4 mV in 12 cells where Ve, was measured in the same solutions
before and after PMA. When the permeabilized-patch configuration is used,
PMA has dramatic effects on H* currents. Identical families of voltage pulses
were applied to a human neutrophil before (C) and after (D) 10-min exposure
to 60 nM PMA. From a holding potential of —60 mV, 8-s pulses were applied
to —20 mV through +20 mV in 10-mV increments. The inward tail currents
after repolarization to —60 mV are labeled with the test pulse voltage. The
presence of a distinct inward tail current after the pulse to —10 mV reveals
activation of the H™ conductance negative to the tail current reversal poten-
tial, Vrev, measured in this cell, —3 mV. Before PMA was added, depolarizing
pulses larger than shown in C elicited “normal’” H* currents.
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intracellular pH (pH;) (16), and buffer molecules are too large
to pass through amphotericin pores. To overcome this limitation,
we created an NH; gradient (Fig. 1B Inset), made possible
because NH; does permeate amphotericin pores. Fig. 1B shows
that the reversal potential of H* currents (Vey) reflects the pH
gradient predicted on the assumption that the applied NH;
gradient sets pH; (13, 17). Control over pH; effected by varying
extracellular [NH{] at constant internal [NH;] is excellent
except for large NH; gradients. Therefore we used a zero
gradient in most experiments, with 50 mM NH{ in the bath and
in the pipette, setting extracellular pH (pH,) = pH; = 7.0.

PMA dramatically enhanced H* currents in neutrophils stud-
ied in the permeabilized patch configuration. Voltage-gated
proton currents in unstimulated neutrophils, as in other cells, are
activated only positive to the Nernst potential for protons (Eg)
(6, 18). With a symmetrical pH gradient (pH, = pH; = 7.0),
threshold is =+20 mV, and a pulse to +20 mV elicited only tiny
current (Fig. 1C). However, the same voltage pulses elicited
large H* currents 10 min after addition of 60 nM PMA to
the bath (Fig. 1D). The activation of H* currents by PMA in
human neutrophils evidently requires a cytoplasmic component
that is inactivated or dialyzed away in conventional whole-cell
configuration.

During permeabilized patch recording, stimulation by PMA
consistently produced four effects on H* currents in human
neutrophils, each of which promotes H* efflux: (i) faster acti-
vation; (if) slower deactivation; (ifi) a larger maximum gy
(gr.max); and (iv) a 40-mV negative shift of the voltage-activation
curve. Before PMA (“pre,” Fig. 24), a pulse to +60 mV elicited
a slowly activating outward H* current. On repolarization to
—40 mV, the inward tail current reflects the time course of H*
channel closing. Shortly after 60 nM PMA was added to the
bathing solution, the H* current amplitude (/y) began to
increase, more than doubling within 10 min (®, Fig. 2B). On
average, Iy increased by a factor of 3.3 (Table 1). The H* current
turned on with depolarization more rapidly after PMA. Fitted by
a single exponential after a delay, the activation time constant
(Tact) decreased to 27% of its initial value (Table 1). The third
effect of PMA was to slow the decay of H* tail currents. This
slowing was progressive (Fig. 24) and occurred at the same time
the outward current was increasing. The tail currents at all times
could be fitted by a single exponential (curves superimposed on
the data points). This result suggests that the properties of H*
channels change in a graded manner, rather than in an all-or-
none fashion. In some cells, however, we observed more complex
kinetics. On average, the tail current (deactivation) time con-
stant (71) at —40 mV was slowed by a factor of 5.5 (Table 1).

Inspection of Fig. 24 reveals a small increase in the inward
holding current at —40 mV after PMA was added. This addi-
tional current reflects the activity of the NADPH oxidase, which
transports electrons out of the cell. This electron efflux is directly
measurable as an inward membrane current (19). We confirmed
the identity of the electron current (I.) by using diphenylene
iodinium (DPI), an inhibitor of NADPH oxidase function (20).
The appearance of I demonstrates that the NADPH oxidase was
activated under the conditions used. The average amplitude of
I. was —2.3 pA (Table 1), which is several times smaller than
—15.6 pA (19) or —7.5 pA (9) measured in human eosinophils.
This result is consistent with the 5-fold higher rate of superoxide
anion release by human eosinophils when stimulated with PMA
as compared with human neutrophils (21). DPI (at 1 or 10 uM)
abolished /. activated by PMA but did not inhibit the NADPH
oxidase-associated H* current (Fig. 2 B and C). The faster
activation of Iy (A, Fig. 2B) and the leftward shift of the gy—1"
relationship also were unaffected by DPI (data not shown). Thus
Iy remains enhanced even after abolition of NADPH oxidase
function (detected as I.). The dramatic slowing of tail current
decay, however, was largely reversed by DPI (Fig. 2C).
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Time course of effects of PMA on H™ currents and electron currents. (A) Progressive enhancement of H* currents by PMA. Test pulses were applied to
+60 mV from Vhoig = —40 mV in amphotericin-permeabilized patch configuration in a human neutrophil. Iy during a control pulse is shown (“pre’’) and during
three identical pulses after 60 nM PMA. Iy increased progressively, as did the initial amplitude of the tail currents (on return to —40 mV). The tail currents are
fitted by single exponentials (continuous lines) with amplitude and time constants (—2.8 pA, 260 ms; —5.5 pA 410 ms; —5.9 pA, 700 ms; and —7.0 pA, 1270 ms,
respectively, in chronological order). Although single exponential fits were not perfect, the data could not be fitted by simply varying the relative amplitudes
of fixed fast and slow components. The holding current did not change until the last pulse shown in PMA, when there was a net —0.5 pA inward current (relative
to the holding current before PMA). This inward current reflects electron current arising from NADPH oxidase action (19). (B and C) Time course of the changes
inH* and inward electron current, /¢, in a neutrophil exposed to 60 nM PMA and then to 1 uM DPI. (B) After PMA was added (dashed vertical line), /; (®) increased
progressively, and activation became faster (the activation time constant, 7a, (A) decreased). Both Iy and 7.t were obtained by fitting the rising current with
asingle exponential after a delay. Neither effect was reversed by DPI (second dashed vertical line). The —40 mV shift of the gu—V relationship similarly was not
reversed by DPI (not shown). (C) In the same cell, PMA greatly slowed i ((OJ) and activated an inward current at —40 mV (right axis) that increased with a similar
time course (#). The NADPH oxidase inhibitor, DPI eliminated the additional inward /. and largely reversed the slowing of m,j with a similar time course.

The time courses of PMA effects are compared in Fig. 2 and  of I, (Fig. 2C). If DPI had a direct pharmacological effect on H*
Table 1. The increase in the rate of channel opening was the  channels, one would expect a rapid change; furthermore, DPI
fastest response (A, Fig. 2B), with a half-time <1 min in most  did not change i in unstimulated neutrophils or alveolar
cells. Because 7, decreased substantially before /. turned on,  epithelial cells (data not shown). The similar time courses of
this change cannot be a consequence of oxidase function. In  changes in /. and 7,; suggest an intimate or causal relationship
contrast, the increase in [y (@) and the slowing of 7,y ([J)  between the function of NADPH oxidase and this aspect of H*
occurred more slowly, with time courses similar to that of the  channel behavior. DPI interferes directly with the function of
activation of I ( ). Intriguingly, DPI reversed the slowing of 7,z ' NADPH oxidase rather than preventing its activation or remov-
over several minutes, paralleling the time course of its inhibition  ing its products (20) and thus acts by a mechanism distinct from

Table 1. Magnitude and time course of effects of PMA

Tact Ttail Iy le, pA
PMA/control 0.27 = 0.05 (14) 5.5+ 1.3(11) 33x19(11) —-2.3+1.5(15)
Half-time, min <1 4.3 +£3.2(11) 3.4 +2.4(10) 3.0 = 1.63(11)

The average ratio of each parameter measured after treatment with 60 nM PMA to its value before treatment.
Usually, Iy and 7ac« were measured during pulses to +60 mV and i and /e at —40 mV. /¢ is taken as the average
increase in inward current after PMA. Mean +SD is given for (n) observations.
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Fig. 3. PMA shifts the gu-V relationship to voltages 40 mV more negative.
Families of voltage-clamp currents are shown in a human neutrophil in
permeabilized-patch configuration before (A) and 21 min after (B) addition of
60 nM PMA to the bath. In both A and B, the holding potential, Vioi4, was —40
mV, and test pulses are shown from —20 mV to +80 mV in 10-mV increments.
The holding current is offset by about —0.5 pA in B relative to A because of
putative electron current. (C) H* current—voltage relationships for the con-
trol run from A (@), a family recorded starting 6 min after addition of PMA (4),
and the family shown in B (M), (D) Chord conductance—voltage relationships
for the three families in (C), with identical symbol meanings. Curves show the
best-fitting simple Boltzmann functions, with midpoint voltage, slope factor,
and fitted gy max respectively, 57 mV, 9.3 mV, and 0.11 nS (@); 29 mV, 10.6 mV,
and 0.19 nS (A); and 21 mV, 11.8 mV, and 0.24 nS (M).
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Fig. 4. The limiting gu,max in individual neutrophils after stimulation with
PMA is correlated with the resting H* conductance but not with the electron
current. (A) The maximum H* conductance, gu,max Was estimated from the
upper limit of Boltzmann fits of the gy—V relationships, like those in Fig. 3. The
linear regression line (constrained to pass through the origin) indicates an
average ~1.7-fold enhancement of gn,max after PMA. This increase is less than
the average increase in /iy in Table 1, because the latter measurement was at
a fixed voltage that in unstimulated neutrophils does not elicit maximal
activation. (B) In contrast, there was no correlation between gumax and
electron current amplitude (measured at —40 mV) in neutrophils after stim-
ulation with PMA. Similarly, there was no correlation between /e and the
PMA-stimulated fraction of the gy (data not shown).

the signaling cascade through which PMA activates the oxidase.
The mechanism by which DPI reverses the effects of PMA of 7,
thus appears to involve the activity of the oxidase itself.

Fig. 3 illustrates families of H* currents in a neutrophil before
(a) and 21 min after (b) stimulation with PMA. The correspond-
ing current-voltage relationships are plotted in Fig. 3C (@, W),
including an intervening family recorded 6 min after PMA
stimulation (A). The current amplitude, Iy, was determined by
fitting the current at each voltage with an exponential after a
delay. Corresponding conductance—voltage relationships are
plotted in Fig. 3D. Fitted by a Boltzmann function after the PMA
effects appeared to reach steady state (>10 min), the midpoint
voltage was shifted on average —38.8 = 11.8 mV (mean = SD)
in 20 neutrophils. The slope factors mostly ranged 7-12 mV and

DeCoursey et al.



did not change consistently. The limiting gi, g1,max increased on
average 1.9 = 0.4 times (n = 21). If PMA activated a new variety
of H* channel without affecting preexisting channels, one would
expect superposition of two Boltzmann distributions. Instead,
the gu-V relationship appeared to shift progressively, with no
indication of multiple components. Although indirect, the evi-
dence points to modification of preexisting channels rather than
simple superposition of new channels on preexisting ones.

Further, if PMA stimulation turned on a novel H* conduc-
tance that is independent of the H* conductance in unstimulated
neutrophils, there is no a priori reason to expect a correlation
between their amplitudes. As shown in Fig. 44, the total H*
conductance after PMA stimulation was linearly related to the
H™" conductance in each cell before stimulation. In contrast,
there was no correlation between the amplitudes of H* currents
and electron currents, when compared in individual cells (Fig.
4B). The latter result is not easy to reconcile with the idea that
the H* channel activated during the respiratory burst is a part
of the NADPH oxidase complex (22, 23).

To determine whether the PMA effect on H" currents is
unique to phagocytes, rat alveolar epithelial cells in permeabil-
ized patch configuration with an NH; gradient were exposed to
PMA. Rat alveolar epithelial cells express a high density of
voltage-gated proton channels (18, 24, 25), with properties
different from those in neutrophils. No consistent change in
either the H* current amplitude or in gating kinetics was
detected in six epithelial cells studied for up to 45 min after PMA
treatment (data not shown). The PMA response in neutrophils
may be specific to phagocyte H* channels or may require factors
that are present in phagocytes but not in epithelial cells.

Discussion

Recent studies indicate that most NADPH oxidase activity in
PMA-stimulated human neutrophils is detected in secretory
granules that subsequently fuse with the plasma membrane (26).
Thus, “activation” of NADPH oxidase occurs to some extent
when secretory vesicles that contain its components fuse with the
plasma membrane. Similarly, some of the enhancement of the
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H* conductance may result from insertion of H* channels stored
in the same secretory vesicle membranes. Consistent with this
idea, the stimulation of superoxide anion production by NADPH
oxidase (detected directly as electron current) has a similar time
course as I enhancement. That the enhanced Iy after PMA is
not reversed by DPI suggests that the channels remain in the
plasma membrane independently of oxidase function. The slow-
ing of 7,1 by PMA was reversed by DPI, as though NADPH
oxidase activity in itself modifies this H* channel property. For
example, protons released intracellularly may lower the local pH
near H* channels, stabilizing the open state (25).

The properties of H currents observed after stimulation with
PMA resemble those of a “novel” proton conductance reported
in human eosinophils under conditions supporting NADPH
oxidase activity (9). Compared with “ordinary” proton channels,
novel H* channels exhibit slower tail current decay and activate
at more negative voltages, thus uniquely permitting inward H*
current (9). In PMA-treated neutrophils, H* tail currents de-
cayed 5.5 times more slowly (Table 1), and inward currents were
detected at voltages just negative to Ey (Fig. 1D), because the
voltage-activation curve was shifted so that threshold was neg-
ative to Ey (Fig. 3D). The properties of PMA-altered H*
currents resolve a puzzling discrepancy. In whole-cell experi-
ments in human neutrophils, voltage-gated proton channels do
not conduct steady-state inward current (6, 18), yet both outward
and inward PMA-activated H* fluxes have been observed in
neutrophils (5, 27, 28). The novel H* currents were proposed to
coexist with normal H* channels in phagocytes (9). Considered
together, however, the progressive changes in H* current prop-
erties, the correlation between the H* conductances before and
after PMA stimulation, and the fact that DPI reversed the
slowing of 7, without reducing grmax, are most simply ex-
plained if PMA alters the properties of “normal” H* channels,
rather than introducing a new type.
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