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Abstract
Voltage gated proton channels play an important role during the respiratory burst in phagocytic cells. Proton
channels have been earlier described in all leucocytes, including THP-1 monocytes. In this study, proton
currents in peripheral blood monocytes (PBMs) and the changes that occur in these currents during
differentiation into macrophages in culture were studied. The proton currents in PBMs were similar to proton
currents described in other mammalian phagocytic cells in terms of their threshold potential, zinc sensitivity,
activation and inactivation profiles. The proton currents in PBMs were larger than the currents previously
reported in THP-1 monocytes. There was a remarkable increase in cell size during differentiation of monocytes
under appropriate culture conditions to monocyte derived macrophages. This light microscopic finding was
supported by an increase in cell capacitance. The current density decreased significantly as the monocytes
differentiated into monocyte derived macrophages. The results of the study indicate that differences exist
between PBMs and THP-1 monocytes with respect to proton current amplitude and kinetics. Hence THP1 cells may not be an accurate model to study electrophysiological characteristics of monocytes. Further,
monocytic differentiation lead to a decrease in proton current density which could be related to functional
changes that occur in these cells during differentiation.

Introduction
Voltage gated proton channels have been
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demonstrated in neutrophils, lymphocytes,
eosinophils, basophils and alveolar epithelial cells
(1-6). Phagocytes generate superoxide radicals within
their phagosomes to kill invading pathogens. This
process is termed the “respiratory burst”. This
involves a coordinated action of an enzyme complex
called NADPH oxidase, voltage-gated proton
channels and several other membrane transporters
including proton pumps (7). The redox reaction
mediated by NADPH oxidase transfers negatively
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charged electrons out of the cytoplasm. This leads
to accumulation of positively charged H + ions in the
cytoplasm, causing membrane depolarization and
intracellular acidification. Therefore, H + extrusion
through proton channels helps to prevent
depolarization of the cell during the respiratory burst
and is essential to maintain the activity of the enzyme
NADPH oxidase (8, 9). Proton channels are also
expressed in phagosomes of granulocytes (10) which
is consistent with its proposed role during the
respiratory burst. Proton channels also help to
prevent intracellular acidification in neutrophils during
respiratory burst (11). Voltage gated proton channels
present in the brain microglia contribute to neuronal
death after ischemia (12).
Proton currents in peripheral blood monocytes have
been studied in perforated patch configuration after
stimulation with phorbol myristate acetate (PMA) and
exposure to glucose. An increase in proton
conductance, faster channel activation and slow
deactivation were observed on activation with PMA,
while glucose did not have any effect on the proton
currents (13). Proton currents have been described
in THP – 1 monocyte (a monocyte leukemic cell
line) and after their differentiation to macrophages
with PMA (14). The total current as well as current
density was found to decrease after PMA induced
differentiation.
THP – 1 monocytes, derived from a human monocytic
leukemia cell line, are considered to be a more
differentiated cell line than PBMs (15, 16). Monocyte
derived macrophages are also closer in phenotype
and function to tissue macrophages when compared
to macrophages obtained by PMA induced
differentiation (16). This study investigates the
changes in proton currents during culture-induced
differentiation of PBMs to macrophages.

Materials and Methods
The work was conducted at the Department of
Physiology, Christian Medical College, Vellore
after obtaining approval from the institutional review
board.
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Isolation of monocytes from peripheral blood

Peripheral blood mononuclear cells were isolated by
density gradient centrifugation. 10 ml of heparinised
peripheral venous blood collected from healthy human
volunteers was diluted with an equal amount of RPMI1640 (Sigma-Aldrich, St. Louis, MO, USA). The
diluted blood was layered over 10 ml of Ficoll-paque
(Sigma-Aldrich, St. Louis, MO, USA) and centrifuged
at 400 g at 20ºC for 30 min. The mononuclear cells
were harvested from the interface between Ficoll and
the supernatant plasma and washed twice with
phosphate buffered saline (PBS) containing 2 mM
EDTA. The cells were re-suspended in PBS with
EDTA. Monocytes were isolated from peripheral blood
mononuclear cells by magnetic-activated cell sorting
(MACS) technique using anti CD 14 coated magnetic
beads (Miltenyi Biotec, Aurburn, CA, USA).
Culture of monocytes

The monocytes were cultured in 35 mm tissue culture
dishes at a concentration of 2 × 10 5 cells/ml in RPMI
supplemented with 10% fetal bovine serum
(FBS)(Gibco, Auckland, New Zealand), 100 U/
mlPenicillin/Streptomycin, 2.5 µg/ml of AmphotericinB at 37ºC in a humidified 5% CO 2 incubator for 3-6
days. Cells were harvested on day 3 or day 6 of
culture. Harvesting was done by gentle flushing of
the culture dishes with PBS containing EDTA, and
the cells were washed and re-suspended in PBS.
Patch clamp experiments were performed on the day
of isolation, day 3 and day 6 of culture.
Patch clamp experiments

The data were acquired using the Axopatch 200B
patch-clamp amplifier and digitized with the Axon
Instruments Digidata 1322A A-D converter.
Micropipettes were fabricated using borosilicate glass
capillary tubes (Kimax Borosilicate Capillaries,
Fischer Scientific, USA). Tip resistance ranged
between 3-5 MΩ when immersed in bath solution.
Voltage gated proton currents were recorded in
monocytes and monocyte derived macrophages in
whole-cell configuration. The bath solution contained
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60 mM CsCl, 100 mM HEPES, 2 mM CaCl 2, 1 mM
EGTA and 10 mM glucose. The osmolarity of the
bath solution was made up to 300 mOsm/L and pH
titrated to 7.5 with 1M tetramethyl ammonium
hydroxide. The pipette solution had 100 mM MES,
35 mM CsCl, 3 mM MgCl 2, 1 mM EGTA and 10mM
glucose. The pH of pipette solution was titrated to
6.0 with concentrated methane sulphonic acid.
Voltage-gated proton currents were recorded using
depolarizing step voltages. All experiments were
performed at room temperature (25 oC).

when depolarizing pulses were applied to monocytes
(Figure 1a). They were inhibited by addition of 0.5
mM ZnCl 2 to the bath solution (Figure 1b).

Series resistance compensation (60-70%) was
applied before each recording. Data were sampled
at 10 kHz. Offline filtering of data was done when
required. Igor Pro version 5.0.4.8 (Wave Metrics, Inc.)
was used for data representation and offline analysis.

The mean peak proton current density in peripheral
blood monocytes recorded at +60 mV was found to
be 113.56±37.6 pA/pF (n=21).

The outward currents activated at –30 mV (Figure 2a
and 2b) and reversed at –70 mV (Figure 3). The
conductance-voltage (g-V) relationship as shown in
Figure 2b depicts an increase in conductance with
membrane depolarization. Data were best fitted with
a standard Boltzmann fit, commonly used to describe
g-V curves.

Statistical analysis

All data are expressed as mean±SD. Capacitance,
absolute current and current densities on different
days of culture were compared using Mann Whitney
– U test. SPSS version 17 was used for statistical
analysis. p<0.05 was considered to be significant.
The activation time constant (τ act) and the tail current
time constant (τtail) were obtained by fitting raw current
tracings with a single exponential curve. Clampfit
version 9.2 (Axon Instruments) was used for curve
fitting. As depolarizing potentials positive to +20 mV
resulted in drooping of outward currents during the
later phases of the voltage pulse, curve fitting was
done only on the initial segment.
The Boltzmann function used to fit the conductancevoltage (g-V) relationship used the following formula,
gH = gH.max/[l + exp((V 1/2 - V)/Vslope )], where gH is
the conductance of hydrogen channels, gH.max is
the maximum conductance, V 1/2 is the membrane
voltage at which conductance is half the maximum
value; and V slope is the slope factor related to the
steepness of the curve.

Results
Slowly activating outward currents were recorded

Fig. 1 : Zinc-sensitive outward currents in a human monocyte
a) A family of slow-activating outward currents
recorded from a human monocyte using step voltage
pulses. V Hold = –80mV; test potentials range from
–20 mV to +60 mV at 20 mV increments. b) Recording
made from the same cell after addition of 0.5 mM
ZnCl2 shows inhibition of outward currents. The
voltage protocol used is shown in the inset. Filtered
at 1 kHz.
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Changes in culture

Light microscopy showed an increase in cell size
as the cells differentiated in culture. Increase in
cell size is accompanied by an increase in the
surface area of the cell membrane. Cell membrane
acts as a good capacitor due to its extreme thinness
and low electrical conductivity. Therefore, an increase
in the surface area of a cell would increase its
electrical capacitance. This line of reasoning is
supported by the increase in the cell capacitance
observed on day 3 (12.3±1.4 pF) and day 6 (21.2±2.6
pF) of culture compared to the day of isolation
(4.4±1.1 pF) (p<0.001). The increase in cell
capacitance on day 6 compared to day 3 was also
significant (p=0.002) (Fig 4).
There was an increase in the peak current amplitude
recorded at +60 mV on day 3 (849±365.8 pA) and
day 6 (772±180.9 pA) of culture compared to day
0(510.8±241.8 pA) (Figure 5a). However, there was
a drop in the peak current amplitude on day 6
compared to day 3 which was not statistically
significant.
Fig. 2 : I-V and g-V relationships of proton currents recorded in
human monocyte a) The current-voltage relationship of a
representative proton current recording. The activation
threshold of proton currents is observed to be around –
30 mV. The bath pH (pHo) was 7.5 and the internal pH (pHi)
was 6.0. b) The conductance-voltage relationship of the
proton channels plotted using the data shown above. The
solid line with markers represents the conductance as
calculated from the data. The conductance increases in a
sigmoid fashion with membrane depolarization. The dotted
line represents asigmoid fit of the g-V curveusing Boltzmann
function. Boltzmann fit parameters are: V1/2 = 4.9±0.86 mV;
VSlope = 11±0.8 mV and gH.max = 2.6±0.06 nS.

Fig. 4 :
Fig. 3: Tail current-voltage relationship of proton currents. A
representative tail current-voltage relationship of proton currents
obtained from a human monocyte on the day of isolation, showing
reversal around –70 mV. The membrane was held at –80 mV
and depolarized to 0 mV. Test pulses ranging from –100 mV to
–40 mV at 10 mV increments were applied.

Cell capacitance during differentiation of monocytes in culture
into monocyte derived macrophages. Capacitance of
monocytes recorded on the day of isolation, third and sixth
days during culture. The capacitance values are given as
mean±SD. The cells had grown significantly larger during
the culture as seen by their increase in cell capacitance.
(n = 11 on day 0; n = 8 on day 3 and n = 6 on day 6).
*p<0.001 with Mann-Whitney U test.
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single exponential curve. The activation time
constants (τ act ) decreased progressively as the
membrane voltage was stepped up to more
depolarizing potentials, which indicates faster
activation with depolarization (Figure 6a). The
deactivation time constant (τ tail ) increased with
depolarizing pulses showing slowing of proton
channel deactivation at depolarizing voltages (Figure
6b). The activation kinetics was not significantly
different before and after culture.

Fig. 5 :

I-V relationship of proton currents in monocytes and
monocyte derived macrophages a) The relationship
between absolute current magnitude of proton currents
and membrane voltage at day 0, 3 and 6 of culture. The
currents recorded on day 3 and 6 were significantly
larger than those recorded on the day of isolation. b)
The relationship between proton current density and
membrane voltage on three different days of culture
(day of isolation, 3 and 6 days during culture). The
current density showed significant reduction on day 3
and day 6 of culture as compared to the day of isolation
(p<0.05 with Mann-Whitney U test). Proton currents were
recorded with pHo = 7.5 and pHi = 6.0. (n = 11 on day
0; n = 8 on day 3 and n = 6 on day 6).

The peak current density at +60 mV was reduced to
60% and 32% on day 3 and day 6 of culture
respectively, when compared to the current density
on day of isolation (p<0.05) (Figure 5b).
Gating kinetics

The activation time constants for each voltage were
obtained by fitting the raw current tracings with a

Fig. 6 : Activation and deactivation time constants of proton
currents during differentiation of monocytes in culture
to monocyte derived macrophages. The time constants
were obtained by fitting raw current tracings with a
single exponential curve. The y-axes are shown in
logarithmic scale. a) The relationship between activation
time constant of proton currents and membrane voltage
on day 0, 3 and 6 during the culture. Data shown as
mean±SD. Activation was observed to be faster with
progressive membrane depolarization as shown by a
decrease in activation time constant. No significant
difference in channel activation was observed during
culture. (n = 11 on day 0; n = 8 on day 3 and n = 6
on day 6). b) The tail current time constants plotted
against membrane voltage. The figure shows 3
representative data from day 0, day 3 and day 6 of
culture. Deactivation time constant increased with
progressive membrane depolarization.

102

Snekalatha and Kanthakumar

Discussion
Voltage gated proton currents have been previously
described in THP-1 monocytes, which is considered
to be a more differentiated cell line than peripheral
blood monocytes (15,16). Differentiation of monocytes
to macrophages is accompanied by changes in the
phagocytic capacity and respiratory burst activity,
which are closely related to the function of proton
channels. This study aims to describe proton currents
in freshly isolated human peripheral blood
monocytes, and the changes that occur during their
differentiation to macrophages in culture.
Proton currents in THP -1 monocytes and peripheral
blood monocytes (13,14) has been described earlier
and were found to be similar to proton currents
described in other phagocytic cells in terms of their
voltage dependence, kinetics and zinc sensitivity. In
the present study, voltage-gated proton currents were
studied in peripheral blood monocytes in whole-cell
configuration. The threshold potential for the recorded
outward currents was observed to be around –30 mV
when the proton gradient between the pipette and
bath solutions was 1.5 pH units with the proton
gradient directed outward. This is comparable to the
data previously published on proton channel activation
in alveolar epithelial cells (18). The outward currents
recorded were blocked by 0.5 mM Zn 2+, a known
blocker of voltage-gated proton channels. At
membrane potentials positive to +20mV, the outward
currents exhibited a discernible droop towards the
later phase of the voltage pulse. As the proton
channels do not exhibit inactivation, the cause for
the droop is probably intracellular proton depletion
(19).
Proton channel conductance increased in a sigmoid
fashion as the membrane voltage was progressively
depolarized as seen in Figure 2b. Proton channel
activation was found to occur faster with progressive
membrane depolarization (Fig. 6a). Deactivation was
hastened
with
progressive
membrane
hyperpolarization (Fig. 6b). Analysis of the tail
current-voltage relationship showed that the reversal
potential (E rev) of the recorded outward currents was
approximately –70 mV. The calculated H + reversal
potential (E H) was –90 mV (Fig. 3). This discrepancy
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between the observed and calculated reversal
potentials could be due to the depletion of hydrogen
ions on the intracellular side as a result of continuous
proton efflux. This is expected to occur at the
depolarizing membrane potential used to measure
E rev . The resultant alkalinization of the intracellular
environment would shift the proton reversal potential
to a less negative value as observed in the tail
current-voltage relationship.
The peak proton current density at +60 mV was
recorded in 21 freshly isolated peripheral blood
monocytes. The peak current density was about 5
to 6 times higher in the freshly isolated human
monocytes when compared to that reported in THP1 monocytes in a previous study (14) (Fig. 5b).
Though the THP -1 monocytes have many
characteristics similar to peripheral blood monocytes,
they are considered to be more differentiated cells
than peripheral blood monocytes (15, 16). This could
be the cause for the difference in density of voltagegated proton currents between the two cell types.
The activation time constant was 2 fold smaller in
the peripheral blood monocytes when compared to
that of THP-1 cells, which implies faster activation
in PBMs.
Peripheral blood monocytes are known to differentiate
into macrophages, when cultured in medium
containing serum (20). Differentiation of monocytes
to macrophages is associated with changes in
phenotype and function (20). Changes in expression
of ion channels have also been reported during
differentiation. Expression of potassium channels has
been found to change during differentiation of THP 1 cells into macrophages under the influence of PMA
(21). Another study reports changes in density of
proton currents during PMA-induced differentiation
of monocytes to macrophages (14).
In the present study, monocytes were cultured for 6
days under appropriate culture conditions in the
presence of FBS. Analysis of the cells under light
microscopy revealed progressive increase in cell size,
suggesting differentiation of monocytes into
macrophages. However, this was not confirmed by
functional or phenotypic assays. A significant and
progressive increase in cell capacitance was noticed
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during culture which corroborates the light
microscopic finding of increase in cell size. The mean
current amplitude increased on day 3 when compared
to the day of isolation. However a small reduction in
current magnitude was observed beyond day 3 in
spite of a 1.7-fold increase in cell size from day 3
to day 6. The current density decreased on day 3
and day 6 of culture compared to the day of isolation
at all recorded membrane voltages (Figure 5b). This
suggests that density of voltage gated proton
channels decreased on the monocyte membrane
during their differentiation into macrophages. The
results of the present study are consistent with the
results of a previous study in which PMA-induced
differentiation of THP-1 monocytes was accompanied
by a reduction in the density of voltage gated proton
currents to half (14).
The results of the present study indicate that proton
current density decreases when peripheral blood
monocytes differentiate into macrophages in culture.
These results are comparable to the earlier reports
on THP-1 monocytes. However, these findings are
contrary to that found during granulocytic
differentiation studied in PLB-985 cells, which was
accompanied by a parallel increase in expression of
Hv1 proton channels and Nox2 (an enzyme of the
NADPH oxidase complex) (22). Phagocytic cells
exhibit a correlation between the activities of the
proton channel and the enzyme NADPH oxidase (23)
that generates superoxide radicals during respiratory
burst. PMA-induced activation of phagocytes activates
NADPH oxidase and increases proton channel
activity by enhancing their gating characteristics.
Cells that express high levels of NADPH oxidase
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show increased gating enhancement of proton
channels during PMA activation.
Differences have been reported between monocytes
and macrophages in their capacity to generate
superoxide radicals and efficiency to kill intracellular
pathogens. The observed decrease in proton current
density of monocytes upon differentiation can be
explained by the comparatively lesser ability of
macrophages to produce superoxide radicals (24). It
suggests a probable decrease in the expression of
NADPH oxidase during differentiation. However, this
demands further experimentation and functional
assays.
Conclusion

Differentiation of peripheral blood monocytes to
macrophages in culture is accompanied by a
decrease in proton current density, which could be
related to functional changes accompanying
differentiation. Differences exist between PBMs and
THP-1 monocytes with respect to proton current
amplitude and kinetics. Hence THP-1 monocytes may
not be a perfect model to study electrophysiological
characteristics of monocytes.
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