
Induction of nitric oxide (NO) synthesis in murine macrophages requires potassium
channel activity

M. A. R. LOWRY*, J. I. GOLDBERG* & M. BELOSEVIC*† *Department of Biological Sciences and†Medical
Microbiology and Immunology, University of Alberta, Edmonton, Alberta, Canada

(Accepted for publication 25 November 1997)

SUMMARY

The activation of macrophages for antimicrobial responses is a multistage event involving numerous
intracellular signalling cascades that makes possible target cell destruction by these effector cells. This
study examined the effects of different potassium channel inhibitors and activators on the NO
production of murine macrophage-like cell lines P388D.1 and B10-4(S). We found that the potassium
channel inhibitors tetraethylammonium, 4-aminopyridine, and quinine caused dose-dependent reduc-
tions in the NO production of macrophages, and that the potassium channel activator, minoxidol, caused
a dose-dependent enhancement of NO production. The inhibition of NO production was due to
involvement of potassium channels in the priming stage of macrophage activation, since pretreatment
with the priming agent interferon-gamma partially restored the NO response of the macrophages. The
results of this study demonstrate a link between potassium channel activity and the activation of
anitimicrobial functions of murine macrophages.
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INTRODUCTION

Production of NO molecules is an important cytotoxic function that
macrophages use to resolve infection by several obligate intracel-
lular protozoan and bacterial parasites [1]. The inducible form of
the NO synthase enzyme (iNOS) produces large amounts of
reactive nitrogen molecules by oxidizing the terminal guanidino
nitrogen ofL-arginine [2,3]. Since reactive nitrogen molecules can
damage host tissues as well as the invading microbe, the activation
of NO production by macrophages is a tightly regulated ligand-
receptor mediated process that involves two stages [3]. The prim-
ing stage occurs when activating molecules, such as the cytokine
interferon-gamma (IFN-g), binds to receptors on the cell surface of
the macrophages, inducing alterations in cytoplasmic calcium
levels and initiating other intracellular signalling cascades [3–5].
These signalling cascades ultimately alter the expression of
enzymes, including iNOS, and receptor proteins to prepare the
metabolic machinery to initiate a cytotoxic response. The trigger-
ing stage is induced when another molecule, often a molecule of the
intruding microbe such as bacterial lipopolysaccharide (LPS),
binds to the receptors on macrophages, initiating another series
of signalling cascades that activates the previously ‘primed’

cytotoxic machinery [3,5,6]. For the iNOS pathway it is believed
that protein kinase C (PKC) is involved in the triggering step, but
the exact cascades involved have yet to be fully determined [5].

Macrophages possess a number of types of voltage-gated
potassium channels. Researchers using the patch clamp and
whole cell techniques have found delayed outward rectifier type,
calcium-dependent type, adenosine triphosphate (ATP)-dependent
type, and inward rectifier type potassium channels within macro-
phages [7–10]. The major role of most ion channels within cells,
particularly those specific for potassium ions, is the establishment
and maintenance of the membrane potential [10]. There is growing
evidence that alterations in the activity of ion channels and the
resulting changes in membrane potential can have significant
effects on other proteins and enzymes embedded in the plasma
membrane [11,12]. This includes a number of intracellular signal-
ling protein complexes and provides a mechanism for the inhibitors
of ion channels to affect the cytotoxic function of immune cells.
Indeed, experiments examining the role potassium channels play in
the cytotoxic functions of a variety of leucocytes have suggested
that potassium channels are involved in the signalling cascades
responsible for inducing cytotoxic functions [10,12–14].

In this study we examined whether alterations in the activity of
potassium channels caused by specific pharmacological blockers
affected the NO production and cell viability of the P388D.1 and
B10-4(S) macrophage-like cell lines.
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MATERIALS AND METHODS

Reagents
Recombinant murine IFN-g was purchased from Genzyme
(Boston, MA) and LPS fromSalmonella typhimuriumwas
obtained from Difco Labs (Detroit, MI). Quinine hydrochloride,
4-aminopyridine, and tetraethylammonium chloride were obtained
from Sigma Chemical Co. (St Louis, MO).

Cell lines and media
Two cell lines with different growth and cytotoxic activation
characteristics were obtained for experimentation. The macro-
phage-like cell line P388D.1 consisted of slower growing cells at
a later stage of differentiation, and was obtained from the Amer-
ican Type Culture Collection (ATCC, Rockville, MD) [15]. The
B10-4(S) macrophage-like cell line consisted of rapidly dividing
cells with morphology typical of less mature macrophages, and
was a kind gift from Dr D. Radzioch (McGill University). The
B10-4(S) cell line was immortalized from bone marrow-derived
macrophages isolated from C57Bl/10.A (B10A.BcgS) mice that
were susceptible to bacille Calmette–Gue´rin (BCG) [16]. Both cell
lines were cultured at 378C and 5% CO2 in Dulbecco’s modified
Eagles’ medium containing 50mg/ml gentamicin and 10% fetal
bovine serum (complete DMEM).

Activation of macrophages and treatment with potassium channel
inhibitors
Macrophages were seeded into the wells of 96-well tissue culture
plates at a density of 1×105 cells/well and allowed to attach to
the bottom of the wells at 378C and 5% CO2 for 1 h. Macro-
phages in different culture plates were treated with quinine (5–
250mM), tetraethylammonium (TEA; 1–10 mM), 4-aminopyridine
(4-AP; 50mM to 2 mM), and minoxidol (10 nM to 5mM) in con-
junction with complete DMEM (control) or 1mg/ml LPS and
25 U/ml IFN-g. A NO assay and a viability assay were done on
parallel cultures of macrophages for every treatment group. The
macrophage cultures were incubated at 378C and 5% CO2 for
24 h before performing the appropriate assays.

Time course of the NO production and respiratory viability
Macrophages were seeded at a density of 5×104 cells/well, and
wells of triplicate macrophage cultures were treated with 10 mM

TEA, 1 mM 4-AP, or 50mM quinine in conjunction with complete
DMEM (control) or 1mg/ml LPS and 25 U/ml IFN-g. A NO assay
and a viability assay were done on parallel cultures of macrophages
for each time point examined: 0, 6, 12, 24, 48 and 72 h. These
experiments were repeated twice.

Pretreatment of macrophages with cytotoxic activators or potas-
sium channel inhibitors
Macrophages were seeded at a density of 1×105 cells/well, and
wells of triplicate macrophage cultures were pretreated for 6 h at
378C and 5% CO2 with DMEM (control), 25 U/ml IFN-g, 1mg/ml
LPS, LPS and IFN-g or with the inhibitors 10 mM TEA, 1 mM 4-
AP, and 50mM quinine. The macrophage cultures were then fully
activated by addition of 1mg/ml LPS and/or 25 U/ml IFN-g, as
required, and potassium channel activity was inhibited by addition
of 10 mM TEA, 1 mM 4-AP, or 50mM quinine, again as required.
The cultures were incubated at 378C and 5% CO2 for a further 24 h.
These experiments were repeated twice.

Nitric oxide assay
The NO production of the macrophages was indirectly determined
using a colourimetric assay, the Griess reaction, to measure the
accumulation of the stable end product of NO degradation, nitrite,
within the superfusate of wells [17]. Briefly, 100-ml volumes of
macrophage superfusates were transferred from the treatment plate
wells to wells of a 96-well microtitre plate. An equal volume
(100ml) of 1% sulfanilamide (Sigma) in 2·5% phosphoric acid was
added to each well. This was followed by 100ml of 0·1% N-
naphthyl-ethylenediamine (Sigma) in 2·5% phosphoric acid. The
plate was gently tapped to mix the contents, allowed to sit for
2 min, and the optical density (OD) at 540 nm was determined
using an automated spectrophotometer (Biotek, Winooski, VT).
The approximate concentration of nitrite in samples was deter-
mined from a standard curve that was generated using known
concentrations of sodium nitrite.

Cell respiration (XTT viability assay)
Changes in macrophage viability were assessed using the XTT
viability assay. This assay measures the respiratory activity of the
macrophages’ mitochondria by determining the accumulation of a
coloured formazan by-product within the superfusates of treated
wells [18–20]. Briefly, a 50-ml volume of 1 mg/ml sodium 3,30-
[1[(phenylamino)carbonyl]-3,4-tetrazolium]-bis (4-methoxy-6-
nitro)benzene sulphonic acid hydrate (XTT) (ICN Biomedicals
Inc., Costa Mesa, CA) and 50mg/ml 2,3-dimethoxy-5-methyl-1,4-
benzoquinone (CoQ) (Sigma) in 1× Dulbecco’s Phosphate Buf-
fered Saline (GIBCO BRL Life Technologies, Burlington, Ontario,
Canada) were added to each well of the treatment plate. The plates
were gently tapped to mix the contents, incubated for 1 h at 378C
and 5% CO2, and the OD at 450 nm was determined using an
automated spectrophotometer (Biotek).

Statistical analysis
The data were analysed using Super-ANOVA software for the Power
Macintosh. Differences between experimental groups were deter-
mined using one-factor analysis of variance and a least square
means test.P <0·05 was considered statistically significant.

RESULTS

Nitric oxide production by activated macrophage-like B10-4(S)
and P388D.1 cells
Treatment of the macrophages with 1mg/ml LPS by itself for a 24-
h period was sufficient to induce NO production in both macro-
phage-like cell lines (Table 1). The B10-4(S) cells consistently
exhibited a higher NO response than the P388D.1 cells when
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Table 1. Cytokine and bacterial lipopolysaccharide (LPS)-induced NO
production of activated B10-4(S) and P388D.1 macrophage-like cell lines

Nitrite (mM/well 6 s.e.m.)

Treatment P388D.1 B10-4(S)

DMEM control * *
IFN-g (25 U/ml 0·386 0·57 1·166 0·16
LPS (1mg/ml) 12·216 0·02 56·336 2·16
LPSþ IFN-g 13·886 1·24 58·166 1·90

* Below the detection level of the assay.



seeded at identical cell densities (1×105/well) (Table 1).
Treatment with 25 U/ml IFN-g alone did not result in significant
NO production within either macrophage cell line (Table 1).
However, treatment of macrophages with both 1mg/ml LPS and
25 U/ml IFN-g resulted in a stronger NO response by both cell
lines compared with treatment with LPS alone (Table 1).

A time course of the NO production of LPS- and IFN-g-
activated P388D.1 macrophages showed that there was no sig-
nificant nitrite accumulation in the supernatants of macrophage
cultures until 12 h after activation (Fig. 1). Thereafter, there was a
steady increase in nitrite accumulation until 72 h post-activation.
(Fig. 1). The B10-4(S) macrophages had a similar time course of
NO response, except that there was no significant nitrite accumula-
tion until 24 h post-activation (Fig. 1). There was no significant
nitrite accumulation in the supernatants of macrophage cultures
that were not activated with LPS and IFN-g. The time course of the
respiratory viability of the activated B10-4(S) and P388D.1 macro-
phages showed a maintenance of respiratory viability for the first
6 h (P388D.1) or 12 h (B10-4(S)) followed by a steady increase in
respiratory viability until 48 h after activation for P388D.1 or 72 h
after activation for B10-4(S) (Fig. 1).

Potassium channel inhibitors decrease nitric oxide production of
activated macrophages
The potassium channel inhibitors TEA, 4-AP and quinine caused a
significant dose-dependent decrease in nitrite production of both
the B10-4(S) and P388D.1 macrophages (Figs 2 and 3). This
reduced NO output by the macrophages was not due to a reduced
viability or cell number, because respiration of the cells was either
at the same level as controls not treated with potassium channel
inhibitors or slightly higher than control levels (Figs 2 and 3). There
were differences in the sensitivity of both cell lines to the various
potassium channel inhibitors. For the B10-4(S) macrophages, TEA

was the least effective inhibitor, causing a 28·1% reduction in NO
production at the highest concentration tested. In contrast, quinine
caused a 55·4% reduction and 4-AP caused a 66·3% reduction in
NO production of B10-4(S) macrophages. The P388D.1 macro-
phage NO response was similar for the three potassium channel
inhibitors, causing a 55·4%, 48·2% and 55·3% reduction in NO
production for TEA, 4-AP and quinine, respectively. None of the
potassium channel inhibitors significantly reduced the viability of
either the B10-4(S) cells or the P388D.1 cells at the concentrations
examined (Figs 2 and 3).

Time course of nitric oxide production of inhibitor-treated B10-
4(S) and P388D.1 macrophages
Treatment of activated P388D.1 macrophages with 10 mM TEA
caused a 50% decrease in NO production compared with control by
6 h after treatment (Fig. 4). By 12 h there was a slight recovery in
NO production, but thereafter there was a steady decline in NO
production to 72 h post-treatment (Fig. 4). The P388D.1 macro-
phages showed a greater reduction in nitrite production at 6 h after
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Fig. 1. Time course of NO production and cell viability of B10-4(S) and
P388D.1 macrophage-like cells activated with 1mg/ml lipopolysaccharide
(LPS) and 25 U/ml IFN-g. B, NO production;A, respiration.
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Fig. 2.The effects of a 24-h treatment with the potassium channel inhibitors
tetraethylammonium (a), 4-aminopyridine (b), and quinine (c) on NO
production and cellular viability of B10-4(S) macrophage-like cells acti-
vated with 1mg/ml lipopolysaccharide (LPS) and 25 U/ml IFN-g. *P<0·05.
B, NO production;A, respiration.



treatment with 1 mM 4-AP, but the cells exhibited a steady recovery
to control levels between 12 h and 72 h post-treatment (Fig. 4).
Quinine, at a concentration of 50mM, caused a smaller reduction in
NO production than either TEA or 4-AP by 6 h after treatment, but
thereafter there was a steady decrease in nitrite production between
12 h and 72 h post-treatment. Examination of the respiration of the
P388D.1 macrophages showed that the potassium channel inhibi-
tors had minimal effects on the viability of the macrophages: a
slight decrease in respiration at 72 h for TEA, a slight but steady
increase in respiration for 4-AP, and no effect on respiration for
quinine (data not shown).

Treatment of the B10-4(S) macrophages with 10 mM TEA,
1 mM 4-AP, and 50mM quinine had a much more pronounced effect
on their NO production than the same treatments had on the
P388D.1 macrophages (Fig. 4). TEA caused a significant reduction
in NO production, compared with control, by 12 h of incubation
(there was no detectable nitrite at 6 h), followed by partial recovery
at 24 h, and then a further decrease in NO response from 48 h to

72 h post-treatment (Fig. 4). Treatment of the B10-4(S) macro-
phages with 4-AP abolished detectable NO production for the first
12 h of incubation but, like the P388D.1 macrophages, with longer
incubations there was some recovery of NO production by the B10-
4(S) macrophages (Fig. 4). While not as effective as the other
potassium channel inhibitors, quinine caused a large reduction in
NO production by 12 h post-treatment, and longer incubation
caused a further steady decrease (Fig. 4). The viability of the
B10-4(S) macrophages was not affected by the potassium channel
inhibitor incubations (data not shown).

Potassium channel agonist induces increased nitric oxide produc-
tion by activated macrophages
To verify that the effect on NO production was due to a specific
effect of the potassium channel inhibitors on potassium channels of
the macrophages, the effects of the potassium channel agonist
minoxidol on NO production and viability of the cells was
assessed. Minoxidol caused a dose-dependent enhancement of
nitrite production in both macrophage-like cell lines that was
significant above a dose of 50 nM (Fig. 5). At the doses where
there was the greatest enhancement of NO production there were
no significant effects on respiration (Fig. 5).
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Fig. 3.The effects of a 24-h treatment with the potassium channel inhibitors
tetraethylammonium (a), 4-aminopyridine (b), and quinine (c) on NO
production and cellular viability of P388D.1 macrophage-like cells acti-
vated with 1mg/ml lipopolysaccharide (LPS) and 25 U/ml IFN-g. *P<0·05.
B, NO production;A, respiration.
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Potassium channel inhibitors affect the ‘priming’ of macrophages
for cytotoxic response
The effects of various activator and inhibitor pretreatments on NO
production were assessed to determine which stage of activation
was being affected by the potassium channel inhibitors. The
control treatments consisted of cells that had only been treated
with LPS and IFN-g. For both the B10-4(S) and P388D.1 cell lines,
the DMEM and inhibitor pretreatments had similar NO production,
except that the inhibitor pretreatment plates had slightly higher
nitrite values (Table 2). Pretreatment with IFN-g caused signifi-
cantly higher NO production than the DMEM control in both cell
lines (Table 2). For the B10-4(S) cell line, pretreatment with either
LPS or LPS and IFN-g resulted in similar NO levels that were
almost identical to the DMEM control (Table 2). The P388D.1 cell
line also had similar NO production between macrophages treated
with LPS or those treated with LPS and IFN-g, but there was twice
as much NO as in the DMEM control (Table 2).

Pretreatment of the macrophages of the B10-4(S) and P388D.1
cell lines with potassium channel inhibitors for 6 h significantly
decreased the NO production of both cell lines compared with the
DMEM pretreatment (Fig. 6). This further reduction in NO
production was not due to a reduction in viability, since the
respiration was consistently either at the same level or slightly
higher than the DMEM control for all pretreatments (data not
shown). Pretreatment with IFN-g or LPS and IFN-g partially
restored the NO production of potassium channel inhibitor-treated
macrophages in both cell lines, with the LPS and IFN-g pretreat-
ment causing a larger restoration than IFN-g alone (Fig. 6).
Treatment with LPS alone consistently caused a much lower
restoration of NO production within both cell lines than

pretreatment with the other activators (Fig. 6). In fact, for the
10 mM TEA-treated B10-4(S) cells, pretreatment with LPS caused
a reduction in NO production compared with the DMEM
pretreatment (Fig. 6).

DISCUSSION

The dose-dependent reductions in NO production of the B10-4(S)
and P388D.1 cell lines induced by treating activated macrophages
with the potassium channel inhibitors TEA, 4-AP and quinine
show that potassium channel inhibitors affect NO production. In a
different study using the ATP-sensitive potassium channel inhibi-
tor glibenclamide, Wuet al. [8] concluded that while glibencla-
mide reduced the NO production of the macrophage-like J774.2
cells, it was not through any effects on the potassium channels of
the macrophages [8]. Our results do not support this conclusion. By
using a number of general inhibitors of potassium channels, we
have established that the reduction in NO production by the
inhibitors is due to an effect on the macrophages’ potassium
channels. We observed variations in the sensitivity of the B10-
4(S) and P388D.1 cell lines to the different potassium channel
inhibitors, especially to TEA. TEA caused a minimal reduction in
NO production of B10-4(S) cells, but caused reductions equivalent
to those for 4-AP and quinine in the P388D.1 cells. The inability of
TEA to reduce the NO response in the Wuet al. [8] study may have
been because the J774.2 cell line may be unresponsive to treatment
with TEA.

The blockage of potassium channel inhibitors must in some
way be involved in the induction or production of NO by iNOS.
Our results show that treatment of activated macrophages with an
agonist of potassium channels significantly increased the NO
production of the cells, indicating that the alterations in the
function of potassium channels can cause significant changes in
NO production of activated macrophages. If the observed effects of
potassium channel inhibitors on NO production were due only to
non-specific toxicity that reduced either cell number or individual
cell viability then a potassium channel agonist would not be
expected to enhance NO production.

Potassium channels could be involved in the intracellular
signals associated with either the priming step inducing formation
of iNOS or the triggering step activating iNOS. Theoretically, the
potassium channels could be responsible for producing conditions
necessary for the iNOS enzyme to function at maximum efficiency.
However, Wuet al. [8] convincingly showed glibenclamide, an
ATP-sensitive potassium channel inhibitor, was not affecting the
function of iNOS [8]. Glibenclamide was less effective at
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Table 2. Effects of different pretreatments on the NO production of 25 U/
ml IFN-g/1mg/ml lipopolysaccharide (LPS)-activated B10-4(S) and

P388D.1 murine macrophage-like cell lines

Nitrite (mM/well 6 s.e.m.)

Pretreatment P388D.1 B10-4(S)

DMEM control 27·106 0·23 52·976 0·24
IFN-g (25 U/ml) 38·396 1·24 72·866 0·87
LPS (1mg/ml) 78·896 2·68 49·446 0·68
LPSþ IFN-g 80·776 2·00 46·616 0·68
Inhibitors (combined) 32·336 0·27 58·336 0·59



inhibiting the NO production of J774.2 cells when presented
several hours after LPS activation, whereas the iNOS inhibitor
L-NAME was equally effective at inhibiting NO production when
presented from 2 h to 10 h after treating cells with LPS [8].
Therefore, the reductions in NO production were not due to a
reduction in iNOS function, suggesting that potassium channels
must be involved in inducing the formation and activation of iNOS.

The reduction of the NO response of macrophages caused by
the potassium channel inhibitors is unlikely to be caused by the
blockade of any single potassium channel type. The potassium
channel inhibitors used in our study affect numerous types of
potassium channels and affect those channel types through differ-
ent mechanisms. In our experimental set-up, TEA was acting from
outside the cell by binding to a specific receptor site on the
extracellular side of the potassium channel and physically blocking
the pore [7–9]. Delayed-rectifier type, inward rectifier type,
calcium-sensitive type and ATP-sensitive type potassium channels

are all affected by TEA, with only the exact concentration of TEA
required to achieve half-maximal blockage of potassium channels
varying from type to type [7]. The inhibitor 4-AP is lipid-soluble
and membrane-permeant, allowing it to cross cell membranes to
reach its site of action [7]. The binding site for 4-AP is probably
within the pore of the potassium channel, and 4-AP probably binds
the receptor by either directly diffusing out of the cell membrane or
diffusing from the cytoplasmic side of the channel once the
physical gate of the potassium channel opens [7,21]. Within
macrophages, 4-AP physically blocks the pore of the delayed-
rectifier type potassium channels. Quinine and quinidine are
configurationally isomeric alkaloids isolated from plants of the
Cinchona family that presumably block potassium channels
through a similar mechanism [22]. Quinidine, like 4-AP, is a
membrane-permeant molecule that blocks potassium channels by
passing into the cytoplasm of cells or diffusing from the cell
membrane to bind the receptor within the pore and physically
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block the passage of Kþ ions [7,21–23]. Quinidine, and presum-
ably quinine, blocks delayed-rectifier, calcium-sensitive type, and
ATP-sensitive type potassium channels of macrophages, and, as
with TEA, the exact concentration required for half-maximal
inhibition varies from type to type [7,23]. Given the wide variety
of potassium channel types being affected by the potassium
channel inhibitors, it is possible that each potassium channel
type contributes a small amount to the activation or signalling
process responsible for inducing NO production.

The order of activator and inhibitor treatments was examined to
establish whether potassium channels were involved in the priming
stage or the triggering stage of macrophage activation. A 6-h
pretreatment of the B10-4(S) and P388D.1 cells with the potassium
channel inhibitors before activation with IFN-g and LPS caused a
greater reduction in the NO production of both cell lines compared
with cells undergoing a 6-h preincubation in DMEM. Conversely,
6-h pretreatments with IFN-g or IFN-g and LPS resulted in
significant restorations of NO production in macrophages treated
with 10 mM TEA, 1 mM 4-AP, and 50mM quinine. Taken together,
our results suggest that potassium channels are involved in the
priming stage of macrophage activation, because treatment with
IFN-g alone primes the macrophages for antimicrobial activity.

Alteration in the activity of potassium channels clearly results
in an equivalent effect, whether inhibitory or enhancing, on the NO
production of macrophage-like cell lines. This alteration in NO
production is probably due to effects of altered potassium channel
activity on one of the intracellular signalling steps in the cascade
that primes the macrophage and induces iNOS. The exact intra-
cellular signalling steps being affected and the mechanism of
potassium channel involvement remain to be elucidated.
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