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Abstract
The present study investigated the effect of various ion (H� and K�) channel modulators on nitric oxide (NO) donors
(SNP and SNAP) induced free radical generation and on neutrophil membrane potential. Free radical generation was
assessed by DCDHF-DA, using flow cytometry, while membrane potential was measured by a fluorescent dye, DiO-C5-(3).
Neutrophil suspension in high potassium containing medium or following addition of NO donors (SNP, SNAP) to the
neutrophil suspension led to free radical generation and membrane depolarization. DPI (a dual inhibitor of NADPH-oxidase
and NOS), ABAH (MPO inhibitor) and BAPTA-AM (calcium chelator) significantly reduced 80 mM KCl or NO mediated
free radical generation. Modulators of large (NS1619), intermediate (Chlorzoxazone) and small conductance (Apamin,
chlorzoxazone) calcium activated K� channels (TBA), voltage activated K� channels (Kv) (4AP, 8Br-cGMP), ATP
sensitive K� channels (KATP) (Glybenclamide, pinacidil), Na�,K�-ATPase (Ouabain) and Na�/H� exchanger (NHE,
Amiloride) altered NO-induced neutrophil free radical generation response and membrane polarity. The results obtained
thus suggest an association between rat neutrophil membrane depolarization and NO-dependent free radical generation.
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Introduction

Neutrophils/polymorphonuclear leukocytes (PMNs),

the first line of defense, are recruited earliest to the

site of inflammation, injury or infection [1]. The

major role of PMNs is to internalize and destroy

infectious agents by the sequential formation of

phagosomes, recruitment of lysosomes, free radical

formation and fusion of various types of granules to

release proteolytic enzymes as well as anti-microbial

peptides, acting in concert to mediate the execution

of endocytosed pathogens [1�3]. It has been docu-

mented that alterations in ionic current through

various ion channels affect immune cell functions

[4,5]. K� channels also mediate cytotoxic actions of

the human neutrophils [2]. Moreover these channels

have been documented to regulate alterations in the

membrane potential [6]. Various ion channels such as

potassium channels, proton pumps, sodium hydrogen

exchanger (NHE) and sodium-potassium ATPase

have been found on human and mouse neutrophil

surface [2,7�11], information regarding the presence

of these channels on rat neutrophils is however

lacking. Membrane depolarization has been asso-

ciated with generation of superoxide radicals in the

macrophages and neutrophils [12�14]. Previous

studies from this lab as well from others have

suggested nitric oxide (NO) as an important mod-

ulator of free radical generation in rat and human

PMNs [15�17]. Since NO is known to modulate

various ion channel activities and exert various

actions, the present study was undertaken to investi-

gate an association between NO-dependent free
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radical generation and membrane polarity in the rat

neutrophils by using various ion channel modulators.

Methods

Isolation of polymorphonuclear leucocytes (PMNs)

PMNs from male SD rats (200�250 g) were isolated

from buffy coat diluted with phosphate-buffered

saline (PBS) containing tri sodium citrate 15 mM,

0.5% (w/v) bovine serum albumin (BSA) and glucose

10 mM was loaded over 1 ml Histopaque-1077 and

centrifuged (1000 g at 258C) for 20 min using the

method of Saini et al. [18]. Original density of cells

was restored by suspending cells in rat plasma

containing 5% (v/v) foetal calf serum for 30 min.

PMNs were separated over Histopaque-1083 and -

1119 gradients, washed with PBS, counted and

suspended in Hanks’ balanced salt solution [HBSS;

composition (mM): NaCl 138, KCl 2.7, Na2HPO4

8.1, KH2PO4 1.5, glucose 10, pH 7.2�7.4]. PMNs

purity was �90%, as assessed by CD11b/CD45;

contaminating cells in the PMN suspension were

mostly lymphocytes. NaN3 (1 mM) was added in the

HBSS buffer to rule out the free radical generation

from mitochondria [19].

Cell viability

PMNs (1�106 cells/ml) were pre-incubated for 5 min

with propidium iodide (PI, 5 mg/ml) followed by

treatment with Sodium nitroprusside (SNP, 1 mM to

10 mM) or S-nitroso, N-acetyl penicilamine (SNAP,

100 nM to 1 mM) or with various interventions used

in the study for 30 min at 378C to assess their effect on

the cell viability. Necrotic cells which varied from

4�10% in the control and most of the treated cells were

counted by flow cytometry (FACS Calibur, Becton

Dickinson, USA).

DCF response by flow cytometry

PMNs (2�106cells/ml) were incubated with vehicle

or various interventions such as diphenyleneiodo-

nium chloride (DPI) (10 mM), 4-aminobenzoic acid

hydrazide (ABAH, 100 mM), 1,2-bis(2-aminophe-

noxy)ethane-N,N,N?,N?-tetraacetic acid (BAPTA-

AM, 30 mM), tetrabutyl ammonium phosphate

(TBA, 1 mM), paxilline (300 nM), 1,3-dihydro-1-

2[2-hydroxy-5-(trifluoromethyl) phenyl]-5-(trifluor

omethyl)-2H-benzimidazole-2-one (NS1619, 30 mM),

apamin (1 mM), chlozoxazone (500 mM), 4-aminopyr

idine (4-AP, 10 mM), 8 bromo cGMP (10 mM),

pinacidil (10 mM), ouabain (2 mM), amiloride

(1 mM) or valinomycin (1 mM) for 5 min. Cell

suspension was subsequently incubated with 2?,7?-
dichlorodihydro-fluorescein diacetate (DCDHF-

DA, 10 mM), for 5 min and finally with a NO donor,

sodium nitroprusside (SNP, 1 mM to 10 mM) or

S-nitroso-N-acetyl-penicillamine (SNAP, 100 nM to

1 mM). Free radical generation in each sample was

monitored by flow cytometry by acquiring 10 000

cells and was analysed by Cell Quest program

(Becton Dickinson, USA) [16] and the results have

been expressed as MSI (mean stimulation index)

with respect to the respective controls, which is the

ratio of mean fluorescence of the stimulated and

unstimulated cells. In all the experiments, mean

stimulation index was calculated using respective

control from the same experiment.

Membrane potential determination

Membrane potential was determined by using a

potential sensitive fluorescent dye 3-3-dipentyloxa-

carbocyanine, DiO-C5-(3) (0.25 mM) [20]. Cells

(2�106/ml) were suspended in HBSS (2.7 mM

KCl), incubated for 5 min with the dye and basal

value of fluorescence was measured (5�10 min); the

cells were subsequently stimulated with a NO donor,

SNP/SNAP or other interventions to assess change

in the fluorescence measured by a fluorimeter

(Shimadzu, RF 5000) at the excitation wavelength

490 nm and emission wavelength 506 nm. The

value of membrane potential was obtained from a

calibration curve by using valinomycin (2 mg/ml)

in a cell suspension at various K� concentrations

(0�140 mM KCl).

Statistical analysis

Results have been expressed as mean9SEM of at

least 3�5 independent experiments. In the experi-

ments comparing only two conditions, statistical

analysis was performed using Student’s t-test and a

p-valueB0.05 was considered significant. In all the

other experiments, statistical analysis was performed

using analysis of variance for repeated measurements.

When the F-value was significant further pair-wise

comparisons were carried out with an adjustment for

multiple comparisons using Newman-Keul’s analysis.

The alpha level of all tests was set at 0.05.

Results

NO-induced free radical generation and membrane

polarity alterations

Rat neutrophil suspension in high K� (KCl 80 mM)

containing medium exhibited a significant augmenta-

tion in free radical generation (Figure 1A). DPI (a

dual inhibitor of NADPH-oxidase and NOS), ABAH

(Myeloperxidase [MPO] inhibitor) and BAPTA-AM

(calcium chelator) significantly reduced KCl

mediated free radical generation (Figure 1A and C),

suggesting a role of enzymatic free radical generation

in rat PMNs. NO donors SNP (100 nM�10 mM) or

SNAP (100 nM�1 mM) depolarized PMNs (Figure

1B) and also augmented the free radical generation

(Figure 1C). Since PMNs exhibited maximal DCF
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fluorescence following treatment with SNP (100 mM)

or SNAP (100 mM) at 30 min, these parameters were

kept constant in subsequent studies. Neutrophil

treatment with valinomycin significantly reduced

SNP or SNAP induced free radical formation (Figure

1D). NO donors did not react with DCF to generate

fluorescent adduct and DCF also did not interfere

with the NO release (data not shown). Both NO

donors in the concentrations used did not affect the

cell viability, number of apoptotic and necrotic cells

were �6% in the control and the NO donor-treated

cells, which was assessed by PI positive cell popula-

tion using flow cytometry.

Effect of calcium activated potassium channels

Addition of a non-specific calcium activated potas-

sium channel blocker, tetrabutyl ammonium (TBA)

(Figure 2A) or small conductance calcium activated

potassium channel (SK) blocker, apamin (Figure

2B), significantly augmented SNP or SNAP induced

free radical generation. TBA as well as apamin

enhanced free radical generation, even in the ab-

sence of SNP or SNAP. Paxilline, an inhibitor of

large conductance calcium activated potassium

channel (BK), had no effect on SNP or SNAP

induced free radical generation. Mean stimulation

index (MSI) of the unstimulated PMNs (190) was

augmented to 2.45923 following the addition of

bacteria in the presence of paxilline. Blocking of BK

channels by paxilline had no significant effect on

NO-induced free radical generation, which could

even be due to the absence of these channels on rat

PMNs. NS1619, an opener of BK channels, how-

ever, completely abolished SNP or SNAP induced

free radical generation (Figure 2D). Chlorzoxazone,

opener of small (SK) and intermediate (IK) con-

ductance calcium activated potassium channel aug-

mented basal as well as SNP or SNAP induced free

radicals (Figure 2C). Neutrophil membrane was

depolarized in the presence of Apamin (60.559

9.0 mV) and chlorzoxazone (24.9597.9 mV).

Moreover these interventions had no adverse effect

on the cell viability, as assessed by PI positive cell

population using flow cytometry.

Effect of voltage sensitive potassium channel

In human neutrophils, voltage sensitive potassium

channels open only above �60 mv. In rat neutrophils

Figure 1. (A) Effect of DPI, ABAH and BAPTA on high extracellular potassium induced free radical generation. The buffers 2.5 mM or

80 mM K� were used with DPI (10 mM), ABAH (100 mM) or BAPTA (30 mM) for 30 min at 378C along with DCF. (B) Effect of SNP and

SNAP on membrane potential. The PMNs (1�106 cells/ml) preincubated with Di-O-C(5)3 and valinomycin (4 mM) and were subsequently

treated with SNP (100 mM), SNAP (100 mM) and readings were recorded. Effect of DPI (C), ABAH (C) and valinomycin (D) on SNP and

SNAP induced PMNs free radical generation. PMNs (1�106 cells/ml) were incubated with 10 mM DCF-DA for 5 min at 378C and were

subsequently treated with various interventions. The PMNs incubated with interventions were treated with SNP (100 mM) or SNAP

(100 mM) for 30 min; 10 000 from each tube were acquired and analysed by a flow cytometer, control tubes had cells treated with dye but

instead of NO donors the same amount of vehicle was used (*pB0.001 in comparison to the un-stimulated controls, #pB0.001 in

comparison to the stimulated controls PMNs, $pB0.001 in comparison to the un-stimulated PMNs pre incubated with valinomycin). MSI

(mean stimulation index) is the ratio of mean fluorescence of the stimulated and unstimulated cells.
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we evaluated the effect of 4-Amino pyridine (4-AP),

the blocker of voltage sensitive potassium channel,

which offered complete inhibition of NO-induced

free radical generation (Figure 3A). 8BrcGMP had

an opposite effect, as shown in Figure 3B. 4-AP

hyperpolarized (�125910 mV), while 8BrcGMP

depolarized (182.56912 mV) the neutrophil mem-

brane. Cell viability in the presence of 4-Amino

pyridine and 8BrcGMP was not affected and

remained between 4�7%, as assessed by counting PI

positive cell population using flow cytometry.

Effect of ATP sensitive potassium channel, sodium

(Na�)-hydrogen (H�) exchanger (NHE) and

Na�/K� ATPase

Modulation of the ATP sensitive potassium (KATP)

channel is considered important during hypoxia at

the site of inflammation, which also exists in the

presence of excess NO. We therefore investigated

NO-induced free radical generation in the presence of

glybenclamide (blocker) or pinacidil (opener-SUR2),

both inhibited NO-induced free radical generation

(Figures 4A and B). Both interventions used also

Figure 2. Effect of TBA (1 mM), Apamin (1 mM), NS1619 (30 mM) and chlozoxazone (500 mM) on PMNs. PMNs (1�106 cells/ml) were

incubated with 10 mM DCF-DA for 5 min at 378C and were subsequently treated with TBA (A), Apamin (B), chlozoxazone (C) and

NS1619 (D) for 5 min at 378C. The PMNs incubated with interventions were subsequently treated with SNP (100 mM) or SNAP (100 mM)

for 30 min and 10 000 from each tube were acquired and analysed by a flow cytometer, control tubes had cells treated with dye but instead of

NO donors the same amount of vehicle was used (*pB0.001 in comparison to the un-stimulated controls, #pB0.001 in comparison to the

stimulated controls PMNs, $pB0.001 in comparison to the un-stimulated PMNs pre incubated with NS1619). MSI (mean stimulation

index) was measured with respect to the respective controls.

Figure 3. Effect of 4-aminopyridine (10 mM) and 8 bromo cGMP (10 mM) on SNP and SNAP induced free radical generation. PMNs

(1�106 cells/ml) were incubated with 10 mM DCF-DA for 5 min at 378C and were subsequently treated with 4AP (A) or 8Br-cGMP (B).

The PMNs incubated with interventions were further treated with SNP (100 mM) or SNAP (100 mM) for 30 min and 10 000 from each tube

were acquired and analysed by a flow cytometer, control tubes had cells treated with dye but instead of NO donors the same amount of

vehicle was used (*pB0.001 in comparison to the un-stimulated controls, #pB0.001 in comparison to the stimulated controls PMNs). MSI

(mean stimulation index) is the ratio of mean fluorescence of the stimulated and unstimulated or vehicle treated resting cells.
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reduced basal DCF fluorescence. Interestingly Gly-

benclamide and pinacidil hyperpolarized the neutro-

phil membrane (��100mV). Basal DCF response

was significantly reduced in the presence of oua-

bain (Figure 4C), while amiloride had no effect

(Figure 4D). Ouabain (Na�/K� ATPase inhibitor)

significantly reduced SNP or SNAP induced DCF

response (Figure 4C), while inhibition of NHE by

amiloride significantly augmented NO-mediated neu-

trophil free radical generation (Figure 4D) and

depolarized neutrophils (�31.5696 mV). Treat-

ment of PMNs with ATP-sensitive channel modula-

tors did not adversely affect their viability, as

measured by counting PI positive cell population,

which was not more than 6%.

Discussion

The present study reports NO-mediated free radical

formation, although enzymatic, seems to be asso-

ciated with membrane depolarization and is also

modulated by various ion channel modulators. A

large amount of NO accumulation as NO metabolite

(nitrite]50 mM), following iNOS induction at the

inflammatory site is well recognized in systemic

inflammatory response syndrome [21], hypotensive

sepsis [22] and nephrotic syndrome [23]. The amo-

unt of NO available to neutrophils in the present

study is thus similar to the NO concentrations

documented in various pathological conditions. It

has also been proposed that deoxy haemoglobin,

might act as nitrite reductase to enhance NO avail-

ability [24].

Neutrophil free radical generation from NADPH-

oxidase [25], NOS [26] and MPO [27] is well

documented. MPO, a cationic protein packed in

the azurophilic granules, with negatively charged

sulphated proteoglycan matrix remains inactive in

dormant neutrophils. Superoxide dismutates O2
� to

generate hydrogen peroxide (H2O2), which is utilized

by activated MPO to form hypohalous acid. Segal [2]

reported that in the phagocytic vacuole potassium

exchanged with MPO in a hypertonic, K� rich

alkaline environment. Free radical generation due to

high extracellular K�, SNP or SNAP was inhibited

by DPI and ABAH, suggesting dependence on

enzymatic free radical generation (Figure 1A and

C). Generation of free radicals in addition to enzyme

activation also seems to be dependent on K� [28]

and calcium [16]. We also observed that neutrophil

membrane depolarization by suspension in high K�

containing medium exhibited a significant augmenta-

tion in free radical generation (Figure 1A). High

extracellular K� [29�31], SNP or SNAP (Figure 1B)

Figure 4. Effect of Glybenclamide (100 mM), pinacidil (10 mM), ouabain (2 mM) and amiloride (1 mM) on SNP, SNAP induced free

radical generation. PMNs (1�106 cells/ml) were incubated with 10 mM DCF-DA for 5 min at 378C and were subsequently treated with

Glybenclamide (A), pinacidil (B), ouabain (C) and amiloride (D). The PMNs incubated with interventions were then treated with SNP

(100 mM) or SNAP (100 mM) for 30 min and 10 000 from each tube were acquired and analysed by a flow cytometer, control tubes had cells

treated with dye but instead of NO donors the same amount of vehicle was used (*pB0.001 in comparison to the un-stimulated controls,
#pB0.001 in comparison to the stimulated controls PMNs, $pB0.001 in comparison to the un-stimulated PMNs pre-incubated with

glybenclamide, pinacidil or ouabain). MSI (mean stimulation index) is the ratio of mean fluorescence of the stimulated and unstimulated or

vehicle treated cells.
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depolarized neutrophils and augmented free radical

generation (Figure 1C). Importance of ionic modula-

tion during inflammatory conditions is mostly asso-

ciated with neutrophils migration and enhanced NO

availability.

Altered Vm is predominantly a result of change in

either intracellular K� concentrations or K� perme-

ability by blockade of K� efflux. Blockade of K�

efflux or increase in K� influx depolarize cells.

Potassium channels regulate membrane polarity and

thus alter the free radical generation as assessed by

DCF, which seems to be independent of the electron

transport chain [32]. Neutrophil, a major player of

innate immune response [2], has a resting membrane

potential ��75917 mV, which is primarily main-

tained by K� conductance and to a small extent by

sodium/potassium pumps [33,34]. To combat bac-

terial infection, neutrophils generate superoxide

(O2
�), depolarization in the present study subsequent

to addition of NO donors along with basal/enhanced

intracellular K� seems to be mostly associated with

augmented free radical generation.

NO by modulating ion channels alter the responses

of various types of cells [35�39]. Opening of SK and

IK by chlorzoxazone augmented SNP and SNAP

(Figure 2C) induced free radical generation, while

treatment with NS1619 (Opener of BK) resulted in

the inhibition of free radical generation (Figure 2C

and D). Apamin or chlorzoxazone, which depolarized

PMNs, augmented free radical generation, while

NS1619 hyperpolarized and attenuated the free

radical generation from rat neutrophils. The extent

of hyperpolarization observed with NS1619 might be

due to many factors, besides the effect of this

intervention on BK channels alone. Although no

direct estimation of potassium has been carried out,

blockade of KCa by TBA or SK by apamin has shown

to increase intracellular potassium. Blockade of KCa

by TBA or SK by apamin significantly enhanced NO-

dependent free radical generation. In the paxilline-

treated neutrophils, however, no effect on SNP or

SNAP induced free radical generation was observed;

it could be due to the absence of these channels on rat

PMNs or the observed effect could also be due to the

fact that these channels normally remain closed in

resting human neutrophils and are assembled only

during phagocytosis [2]. The presence of BK is

controversial on human neutrophils. Segal [2] pro-

posed that the electrogenic charge difference gener-

ated by the activity of NADPH oxidase is

compensated by the BK channel mediated K� flux.

On the contrary [40], it has been recently reported

that BK channels are absent in human and mouse

neutrophils and remain to be investigated on rat

PMNs. The results therefore needs to be confirmed

using molecular studies or by patch clamp studies.

Alterations in NO-induced free radical generation in

the presence of these K channel modulators however

indicated some association with depolarization and

hyperpolarization.

KATP channel, a weak inward rectifier [41,42] open

subsequent to ATP depletion [43] and its modulation

by NO has been documented [44], which is involved

in maintaining the resting membrane potential [42].

Neutrophil migrate to the hypoxic inflammatory site

[45], implying the importance of KATP. Glybencla-

mide inhibited entry of potassium in the NO-treated

neutrophils and reduced SNP or SNAP (Figure 4A)

induced free radical generation. Pinacidil (KATP

opener) in the present study hyperpolarized neutro-

phils and inhibited SNP or SNAP (Figure 4B)

induced free radical generation. It has been report-

ed that pinacidil presumably by hyperpolarization

reduced the superoxide radical generation in neutro-

phils [46]. NHE maintains intracellular pH [7],

while intracellular acidification results in free radi-

cal generation [7]. Na�/K� ATPase, which maintain

the resting membrane potential, transport K� from

inside to outside. In the present study ouabain, an

inhibitor of Na�/K� ATPase [47], reduced SNP or

SNAP (Figure 4C) induced free radical generation,

while amiloride treated neutrophil exhibited augmen-

tation in the neutrophil free radical generation

(Figure 4D).

Studies conducted so far to characterize the pre-

sence of various channels on mouse and human

neutrophils [7�11,13,14] have provided an associa-

tion between these channels and free radical genera-

tion [2,28,40], while similar reports are lacking in rat

neutrophils. The present study has explored this

possibility in a preliminary manner by using various

pharmacophores and suggests the importance of

these channels in regulating the NO-dependent free

radical generation in rat neutrophils.
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