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SUMMARY

 

Increased adhesion and diapedesis of monocytes appear to be primary initiating factors in the patho-
physiology of occlusive vascular diseases, including atherosclerosis and restenosis. However, the under-
lying mechanisms of transendothelial migration and invasion of monocytes into the blood vessels are
not known. Alterations in ion channels on the cell membrane are generally involved in induced changes
in shape and volume. In the present study, we investigated the expression and functional role of chloride
channels in freshly isolated human blood monocytes. The Cl

 

–

 

 currents in whole-cells were measured by
the patch-clamp technique. We observed whole cell Cl

 

–

 

 currents, which were time-independent and out-
wardly rectifying. The chloride channel blockers 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB)
and 

 

R

 

(

 

+

 

)-[(6,7-dichloro-2-cyclopentyl-2,3-dihydro-2-methyl-1-oxo-1H-inden-5yl)-oxy]acetic acid 94
(IAA94) attenuated the Cl

 

–

 

 currents. NPPB and IAA94 also  inhibited  chemotaxis  of  monocytes,  as
measured  in  Boyden  chemotactic  chambers,  with  the  same sensitivity. NPPB but not IAA94,
increased the cell volume as measured by shape change, and decreased tumour necrosis factor (TNF)-

 

a

 

-induced monocyte adhesion to endothelial cells. These results suggest that monocytes contain Cl

 

–

 

channels which regulate transendothelial migration of monocytes, due presumably to an alteration in
cell volume.
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INTRODUCTION

 

Monocytes are immune effector cells for defence against micro-
bial pathogens and tumour surveillance. These cells also play a
critical initiating role in the pathogenesis of occlusive vascular dis-
eases, including atherosclerosis and restenosis [1]. Monocytes
migrate into tissues and differentiate to macrophages. Monocytes
are conjugated with oxidized low-density lipoproteins and exert
their cytotoxic effector functions by secreting proinflammatory
cytokines, chemokines, nitric oxide, arachidonic acid and its
metabolites, free radicals and other secretory products [2]. Sev-
eral studies indicate that the secretory products generated by
monocytes and monocyte-derived macrophages play a direct role
in the onset and/or progression of degenerative disorders such as

neurodegenerative and occlusive vascular diseases [3]. Successful
invasion of monocytes into tissues, which is a critical determinant
for the underlying pathology, involves change in cell shape and
volume, which are brought about by alterations in ion channels at
the cell membrane.

Most animal cells are capable of regulating their cell volume
upon exposure to anisotonicity. When cells are exposed to hypo-
tonicity, they initially swell and then restore their cell volume
towards normal. This is termed regulatory volume decrease
(RVD), and efflux of K

 

+

 

 and Cl

 

–

 

 via K

 

+

 

 and Cl

 

–

 

 channels, respec-
tively with obligated loss of water is responsible for RVD [4–6].
Anion channels are related to cell volume regulation. Several lines
of evidence suggest that volume-regulated ion channels regulate
cell migration through changing cell shape. For example, Cl

 

–

 

 chan-
nels were involved in invasion of glioma tumour cells into the brain
[7]. A number of electrophysiological studies have identified the
expression of voltage- and ligand-gated K

 

+

 

, Ca

 

2

 

+

 

, Cl

 

–

 

, H

 

+

 

 and cation
channels in inflammatory leucocytes [8]. The ion channels are
expressed in monocytic cell lines and monocyte-derived macroph-
ages, and their electrophysiological and pharmacological proper-
ties have been studied [9–14]. A few studies have examined the
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functional roles of these ion channels in monocytes and monocyte-
derived macrophages and indicate that these ion channels are
involved in differentiation, production of nitric oxide and migra-
tion to the brain [15–17]. However, there is no information about
the Cl

 

–

 

 channels expression in normal human blood monocytes.
Because migration of monocytes through changing cell shape

and volume is critical for trafficking from/to vascular blood ves-
sels and further progression of numerous degenerative disorders,
we investigated the expression and functional role of Cl

 

–

 

 channels
in normal human blood monocytes. In the present study, we dem-
onstrated that human monocytes expressed outwardly rectifying
Cl

 

–

 

 currents. The blockers of the Cl

 

–

 

 channels inhibited the Cl

 

–

 

currents, chemotaxis and adhesion of human blood monocytes.

 

MATERIALS AND METHODS

 

Blood collection

 

Normal volunteers, male and female between 21 and 45 years of
age, were recruited in the study. These subjects were healthy non-
smokers, taking no medication, free of any respiratory infection
and had no caffeine in the morning prior to the collection of
venous blood in heparinized vials. The Institutional Review
Board (IRB) of Creighton University approved the research pro-
tocol. All subjects were required to give informed consent as
approved by the IRB of Creighton University.

 

Isolation of monocytes

 

Monocytes were isolated and purified using a method reported
from our laboratory [18]. Briefly, 120 ml of blood was collected
from each volunteer using heparin as anticoagulant. Blood was
then diluted 1 : 1 with 0·9% saline followed by dextran sedimen-
tation for 1 h at room temperature and hypotonic lysis to elimi-
nate erythrocytes. The buffy coat of white blood cells was layered
over Percoll density gradient of 1·077 g/ml to 1·085 g/ml (Atlanta
Biologicals, GA, USA), and centrifuged to separate the periph-
eral blood mononuclear cells (PBMCs). The layer of the PBMCs
with a density of 1·077 g/ml was collected, washed twice in phos-
phate-buffered saline (PBS, pH 7·4) and suspended in the desired
buffer. Monocytes were separated from lymphocytes by the
adherence technique by incubating PBMCs in RPMI-1640
medium for 2 h. Adherent cells were removed, washed and used
for experiments. Purity of isolated monocytes was 

 

>

 

95% as
stained with Diff-Quick and viability was 

 

>

 

98% by trypan blue
dye exclusion. All culture reagents were screened for endotoxin
(

 

<

 

0·01 ng/ml) and mycoplasma tests before and during use.

 

Electrophysiological recordings

 

The whole-cell patch-clamp technique was used to record Cl

 

–

 

 cur-
rents in normal human blood monocyte. Whole-cell recordings
were made using an Axopatch 200B patch-clamp amplifier, and
pClamp 8 and Digidata 1322 A interface (Axon Instruments, Fos-
ter City, CA, USA) were used to control voltage and acquire data
[19]. Whole-cell Cl

 

–

 

 currents were measured using ruptured cell
membrane. Pipettes were fabricated of borosilicate glass capillary
tubing  (A-M  Systems,  Carlsborg,  WA,  USA)  with  resistance  of
5–7 M

 

W

 

 for each of the pipette solutions used. Currents were
filtered at 5 kHz with the eight-pole Bessel filter in the Axopatch
amplifier.

The bathing medium was NMDGCl or CsCl saline consisting
of (in m

 

M

 

) 140 CsCl (NMDGCl), 1 CaCl

 

2

 

, 1 MgCl

 

2

 

 and 10 HEPES
(pH 7·4, 290 mOsm). The pipette solution was CsCl saline

consisting of (in m

 

M

 

) 140 CsCl (NMDGCl), 0·1 EGTA, 1 CaCl

 

2

 

, 1
MgCl

 

2

 

 and 10 HEPES (pH 7·4, 280 mOsm). The bathing medium
was exchanged by continuous perfusion.

 

Chloride channel blockers

 

We examined the effect of several chloride channel blockers in
this study. These included: anthracene-9-carboxylic acid (9AC),
4,4

 

¢

 

-diisothiocyanostilbene-2,2

 

¢

 

-disulphonic acid (DIDS), gado-
linium chloride, 

 

R

 

(

 

+

 

)-[(6,7-dichloro-2-cyclopentyl-2,3-dihydro-2-
methyl-1-oxo-1H-inden-5yl)-oxy] acetic acid 94 (IAA94) and 5-
nitro-2-(3-phenylpropylamino)benzoic acid (NPPB). These chan-
nel blockers were prepared as 10

 

-

 

2

 

 

 

M

 

 stock solutions in dimethyl-
sulphoxide (DMSO), and diluted on the day of the experiment in
fresh solution. All reagents were purchased from Sigma Chemical
Company (St Louis, MO, USA).

 

Monocyte shape change assay using flow cytometry

 

Monocyte shape change was assayed as previously described
[20,21]. Purified monocytes (5 

 

¥

 

 10

 

6

 

 cells) were suspended in assay
buffer [comprising PBS without Ca

 

2

 

+

 

/Mg

 

2

 

+

 

 supplemented with
0·1% bovine serum albumin (BSA), 10 m

 

M

 

 HEPES and 10 m

 

M

 

glucose, pH 7·4] for 30 min at 37

 

∞

 

C. To stop the reaction, samples
were transferred to ice and fixed with 250 

 

m

 

l of fixative solution.
Samples were analysed immediately on a FACSCalibur flow
cytometer (Becton Dickinson) and monocytes were identified by
their forward-/side-scatter (FSC/SSC) characteristics. Chloride
channel blocker-induced monocyte shape change was compared
with unstimulated monocytes (control). A percentage change in
forward-scatter (FSC) was used to estimate the extent of increase
in the shape change from unstimulated cells. Ten thousand mono-
cyte events were counted for each sample.

 

Chemotaxis of monocytes

 

Chemotaxis was tested in 48-well Boyden microchambers [22].
Briefly, 26 

 

m

 

l of macrophage chemotactic protein-1 (MCP-1) solu-
tion (50 ng/ml) was added to the bottom wells of a chemotaxis
chamber (Neuroprobe, Gaithersburg, MD, USA). A PVP-free
polycarbonate filter (5 

 

m

 

m pore size) was layered onto the wells
and covered with both a silicon gasket and the top plate. Then 50

 

m

 

l of the cell suspension (1–1·5 

 

¥

 

 10

 

6

 

 cells/ml) was loaded into the
top chamber. This was incubated at 37

 

∞

 

C in 5% CO

 

2

 

 atmosphere
for 1·5 h. After the incubation, filters were removed and the top-
side of the membrane scratched to remove non-migrated cells fol-
lowed by staining with Diff-Quik. The cells are counted in five
high-power fields (

 

¥

 

 400). Experiments were performed in tripli-
cate and data were pooled. When NPPB or IAA94 was applied, it
was added to both bottom and top chambers.

 

Assay of monocytes adherence to human umbilical vein 
endothelial cells (HUVEC)

 

HUVECs were purchased from Clonetics (San Diego, CA,
USA) and grown in minimum essential medium (MEM) with
2% fetal bovine serum (FBS; Clonetics, San Diego, CA, USA).
Cells were used for experiments when they were 85–100% con-
fluent. HUVECs were plated in 96-well tissue culture plates for
the adherence assays. Monocytes were washed twice with PBS
and resuspended in RPMI-1640 without serum at 1 

 

¥

 

 10

 

6

 

 cells/
ml. The cells were labelled with calcein AM (Molecular Probes,
Eugene, OR, USA) at a final concentration of 7·5 

 

m

 

M

 

 for
30 min at 37

 

∞

 

C and 5% CO

 

2

 

. Labelling was stopped by the
addition of RPMI-1640 medium. The cells were washed twice
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by centrifugation followed by resuspension to 2 

 

¥

 

 10

 

5

 

 cells/ml in
RPMI-1640 medium.

It has been reported that adherent human monocytes to
HUVECs could be increased substantially when HUVECs are
stimulated with TNF-

 

a

 

 (10 ng/ml) [23]. In the present study,
HUVECs were pre-incubated with 10 ng/ml TNF-

 

a

 

 for 24 h.
Immediately before the assay, the HUVEC cultures were washed
twice with RPMI-1640 medium. Calcein AM-labelled monocytes
were added to each well and co-incubated with HUVECs at 37

 

∞

 

C
for 1 h in the presence of 200 

 

m

 

M

 

 NPPB or IAA94. To remove
non-adherent cells, each well was washed carefully by the addi-
tion of prewarmed RPMI-1640 followed by gentle swirling and
inversion of the plate and blotting of the excess liquid onto paper
towels. This was repeated twice and then 1 ml of RPMI-1640
medium was added to each well. Relative fluorescence was read
using the fluorescence plate reader (FL 

 

¥

 

 800, Bio-Tek) set at
excitation 485 nm and emission at 530 nm. Absolute cell numbers
were determined by comparison of fluorescence values deter-
mined after several dilutions of calcein AM-labelled cells in
RPMI-1640 medium.

 

Data analyses

 

Data are expressed as mean 

 

±

 

 s.e.m. (

 

n

 

 

 

=

 

 number of individual
experiments) and statistical significance was determined with Stu-
dent’s paired 

 

t

 

-test; 

 

P

 

 

 

<

 

 0·05 was considered significant.

 

RESULTS

 

Whole-cell Cl

 

–

 

 currents in monocytes

 

We investigated the presence of Cl

 

–

 

 channel expression in freshly
isolated human blood monocytes. Whole-cell Cl

 

–

 

 currents and cur-
rent 

 

versus

 

 voltage relationships are shown in Fig. 1. Cl

 

–

 

 currents
were isolated by adding Cs

 

+

 

 in the pipette and bathing medium to
block K

 

+

 

 currents. The whole-cell Cl

 

–

 

 currents were time-indepen-
dent and outwardly rectifying (Fig. 1a). When Cs

 

+

 

 was replaced
with NMDG

 

+

 

, a bulky cation that prevents contamination of cat-
ionic currents, the same electrophysiological properties of the
whole-cell Cl

 

–

 

 currents were observed (data not shown), indicating
that the currents were carried by Cl

 

–

 

 ions. The current amplitudes
after establishment of the capacity transients were plotted as a
function of voltage and exhibited outward rectification (Fig. 1b).

 

Pharmacology of Cl

 

–

 

 currents

 

Pharmacological properties of Cl

 

–

 

 currents were characterized
(Fig. 2). NPPB and IAA94 are known to selectively block
volume-sensitive Cl

 

–

 

 currents in leucocytes [24]. Whole-cell
recordings were established and Cl

 

–

 

 currents were recorded
(Fig. 2, control, left panel). After perfusing the bathing medium
with 200 

 

m

 

M

 

 NPPB or IAA94, Cl

 

–

 

 currents were recorded (Fig. 2,
NPPB, IAA94, right panel). The representative traces of the cur-
rent are shown and indicate that Cl

 

–

 

 currents were inhibited by
NPPB and IAA94. We also examined the effect of additional Cl

 

–

 

channel blockers such as DIDS, 9AC and gadolinium chloride.
However, these Cl

 

–

 

 channel blockers inhibited partially but not
significantly Cl

 

–

 

 currents (data not shown). The most probable
explanation for this finding is the contribution of more than one
type of Cl

 

–

 

 channel to Cl

 

–

 

 currents of monocytes.

 

Cl

 

–

 

 channel blocker NPPB induces monocytes shape change

 

We used the FSC assay to measure the effect of NPPB and IAA94
on shape change of monocytes. The representative dot-plots are

shown in Fig. 3, which depicts the shape change of monocytes in
response to stimulation with chloride channel blocker, detected as
an increase in mean FSC of monocytes. Following stimulation
with NPPB (200 

 

m

 

M

 

), the mean FSC of monocytes increased sig-
nificantly. In comparison, IAA94 (200 

 

m

 

M

 

) treatment did not
affect the shape change of monocytes (Fig. 3a).

 

Cl

 

–

 

 channel blockers inhibited chemotactic migration of 
monocytes

 

We investigated whether monocyte Cl

 

–

 

 currents are functionally
involved in migration. We used the Cl

 

–

 

 channel blockers, NPPB
and IAA94, to test functional role of Cl

 

–

 

 channels in migration of
monocytes by using a Boyden chemotaxis chamber (Fig. 4). MCP-
1 was a potent chemokine to induce migration of monocytes. Both
NPPB and IAA94 significantly inhibited MCP-1-induced chemo-
tactic migration of monocytes in a dose-dependent fashion
(Fig. 4).

 

Cl

 

–

 

 channel blocker, NPPB, suppressed monocytes adhesion to 
HUVECs

 

Prior incubation of the cells with TNF-

 

a

 

 (10 ng/ml) significantly
increased the adhesion of monocytes to HUVECs. IAA94 did not

 

Fig. 1.

 

Expression of Cl

 

– channels in human monocytes. (a) Families of
whole-cell Cl– currents were recorded in freshly isolated human mono-
cytes. The bathing medium and the pipette solution contained CsCl saline.
From a holding potential (VH) of 0 mV, command voltage (VC) stepped
from -100 mV to 60 mV applied every 1 s in 20 mV increments. (b) Cur-
rent versus voltage relation was determined by measuring currents at
10 ms after the onset of the command voltages (n = 14).
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Fig. 2. Cl– currents are blocked by volume-sensitive channel blockers. The bathing medium and pipette solution contained CsCl saline.
Families of whole-cell Cl– currents were recorded in human monocytes from a holding potential (VH) of 0 mV at command voltage (VC)
steps from -100 mV to 60 mv applied every 1 s in 20 mV increments. Control whole-cell Cl– current were recorded before (left panel) and
after perfusion of 200 mM NPPB (n = 7) or IAA94 (n = 6, right panel).

Control NPPB

50 pA
100 msec

50 pA
100 msec

Control IAA 94

Fig. 3. Effect of Cl– channel blockers on monocyte shape change. The resulting shape change of the monocyte was measured simulta-
neously, as described in the text. Results are expressed as percentage increase in FSC induced by each Cl– channel blocker compared
with that of unstimulated cells (a). (b) Representative dot-plot of FSC versus SSC of 10 000 monocytes. The data are shown as the mean
± s.e.m. (n = 4–6).
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affect monocyte adhesion to HUVECs. In comparison, NPPB sig-
nificantly suppressed monocyte adhesion to HUVECs (Fig. 5).

DISCUSSION

In the present study we investigated whether Cl– channels are
expressed in normal human blood monocytes and examined
whether Cl– channels play a role in the adhesion and migration of
these cells. We observed that time-independent and outwardly
rectifying Cl– currents were expressed in human blood monocytes
and these currents were inhibited significantly by NPPB and
IAA94, the Cl– channel blockers. Both NPPB and IAA94 also
inhibited monocyte migration through artificial membranes of the
Boyden chemotaxis chamber with similar potency. We also
observed that NPPB changed the shape of monocytes and inhib-
ited monocytes adhesion to HUVECs. To our knowledge this is
the first report on the presence and functional role of Cl– channels
in human blood monocytes.

Several studies have indicated that ionic leucocytes affect its
mobility and influence transendothelial migration. Ransom and

colleagues [25] reported that volume-activated chloride cur-
rents contributed to the invasive migration of human glioma
cells. The migration of human glioma cells was modulated by
chloride channel blocker such as NPPB [25,26]. Electrophysio-
logical studies demonstrated that several types of voltage- and
ligand-gated ion channels are expressed in leucocytes. An out-
wardly rectifying swelling-activated Cl-current has been well
characterized in many cell types, including the T84 human ade-
nocarcinoma cell line [27]. A few studies have examined the
functional role of these ion channels in monocytes and mono-
cyte-derived macrophages and indicate that these ion channels
are involved in differentiation, production of nitric oxide and
migration [28,29]. Migration of monocytes through changing
cell shape and volume is critical for trafficking from/to vascular
blood vessels and furthering progression of necrosis and apop-
tosis of vascular smooth muscle cells. Our data support the the-
sis and establish a functional role of Cl– channels in normal
human blood monocytes.

Molecular mechanisms for Cl– channel-mediated migration of
monocytes are still unclear and specific Cl– channel blockers have
not been identified as yet. However, a sustained increase in intra-
cellular Ca2+ is required for cell functions, such as cytoskeletal
change for migration and gene expression for proliferation of leu-
cocytes. K+ channels are up-regulated during activation, matura-
tion or differentiation in monocyte-derived macrophages and
human endothelium [13,30–32]. K+ channels may play a role in
maintaining cell membrane potential for Ca2+ influx required for
their physiological functions, including proliferation, differentia-
tion and migration. The present study indicates that the outwardly
rectifying Cl– channels may be involved in monocyte migration,
presumably by establishing the driving force for Ca2+ influx
required for migration.

We observed that NPPB but not IAA94 exhibited significant
effect on monocyte shape change and adhesion to HUVECs.
However, both NPPB and IAA94 suppressed monocyte migra-
tion induced by MCP-1. These results suggest a heterogeneity in
Cl– channels in human blood monocytes and potentially more
than one type of channel population might be involved in cell
volume regulation and adhesion of human blood monocytes. It
has been reported that NPPB can block the CIC2 type of

Fig. 4. Cl– channel blockers inhibit the chemotactic migration of mono-
cytes. Freshly isolated human monocytes were used for chemotactic migra-
tion in 48-well Boyden microchambers. Twenty-six ml of MCP-1 solution
(50 ng/ml) was added to the bottom wells of a chemotaxis chamber and
then 50 ml of the cell suspension (1–1·5 ¥ 106 cells/ml) was loaded into the
top chamber. NPPB (a) or IAA94 (b) in several doses were applied to
both bottom and top wells. Experiments were performed in triplicate and
the data are shown as mean ± s.e.m. (n = 4). *P < 0·05.
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Fig. 5. Effect of Cl– channel blockers on monocyte adhesion to HUVEC.
HUVECs were pre-incubated with 10 ng/ml TNF-a for 2 h. Adhesion of
calcein AM-labelled monocytes after 60 min co-incubation with Cl– chan-
nel blockers was determined as described in the Methods section. The data
are shown as mean ± s.e.m. (n = 6). *P < 0·05.
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Cl– channels. However, in view of the non-specificity of NPPB and
IAA94, the exact mechanism of action of these channel blockers
is still controversial. Further studies are warranted to clarify the
molecular identity of volume-sensitive Cl– channels expressed in
monocytes. Interestingly, Cl– channel blockers other than NPPB
and IAA94 did not show any significant effect in attenuating Cl–

currents in human blood monocytes.
Transendothelial migration of monocytes is a critical event

in the initiation of occlusive vascular diseases. However, there is
limited information available on the precise molecular and bio-
chemical events that affect monocyte entry into the blood ves-
sels during advanced stage of these diseases. What is known is
that monocytes enter the blood vessels, take up ox-LDL and
become foam cells, and activate the immune system. Thus, foam
cells are the primary target of ox-LDL in occlusive vascular dis-
eases. Ultimately an expanded reservoir of foam cells in the dis-
eased arteries is produced by the large number of monocytes
that cross vascular endothelial cells into the tissues. Cigarette
smoke and immune-activated monocytes also serve as perpetra-
tors of disease through their production of toxins, leading to
endothelial cell injury. As monocytes differentiate into mature,
non-dividing macrophages they can elicit a multitude of
immune responses including chemotaxis, phagocytosis, antigen
presentation, secretion of numerous cytokines, chemokines and
other factors. The expression of membrane proteins during cell
differentiation and activation is significant. We propose here
that monocytes can adjust their cell shape and cell volume to
facilitate invasion into blood vessels. These changes may require
secretion of Cl– ions along with K+ to allow water loss and cell
shrinkage. Clearly, the recognition of Cl– channels and their role
in monocyte migration is the beginning of our understanding of
mechanisms that permit the transendothelial migration of
monocytes into the blood vessels.

In summary, for the first time we report the presence of vol-
ume-sensitive Cl– channels in human blood monocytes that regu-
late migration of these cells. Cell migration is an orchestrated
process requiring adhesion of cells into tissue, adjustment of cell
shape and generation of locomotion into the narrow space. Migra-
tion of inflammatory cells can provide valuable information for
therapeutic interventions to target various diseases, including ath-
erosclerosis and restenosis, where onset is due to their recruit-
ment and activation.
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