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ABSTRACT

Phagocytic cells serve critical roles in the body’s immune response by 

recognizing, phagocytosing and destroying foreign particles. A major class of phagocytic 

cells is composed of monocytes and macrophages. During inflammation there is release 

of several inflammatory mediators and chemokines, which attract circulating monocytes 

towards the endothelium. Monocytes firmly adhere to, and actively migrate through, 

endothelial tight junctions in order to enter tissue, where they then differentiate into 

macrophages and function to phagocytose apoptotic bodies and damaged cells. 

Migration of monocytes into tissues through endothelial tight junctions requires shape 

and volume change. However, the underlying mechanisms involved in monocyte shape 

and volume change are unclear.

Alteration in ion channels, especially chloride channels, is generally involved in the 

shape and volume change of circulating cells for successful invasion into tissues. In this 

work, we examined chloride currents in human blood monocytes and macrophages, and 

their role in adhesion and migration. Chloride currents were recorded in freshly isolated 

human blood monocytes and WBC264-9C cells (a macrophage-like cell line) using the 

whole-cell patch clamp technique. The effects of chloride channel blockers were then 

examined on chloride currents and on the migration and adhesion of human blood 

monocytes to vascular endothelial cells.

Whole-cell Cl' currents in human blood monocytes were outwardly rectifying and 

time-independent. Macrophage cell line Cl' currents were outwardly rectifying and time-



dependent. Volume-sensitive chloride channel blockers, NPPB and IAA94, attenuated 

Cl' currents, as well as inhibited monocyte chemotaxis with similar sensitivity, as 

measured in a Boyden chemotactic chamber. NPPB, but not IAA94, increased cell 

volume (as measured by shape change) and decreased TNF-a-induced monocyte 

adhesion to endothelial cells. Inflammatory cytokines IL-8 and IL-12 increased Cl' 

currents in monocytes. IFN-y also activated Cl' currents in monocytes, but to a lesser 

degree than that of IL-8 and IL-12. Interestingly, IFN-y also activated Cl' currents in a 

macrophage-like cell line.

These results suggest that chloride channels affect monocyte migration, 

presumably due to changes in cell volume and shape. Inflammatory cytokines can 

enhance Cl' current to facilitate monocyte migration into tissues as well as to regulate 

macrophage function.
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I. INTRODUCTION AND BACKGROUND

A. Phagocytes and Immunity

1. Background

Phagocytic cells play a key role in the mounting of the body’s immune response 

by recognizing, phagocytosing and destroying foreign particles. Migration of these 

phagocytic cells from their place of origin to their site of action is essential for their 

function. Therefore, proper phagocyte migration and invasion are critical issues in 

health and disease. Cell migration consists of many steps, including morphological 

change, protrusion, and then invasion of target tissue. Some of the most important 

phagocytic cells of the body belong to the mononuclear leukocyte phagocyte lineage, 

and include such members as monocytes, macrophages, and polymorphonuclear 

neutrophils (PMN). These cells are all derived from bone marrow stem cells and 

mediate innate immune responses by functioning to phagocytose particles, including 

pathogens, which are internalized and destroyed.

One of the most important groups in this immune cell lineage is composed of 

monocytes. Monocytes, which are commonly found in the peripheral blood circulation, 

eventually migrate through intracellular spaces and move into tissue, where they 

differentiate into tissue macrophages. Here, macrophages play a vital role in the innate 

(non-adaptive) immune response. Macrophages are very effective at presenting 

antigens to T lymphocytes, in a process called antigen presentation. In turn, T 

lymphocytes and related tissues release soluble factors called cytokines, which signal 

phagocytes to destroy the internalized pathogens, as well as communicate signals to
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other cells. Additionally, phagocytes function to mediate adaptive immunity, in which B 

lymphocytes release antibodies which are utilized by phagocytes to recognize 

pathogens more effectively. In the early, immediate stages of infection and inflammation, 

innate responses predominate, but in the later stages, lymphocytes generate adaptive 

immunity. Lymphocytes possess the key ability to remember previously encountered 

bacteria and foreign substances, and react more readily when reinfection occurs with 

the same bacteria or foreign substance.

A second important phagocytic immune cell is the PMN, often called a neutrophil. 

Neutrophils constitute the majority of blood leukocytes and develop from the same early 

precursors as monocytes and macrophages. Similar to monocytes, they also migrate 

into tissues in response to certain stimuli, but, in contrast, neutrophils are short-lived.

2. Mechanism of phagocytosis

a) Opsonization

In addition to phagocytes, another key component of immunity are antibodies, 

which serve to activate complement and can act as opsonins to promote ingestion by 

phagocytes. Phagocytic cells that are bound to an opsonized microbe proceed to 

phagocytose the microbe by surrounding the microbe with pseudopodial extensions. 

Upon fusion of the microbe with a phagocytic cell, the microorganism is internalized 

(endocytosed) in a phagosome.
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b) Mechanism of foreign particle destruction

Once foreign substance is ingested, phagocytes proceed to destroy the ingested 

material through several different mechanisms. For example, macrophages reduce 

molecular oxygen to form microbicidal reactive oxygen intermediates which are 

secreted into the phagosome. Neutrophils contain lactoferrin, which chelates and 

therefore restricts access to iron (which is a vital nutrient for some types of bacteria). 

Finally, granules and lysosomes fuse with the phagosome, pouring enzymes into the 

phagolysosome, which then acts to digest the contents (Paul, 1999).

3. Types of phagocytes

a) Monocytes

1) Background

Monocytes are phagocytic migratory cells that function in immune defense, and 

eventually differentiate into macrophages. Monocytes originate from bone marrow stem 

cells and disseminate throughout the body by entering the circulatory system. In the 

blood circulation, monocytes are usually found marginated along vessel walls, and 

exhibit a propensity to adhere to surfaces. Monocytes are the largest cells found in 

peripheral blood. Two types of monocytes exist: a medium- (15 to 20 pm) and a large

sized monocyte (20 to 30 pm). Monocytes give a positive histochemical reaction for 

nonspecific esterase. This reaction is also positive in promyelocytes and myelocytes, 

therefore other histochemical reactions are necessary for definitive identification of bone 

marrow monocytes (Roitt et al., 1998). Migration of monocytes through continuous 

endothelium occurs primarily at junctional sites between endothelial cells (Schwartz et
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al., 1985). Macrophages, therefore, can not be found in the bloodstream but only at 

interfaces between body organs and the environment or the bloodstream. This 

migration and differentiation occurs during inflammatory and immune responses 

(Figure 1). Monocytes, as well as macrophages, function to ingest dead or damaged 

cells (through phagocytosis) and also support immunological defenses against 

infectious pathogens such as in the inflammatory process.

2) Monocytes and cell surface proteins

As is the case with most immune cells, the function and differentiation of 

monocytes rely on cell-to-cell communication mediated by cell surface proteins and 

cytokines. Cell surface proteins are involved in both the interaction and adhesion with 

other cells as well as in transducing signals into the cellular interior. The migration of 

monocytes and other immune cells into inflamed tissues is mediated by interaction 

between these cells and vascular endothelial cells. Specifically, during migration into 

tissue, monocytes protrude and then adhere to endothelial cell adhesion molecules 

(Charo, 1992).

Monocyte adhesion and migration are strongly influenced by integrins. Leukocyte 

function-associated molecule-1 (LFA-1), a integrin, is composed of two subunits, 

CD11a and CD18, and is involved in monocyte adhesion with endothelial cell 

intracellular adhesion molecule-1 (ICAM-1, CD54). The macrophage antigen-1 (Mac-1), 

another ß2 integrin, is composed of the subunits CD11b and CD18 and is also induced 

during inflammation. Platelet endothelium cellular adhesion molecule-1 (PECAM-1)
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Monocyte

Smooth muscle cells

Figure 1. Schematic representation of monocyte migration patterns

In response to injury or cytokine stimuli, endothelial cells are activated and proceed 

to recruit monocytes. In turn, monocytes migrate into the tissues, and differentiate into the 

larger, free macrophages, which possess a greater phagocytic capacity. Cl' channel 

inhibition and activation studies have helped to elucidate the mechanism of monocyte 

adherence and migration through blood vessel walls.
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mediates the migration of monocytes and other immune cells into inflamed tissues 

through interaction with vascular endothelial cells. Additionally, CD44 interaction of 

leukocytes with hyaluronan in the extracellular matrix is induced by inflammation. Very 

late antigen-4 (VLA-4, CD49d/CD29) is another integrin expressed on lymphocytes that 

plays a role in adhesion through interaction with its adhesion partner on endothelial 

cells, vascular cell adhesion molecule-1 (VCAM-1) (Oppenheimer-Marks et al., 1991).

3) Monocytes and atherosclerosis

In addition to the role monocytes play in immunity, they may also contribute to 

disease states such as arthritis, heart and vascular disease through an aberrant 

immune response. Atherosclerosis is a disease of the arteries that starts with formation 

of fatty streaks, which are localized accumulations of monocytes/macrophages and lipid 

within the arterial intima. Monocyte infiltration into the arterial wall is the initial step in 

atherosclerosis. Additionally, monocytes play an important role in the progression of 

atherosclerosis (Islam et al., 1998; Ross, 1993).

Lipid accumulation, monocyte/macrophage migration and infiltration, and 

ultimately foam cell formation are major events in the atherosclerotic disease process. 

In atherosclerosis, monocytes migrate into tissue and accumulate (Richardson et al., 

1989; Schwartz et al., 1985), and then differentiate into lipid-filled foam macrophages in 

the subendothelial space (Terkeltaub et al., 1998). Once foam cells are formed, they 

begin to accumulate cholesterol esters (Ross, 1993; Faggiotto et al., 1984) and the 

atherosclerotic plaque grows.

6



Monocyte migration is therefore a key step in the pathology of atherosclerosis. 

Normal monocyte migration is a multi-step process, which includes monocyte recruitment, 

attachment to endothelium, and then migration into target tissue. Migration of these cells 

through continuous aortic endothelium occurs primarily at junctional sites between 

endothelial cells (Schwartz et al., 1985) and circulating monocytes respond to infection or 

injury by altering cell morphology and adhesive properties to facilitate migration from the 

circulating blood to the affected tissue (Springer, 1994). The most widely accepted 

hypothesis for the pathogenesis of atherosclerosis is based on initiation by endothelial 

injury or dysfunction. The endothelium is especially vulnerable to damage at such sites, as 

evidenced by increased endothelial cell turnover and permeability. Endothelial dysfunction 

promotes the adhesion of monocytes, which then burrow beneath the endothelial 

monolayer and become macrophages (Cockerill et al., 1995).

Monocytes and macrophages release a variety of cytokines, all of which are 

important regulators and modulators of inflammation, and also serve as major influences 

during atherogenesis. Monocytes/macrophages produce TNF-a, IL-1 ß, IL-4, IL-6, IL-8, IL-

10, IL-12, IL-13 and IFN-y. IL-8 is a CXC chemokine, and IL-8 and monocyte 

chemoattractant protein-1 (MCP-1) are leukocyte chemoattractant factors (Fujiyama et al., 

2003). Levels of IL-8 and MCP-1 protein are increased in atherosclerosis. Phagocytic cells, 

dendritic cells, and B cells produce IL-12, which is a heterodimeric protein and linked by 

two disulfide bridges (Anderson et al., 1997; Lee et al., 1998). IL-12 induces IFN-y release 

in NK cells and T cells. IFN-y, in turn, plays a role in inducing and modulating immune 

responses. IFN-y is produced by Th1 cells, monocytes/macrophages, and by activated NK
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cells (especially during acute inflammation) (Cousens et al., 1999). IFN-y was observed to 

promote atherosclerosis in mice (Whitaman et al., 2000). Additionally, perivascular 

inflammatory cell infiltrates composed of monocytes/macrophages and lymphocytes have 

been detected in atherosclerosis (Hansson, 2001).

b) Macrophages

1) Background

Monocytes show active chemotaxis and attraction toward devitalized material, and 

differentiate into macrophages, only after entering tissue through the transendothelial 

space. The transformation from monocyte to macrophage is accompanied by changes in 

cell structure, composition, and metabolism (Lipton, 1998). Macrophages normally play an 

important role during inflammation, the body’s response to injury and infection. They do so 

by acting as scavenger cells to remove dead cells and foreign material, as well as by 

releasing cytokines and growth factors to promote healing.

Once monocytes transform into the larger, free macrophages, they possess greater 

phagocytic capacity and a greater complement of hydrolytic enzymes. Macrophages are, 

therefore, mononuclear phagocytic cells that are widely distributed in a variety of tissues, 

body fluids and cavities (ie. the lung, spleen, bone marrow and liver). Monocytes and 

macrophages ingest and destroy bacteria in plasma and in tissue.

Additionally, the fixed macrophages of the spleen are involved in the 

sequestration and destruction of abnormal red cells. Macrophages adhere strongly to
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glass and plastic surface and actively phagocytose organisms or tumor cells in vitro 

(Lijie et al., 2003). The importance of macrophages in the primary immune response 

appears to hold for both known pathways of immune expression: humoral antibody 

response (adaptive immunity) and cellular immunity response (innate immunity; 

Williams et al., 2000).

2) Macrophage activation

Macrophage activation is a complex phenomenon. Activated macrophages show 

enhanced ability to kill some microorganisms, but not others. For example, IFN-y used 

alone enables human monocytes to kill Legionella, but it leads to enhanced growth 

inhibition of Mycobacterium tuberculosis (Horwitz, 1983; Khalifeh and Stabel, 2004). 

Once activated, macrophages can express numerous different effector functions. The 

monocyte to macrophage series is very heterogeneous. For example, cells taken from 

different sites differ in their expression of Class II MHC molecules and Fc receptors, 

cytokine responsiveness, and production of peroxidase (Chung and Barnes, 1999; 

Labro, 2000).

Macrophage activation occurs in stages, and requires sequential stimuli. Possible 

stimuli include cytokines, endotoxin, as well as various mediators and regulators of 

inflammation. Mouse macrophages need to be stimulated by IFN-y. Macrophages from 

sites of inflammation in humans sometimes express inducible nitric oxide synthase 

(iNOS). Additionally, IFN-y activates human macrophage oxidative metabolism and 

antimicrobial activity (Nathan et al., 1983).
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Activated macrophages can be deactivated. Prostaglandin E has been proposed to 

have this effect. Additionally, glucocorticoids directly influence inflammatory and immune 

responses by acting to suppress the release of TNF-a and a wide range of other 

monocyte/macrophage and lymphocyte activities (Boumpas et al., 1993). Recently, a 

macrophage deactivating factor (MDF) has been purified from a tumor cell supernatant. 

This factor blocks IFN-y‘s effect of increased monocyte capacity for production of reactive 

oxygen intermediates (ROIs) and of nitric oxide (Elgert et al., 1998). Macrophage 

deactivation is of particular importance, because in some diseases, macrophages in the 

arterial wall can be abnormally activated, causing a type of slow inflammatory reaction, 

which eventually results in advanced and clinically dangerous plaques (Ross, 1999).

4. Macrophage-like cell line (WBC264-9C)

WBC264 is a stable macrophage cell line derived from a human-mouse cell fusion, 

which provides an excellent model system to investigate attractant-specific biochemical 

reactions. The WBC264 macrophage cell line is a great chemotaxis model system 

because the cells can easily be cultured and manipulated for chemotactic assays, 

biochemical assays, and for the introduction of genetic changes. WBC264-9C is a hybrid 

cell line isolated from WBC264, which displays a high level of chemotaxis in response to 

fMet-Leu-Phe exposure. The chemotaxis of WBC264-9C shows specificity for the peptide 

attractant (Aswanikumar et al., 1977; Williams et al., 1977; Synderman et al., 1980; Pike 

et al., 1980), but the chemotactic properties of WBC264-9C have not been well- 

characterized (Aksamitet al., 1981; Aksamit, 1986).
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a) Background

Human blood monocytes, the primary phagocytic cell of the blood, have probably 

received more attention with regards to chemotaxis than any other cell type, partly 

because of their medical importance, but also because monocytes are easily accessible 

cells with well-developed locomotor ability. The role of monocytes in vivo is most 

dramatically observed in acute inflammatory reactions (Wilkinson and Lackie, 1979).

Following tissue damage or local infection, human monocytes emigrate from the 

post-capillary venules adjacent to the lesion and accumulate at the focus of the 

inflammation where they phagocytose bacteria and digest damaged tissue components. 

It is this rapid emigration from blood vessels that is key in mounting the first line of 

defense against insult. Monocyte malfunction, whether in locomotion or in bacterial 

destruction mechanism, has serious consequences and recurrent bacterial infections 

commonly prove fatal within the first decade of life (Persidsky and Gendelman, 2003).

b) Monocyte chemotaxis assays

The ability of monocytes to respond in a directional fashion to gradients of 

chemoattractants has been demonstrated in variety of ways. In general, stable gradients 

of diffusible substances are rather difficult to maintain and various methods have been 

adopted to evade these problems. Monocytes adjacent to the chemoattractant source 

direct their movement towards the highest concentration of diffusible factor and the first 

displacement of a previously stationary cell is almost invariably in the appropriate

5. Chemotaxis of human monocytes
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direction, implying that a spatial, rather than temporal, sensing mechanism is involved 

(Loike et al., 2001).

An assay for monocyte chemotaxis, which has been widely used, is the Boyden 

chemotactic chamber, in which two compartments are separated by a micropore filter. 

Micropore filters have a complex meshwork structure with the pore-size based upon the 

mesh density rather than upon discrete holes (in contrast to nucleopore filters, which 

have holes of fixed dimensions). The filters are quite thick (150 pM) and monocytes can 

penetrate filters with pore-sizes of 1.1 pM or greater. Movement into such a rigid matrix 

relies upon deformation of the cell and is an active process. Provided there is no 

hydrostatic gradient, the filter serves to stabilize a diffusion gradient between the two 

compartments. Cells placed in the upper chamber diffuse into, and remain in the filter. 

Their distribution can be measured by staining of the filter at the end of the incubation 

period (Albini et al., 1987).

Under non-gradient conditions, cells will move randomly and the population 

distribution can be accounted for by simple diffusion. Incubation periods are kept 

sufficiently long to ensure that the internal bias of the cells does not affect the 

dispersion. With a gradient of a purely chemokinetic substance, the distribution will be 

altered because cells accelerate as they move into the higher concentrations deeper in 

the filter (Wilkinson and Lackie, 1979).
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6. Monocyte shape and volume changes

Most cells respond to osmotic perturbation by swelling or shrinking. The regulation 

of cell volume is coupled to a variety of important physiological processes, such as cell 

migration, differentiation and proliferation (Lang et al., 1998; Okada, 1998). The process 

of cellular volume regulation involves the transport of organic metabolites and 

electrolytes (including Cl* ions) across cell membranes. For example, in secretory 

epithelial cells, activation of outwardly rectifying chloride currents is involved in volume 

regulation (Monaghan etal., 1997).

Monocytes must alter their volume and shape in order to migrate into the 

subendothelial space. This alteration is thought to involve anion channels as well as 

interaction with collagen type I along with other extracellular matrix components (Stary 

et al., 1992). In contrast, under pathophysiological conditions, cells can undergo 

continuous swelling or shrinkage in the absence of volume regulation. This process is 

thought to rely on transcription factors, cytokines and chemokines (Takashiba et al., 

1999).

B. Cl' channels

1. Background

Anions (e.g. I' or Cl‘) can move by passive diffusion down an electrochemical 

gradient through anion channels in cell membranes. Anion channels, especially C f 

channels, have been suggested to play roles in cellular functions such as 

osmoregulation, anion transport and signal transport.
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As their name implies, Cl' channels mainly pass Cl", in large part because the 

major abundant anion in cells is Cl'. Cl' channels are located both in the plasma 

membrane as well as in membranes of intracellular organelles, where their functions 

relate to the transport of negative charge, and to the presence of electrochemical and 

current gradients across the channels. For example, Cl' currents play a role in the 

regulation of nerve cell excitability, as well as a significant role in cell volume regulation 

(Hoffman and Simonsen, 1989) (Table 1).

Cl' channels can be roughly classified based on their location, channel 

conductance and mechanism of regulation. Genetic identification of channels is more 

exact. Voltage-gated chloride channel (CIC) gene family members were cloned in 1990 

(Jentsch et al., 1990), but swelling-activated Cl' channels and Ca2+-activated Cl' 

channels remain to be genetically identified. The CIC gene family of chloride channels in 

mammals consists of nine members that are present in both the plasma membrane and 

in intracellular compartments. Hydropathy analysis reveals that the CIC protein structure 

contains 10 to 12 transmembrane domains (Bateman, 1997; Ponting, 1997; Schmidt- 

Rose et al., 1997). CIC are dimers consisting of 2 subunits, each containing a pore 

(Figure 2). The 3D crystal analysis of CIC reveals a double barrel structure (Dutzler, et 

al., 2002). Another family of Cl" channels is composed of the ligand-gated GABA and 

glycine receptor Cl" channels. These channels are pentameric, composed of 4 subunits, 

each containing four transmembrane domains. Immune cell Cl" channels have been 

well-studied in murine splenic T-lymphocytes, human peripheral blood T-lymphocytes, 

and human leukemic Jurkat T- lymphocytes cell lines (Cahalan et al., 1988; Lewis et al.,

14



Table 1. Classification of Chloride Channels

Family
Four classes

CIC CFTR Unknown GABA/glycine

Channel
Type/subtypes C IC -W Only one known

Ca2+-activated 
(only one cloned from bovine 

trachea)

At least 20 
subtypes

Channel
Structure

-12 Transmembrane 
Domains

12 transmembrane 
domains

4 transmembrane 
domains

4 transmembrane 
domains

Expression Virtually ubiquitous Epithelium
Heart

Smooth muscle 
Epithelium Neuronal tissue

Function

-Cell-volume regulation 
-Transepithelial transport 
-Stabilization of membrane 

potential(skeletal muscle)

-Transepithelial transport 
-Possibly regulates other 

ion channels

-Neurotransmitter-mediated 
smooth muscle contraction 

-Transepithelial transport
Neuronal inhibition

Single channel 
Conductance 1-9 pS 5-8 pS 1-10 pS 10-90 pS

Physiological
Functions

-Cell swelling 
-Hyperpolarization 
-Intracellular pH 
-Intracellular Ca2+ 
-Depolarization

Phosphorylation by 
PKA

Activation through: 
-elevation of Ca +
-by neurotransmitters

Ligand-gated by 
GABA and glycine

Ref: modified from Kozlowski (1999)
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1993). However, immune cell Cl' channels have not been well-studied in human blood 

monocytes, macrophages, or WBC264-9C cells.

2. Types of chloride channels

a) The CIC chloride channel family

1) Background

The voltage-gated chloride channel (CIC) family was first identified by the 

expression cloning of CIC-0 from Torpedo marmorata (Jentsch et al., 1990). CIC genes 

are found to be present both in prokaryotes and eukaryotes. The CIC channel family in 

mammals consists of nine members, based on genetic identity. It is the only known 

gene family of voltage-gated Cl'channels (Fahlke et al., 1997; Fahlke et al., 1998).

Structurally, CIC channels consist of 18 helices, each subunit containing internal repeat 

patterns. All CIC channels are dimers with two pores, as derived from hydropathic 

analysis. But, because the CIC protein is not easy to identify and some domains seem 

to be missing in certain CIC channels, the exact structure is not yet agreed upon. The 

most hydrophobic region is located at the end of the transmembrane spanning block, 

which is often difficult to recognize. Additionally, it remains unclear whether the D9-D12 

region crosses the lipid bilayer, related to a total number of 10 to 12 transmembrane 

domains. In D4 hydropathic analysis, D4 does not cross the lipid bilayer. The D3-D4-D5 

region is difficult to investigate and data indicates that it inserts as a block into the lipid 

bilayer. Cysteines inserted between D3 and D4 could be modified by the cysteine 

modifying reagent MTSES, implying that this part may well be extracellular (Schmidt- 

Rose et al., 1997).
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Figure 2. Ion channel pore structure

(A): Tetrameric potassium channels are composed of four identical proteins (subunits).

(B): “Ligand-gated” cation or anion channels (such as GABA) are composed of a single 

pore formed by five similar proteins. (C): Chloride channels from CIC family are dimers 

composed of two subunits, each containing its own pore. (D): Aquaporin water channels 

are tetramers.

(Adapted from Jentsch, 2002)
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Gating of CIC channels is voltage-dependent and modulated by extracellular 

anions and pH (Chen et al., 1996; Hanke et al., 1983; Pusch et al., 1995; Richard et al., 

1990; Richkov et al., 1996). The gate of CIC-0 is still not completely understood. Gating 

of CIC-0 is independent of any ‘intrinsic’ voltage sensor and depends on the permeating 

anion as the gating charge (Pusch et al., 1995). Gating of CIC-1 is much more 

complicated, and requires three time-constants for a reasonable fit. A complex gating 

mechanism with two voltage sensors and a blocking particle has been proposed (Fahlke 

et al., 1996). CIC-2 channels gate in response to hyperpolarization (Thiemann et al., 

1992). This mechanism can be modulated by cell swelling (Gründer et al., 1992) and 

acidic extracellular pH (Jordt et al., 1997). Additionally, CIC-2 gating has been shown to 

rely on anions (Pusch et al., 1994).

CIC channels can be divided into three groups. The first group consists of plasma 

membrane channels. The other two groups reside in intracellular membranes. CIC 

channels are gated in a voltage-dependent manner. Chloride channels hold great 

physiological significance, as demonstrated in many human inherited disease, where 

these chloride channels are mutated (Jentsch et al., 1990; Steinmeyer et al., 1991; Koch 

et al., 1992; Kornak et al., 2001; Lloyd et al., 1996; Simon et al., 1997).

2) CIC-0, CIC-1, CIC-2 and CIC-K

CIC-0 is a dimer, likely containing two identical pores. Single channel recordings 

suggested a peculiar double-barreled structure for CIC-0 (Hanke, et al., 1983). The 

double-barreled aspect of its structure has been studied in CIC-0 because its single
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channel conductance (10 to 20 pS) allows for a relatively easy patch-clamp analysis, 

and convincing evidence was needed to distinguish it from a single pore that has two 

subconductance states. The sum of the experimental evidence argues for a double-pore 

architecture (Duan et al., 1997; Waldegger and Jentsch, 2000). First, the CIC-0 

conductance levels are precise. The CIC-0 conductance does not depend on ionic 

conditions or large voltage. Second, the two pores are gated independently (Bauer et 

al., 1991; Chen et al., 1996; Hanke et al., 1983; Leudewig et al., 1997; Lin et al., 1999; 

Middleton et al., 1994). Finally, DIDS inhibited CIC-0 in a two-hit process, showing that, 

at first, the 20pS current disappeared, followed by total inhibition of the current (Miller et 

al., 1984). Additionally, CIC-0 is thought to consist of subunits, which contain 13 

transmembrane domains (named D1 through D13), based on hydropathic analysis 

(Jentsch et al., 1990).

CIC-1 is also a dimer (Fahlke et al., 1997; Fahlke et al., 1998). The pore of CIC 

channels is still poorly defined. CIC-1 is thought to be composed of two subunits, each 

containing its own pore (Fahlke, et al., 1998), based on analysis of macroscopic current 

data. It can not be excluded, though, that inhibition of currents is due to effects other 

than occlusion of the pore.

Among CIC chloride channel family members, the physiological function of CIC-1 

is best characterized. CIC-1 is exclusively expressed in skeletal muscle (Koch et al., 

1992; Pierno et al., 1999). CIC-1 is essential for the electrical stability of the muscle 

plasma membrane. In disease, the insertion of a transposon into the CIC-1 gene results
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in a total loss of function of the channel protein (Bateman et al. 1997; Pierno et al., 

1999). The role of CIC-1 in myotonia was demonstrated in a mouse model, and 

suggests that mutations in the CIC-1 gene are responsible for congenital human 

myotonia (Koch et al., 1992).

CIC-2 is a widely expressed in various cell types (Thiemann et al., 1992). CIC-2 

can be activated by rather strong hyperpolarization, cell swelling (Fritsch et al., 1997; 

Gründer et al., 1992), and acidic extracellular pH (Jordt et al., 1997). CIC-2 is thought to 

play a role in cell volume regulation, but it is not related to the swelling-activated 

chloride current lei, sweii observed in many cells, which has an l'>CI' selectivity sequence 

and a completely different voltage dependence (Schwiebert et al., 1998).

There are two highly homologous CIC proteins (-90% identity) that are almost 

exclusively expressed in mammalian kidney tissue (Uchida et al., 1993; Kieferle et al.,

1994). These channels were named CIC-Ka and CIC-Kb in humans, and CIC-K1 and 

CIC-K2 in rats. The immunoflurescence studies with light microscopy demonstrated that 

CIC-K proteins were present on plasma membranes (Uchida et al., 1995; Vandewalle et 

al., 1997). Bartter’s syndrome can be caused by loss-of-function mutations in either the 

CICNKa or CICNKb gene (Simon et al., 1997).

3) CIC-3. CIC-4 and CIC-5

CIC-3, CIC-4, and CIC-5 form the second branch of the CIC gene family, which 

shares -35% homology with the other branches. Within this group, the proteins share
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-80% homology (Steinmeyer et al., 1995). CIC-3 and CIC-4 are expressed in various 

types of tissues including the brain and kidney (Jentsch et al., 1995; Borsani et al., 

1995; Kawasaki et al., 1994; von Slegtenhorst et al., 1994). Additionally, CIC-5 is 

expressed predominately in the kidney (Steinmeyer et al., 1995).

The physiological function of CIC-3 is controversial, and the physiological function 

of CIC-4 remains unclear. Mutations in CIC-5, though, have been associated with Dent’s 

disease (Lloyd et al., 1996; Lloyd et al., 1997). Dent’s disease is an X-linked genetic 

disorder (CIC-5 is encoded on the human X-chromosome) with apparently two basic 

defects. One is low molecular weight proteinuria and the other is hypercalciuria (Lloyd et 

al., 1996). Dent’s disease is thought to be due to a loss of Cl' channel function, but it 

remains unclear how the loss of Cl' channel function relates to the symptoms of low 

molecular weight proteinuria and hypercalciuria.

The expression of CIC-5 is manifested by outwardly rectifying Cl' current in a 

voltage range more positive than approximately 20 mV (Steinmeyer et al., 1995). CIC-4 

has not shown currents in previous studies (Steinmeyer et al., 1995; Jentsch et al., 

1995; van Slegtenhorst et al., 1994). Additionally, the expression pattern of CIC-3 does 

not readily explain its role as a ubiquitous swelling-activated Cl' channel (Kawasaki et 

al., 1994; Obermüller et al., 1998).

4) CIC-6 and CIC-7

CIC-6 and CIC-7 compose the third known branch of the CIC-gene family (Brandt
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et al., 1995). CIC-6 and CIC-7 share a 40% homology with each other, but only about 

25-30% homology with the other CIC channels. CIC-6 and CIC-7 do not show Cl' 

currents when expressed in Xenopus oocytes (Brandt and Jentsch, 1995).

In many resting animal cells, Cl' channels are well-distributed in the cell 

membrane, therefore, the equilibrium potential (Eq ) is near the resting potential (in most 

excitable cells, ECI is within 15 mV of the resting potential). Cl' channels act as a 

stabilizing influence, opposing normal excitability and help to repolarize depolarized 

cells. Chloride ions also play major roles in intracellular pH regulation, and in the driving 

of fluid secretion from secretory glands (Jentsch, 2002; Jentsch et al., 2002; Jentsch et 

al., 1990).

b) Cystic fibrosis transmembrane conductance regulator (CFTR)

The cystic fibrosis transmembrane conductance regulator (CFTR) was the first 

anion channel identified by positional cloning. The genetic identity of CFTR resulted 

from the search for the cystic fibrosis (CF) locus in 1989. CFTR is expressed in the 

apical membrane of various air-ways, bile ducts, epithelia, intestine, and secretory 

glands, where CFTR is involved in the process of electrogenic Cl' secretion (Frizzell et 

al., 1979). CFTR is a voltage-independent, cAMP-sensitive Cl' channel, that requires the 

presence of hydrolyzable nucleoside triphosphates for efficient activity. CFTR displays a 

linear current-voltage (l-V) relationship in symmetrical Cl' concentrations, but a rectified 

l-V relationship in asymmetrical Cl' concentrations (Berger et al., 1991; Tabcharani et 

al., 1990). The CFTR has a ‘one subunit-one pore’ structure. The anion permeability
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sequence of CFTR in whole-cell patch clamp experiments is Br' > Cl' > I" > F". ATP was 

found to be involved in the gating CFTR, but the intermediate steps between ATP 

hydrolysis and its eventual effect on CFTR remains unclear. cGMP-dependent kinases 

and tyrosine kinases have been reported to have an effect on CFTR, but their 

physiological significance remain unclear (Gadsbu et al., 1999).

NPPB, at the concentration of 20 ^M, was shown to cause a strong reduction in 

both inward and outward lei- in CFTR, but the effect of NPPB, other 

arylaminobenxoates, and other chloride channel blockers on the CFTR has not been 

studied in detail (Walsh and Wang, 1998).

CFTR can regulate a number of other channel activities. In oocytes expressing 

CFTR or AF508 CFTR, ionomycin-induced endogenous Ca2+-activated Cl' conductance 

decreased the CFTR Cl" channel’s activity. CFTR channels are activated by 

isobutylmethylxanthine (IBMX). Activation of CFTR Cl' currents is paralleled by an 

inhibition of Ca2+-activated Cl' current in Xenopus laevis oocytes (Kunzelmann et al., 

1997).

c) GABA (y -aminobutvric acid) and glycine receptors

Inhibitory neurotransmission in the central nervous system is mediated by GABA 

and glycine. Glycine acts in the spinal cord and brain stem, while GABA acts in the 

brain. GABA and glycine can excite neurons by modulating Cl' efflux. This ability has 

been attributed to a high internal Cl' concentration that is generated by active inward Cl'
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currents. (Owens et al., 1996; Reichling et al., 1994; Wu et al., 1998). The anion 

permeability of GABA receptors is SCN' > I' > Br' > C l'»  F'. The permeability of glycine 

receptors is SCN' > NO3' > I' > Br' > Cl' > F' (Bormann et al., 1987; Fatima-Shad et al., 

1992).

d) Swelling-activated chloride channels

Cells regulate their volume by modulating external and internal anion exchange. 

External hypotonicity can relate to cell swelling and hypertonicity to cell shrinkage. The 

permeability of water plays an important role in the cell membrane with respect to 

regulatory volume increase (RVI) and regulatory volume decrease (RVD). RVI involves 

the uptake of Na+ and Cl' through activation of Na+/2CI'/K+ and CI7 HCO3' exchangers. 

RVD is related to intracellular KCI. Cell swelling results in an anion-selective whole cell 

conductance called /ci.sweii. which demonstrates outwardly rectifying anion current 

(Figure 3). The mechanism by which cell swelling activates /ci.sweii is unclear. Current 

rectification, voltage sensitivity, and pharmacological effect can vary between different 

cell types (Nilius et al., 1998).

Activation of /ci.sweii requires the presence of intracellular ATP (Okada 1997; 

Strange et al., 1996; Nilius et al., 1997). Intracellular ATP also plays an important role in 

regulating other ion channels, as well as various transporters (Hilgemann, 1997; Bryan 

et al., 1997). These mechanisms involve protein and lipid phosphorylation, ATP binding, 

ATP hydrolysis, and modulation of cytoskeletal function (Hilgemann, 1997).
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The swelling-activated Cl' channel has not yet been cloned. The anion 

permeability of cell swelling-activated Cl' is I' > Br' > Cl' > F' > glutamate'. This anion 

channel mediates osmolyte flux. In addition to swelling-activated Cl' channels, CIC-2 

has also been shown to be activated by cell swelling in Xenopus oocytes (Farukawa et 

al., 1998; Gründer et al., 1992; Jordt et al., 1997). Cell swelling, via unknown 

mechanisms, was shown to disrupt F-actin (Okada et al., 1997; Levitan et al., 1995; and 

Mills, CRC Press, 1993). F-actin has also been shown to be disrupted by reductions in 

ionic strength (Senger et al., 1995; Miyata et al., 1997).

(RVD)

Figure 3. Schematic model of the mechanism of regulatory volume decrease (RVD)

Hypotonic stress results in cell volume increase, mediated mainly by the transport of 

osmotically active solutes into the cells via cotransporters. Cells respond to volume 

increase with RVD, mediated mainly by the activation of volume-sensitive Cl' channels, 

which results in membrane depolarization, the opening of voltage-activated K+ channels 

and a net efflux of KCI. (Nilius et al., 1998).
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3. Pharmacology of chloride channels

Little quantitative data is available concerning the pharmacology of Cl' channels. 

Generally, ion channel modulators can be used to isolate ion channel proteins, 

distinguish between gating states, and investigate the pore structure. The major 

application of channel modulation in physiology is the selective suppression (or 

enhancement) of a specific ion channel above a complex background. Currents or ion 

fluxes through a particular channel can therefore be measured simply by calculating the 

difference in the presence and in the absence of an appropriate inhibitor or activator. 

Unfortunately, for anion channels, this is usually not feasible, since a complete block is 

seldom achieved, and because side effects limit the use of high concentrations 

(Valverde et al., 1997). Additionally, most anion channel blockers are poorly selective. 

Given the low specificity of available Cl* channel blockers, pharmacological studies in 

intact tissues or cells should be interpreted with caution.

At present, only one type of anion channel structure is known at atomic resolution. 

Anion channels possess a positively charged anion selectivity filter. This charge filter 

need not be a size filter as well, i.e., it is conceivable that large anions may “pass” (or 

get stuck in) the charge filter without successfully translocating across the membrane. If 

the blocker binding site lies within the transmembrane electric field, the binding of a 

charged blocker will be voltage dependent. If the blocker is a weak acid or base, binding 

will also depend on pH, since the charged and uncharged forms will bind with different 

affinities. Accordingly, many small anions have been found to block Cl" channel currents
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at millimolar concentration. Notable examples are the widely used organic buffer 

compounds HEPES and MOPS (Ishihara et al., 1997; Yamamoto et al., 1987).

Transition metal cations (Zn2+, Cd2+, La3+, Gd3+) also often block anion channels. 

These polyvalent ions may bind tightly to clusters of Cys or His residues on the protein 

surface and possibly within the pore. Well-studied examples of anion channel block by 

Zn2+ include the CIC-1 (Kürz et al., 1997; Kürz et al., 1999) and the GABA receptor 

(Horenstein et al., 1998; Wooltorton et al., 1997). Transition metals may alternatively 

coordinate small anions, which results in the formation of a complex anion. This 

complex can then enter the conduction pathway and prevent the permeation of other 

ions by the same mechanism through which other anionic inhibitors exert their blocking 

effects (Table 2).

C. Immune cells and Cl' channels

Lymphocytes function to mount an attack against pathogens. In order to fulfill its 

role in immune defense, lymphocytes must leave their site of origin in bone marrow, 

move throughout the body via the bloodstream, and then finally migrate from blood to 

their target tissue. Volume regulation of lymphocytes is crucial to their ability to migrate, 

and, in many instances, Cl' channels have been shown to play a critical role in this 

regulation. It has been reported that, under osmotic stress, tyrosine kinases open 

outwardly rectifying Cl' channels (ORCC) in lymphocytes, and, in turn, the lymphocyte
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Table 2. List of chloride channel modulators

Name Compound Pharmacological Action

NPPB
5-Nitro-2-(3- 
phenylpropylamino) 
benzoic acid

A potent chloride channel blocker (IC50 =0.1-1 00|liM 
depending on channel subtype and assay method). 
Inhibits the cyclooxygenase (IC5o=8|j.M). 
(Wangemann et al., 1986; Kirkup et al., 1996)

IAA-94

R(+)-[(6,7-Dichloro-2- 
cyclopentyl-2,3-d ihyd ro-2- 
methyl-1 -oxo-1 H-inden-5- 
yl)-oxy]acetic acid

A potent mammalian skeletal muscle and epithelial 
chloride channel blocker (K/ =1(iM in bovine kidney 
cortex microsomes).
(Landrey et al., 1989; Weber-Schürholz et al., 
1993)

9-AC 9-Anthracencarboxylic acid
Cl' transport inhibitor with a moderate to strong 
inhibitory action on PKA activated cardiac I cf 
(Harvey et al., 1990; Cabantchik and Greger, 1992)

Chromanol
293B

trans-N-[6-Cyano-3,4- 
dihydro-3-hydroxy-2,2- 
dimethyl-2/-/-1 -benxopyran- 
4-yl]-A/-methyl- 
ethanesulfonamide

Blocker of the slow delayed rectifier K+ current (lKs) 
(IC50 =1-10|j.M). Also blocks the CFTR chloride 
current (Icftr) (IC5o=19|iM).
(Fujisawa et al., 2000; Backmann et al., 2001)

DCEBIO
5,6-Dichloro-1 -ethyl-1,3-
dihydro-2/-/-benzimidazol-2-
one

Stimulates Cl' secretion via activation of hlK+ 
channels and the activation of an apical Cl' 
conductance.
(Singh et al., 2001)

Gadolinium(lll)
chloride

GdCI3 6H20, Lanthanides A stretch-activated Cl' channel blocker. 
(Caldwell et al., 1998)

Stilbenes 
(DIDS, SITS)

4,4-
diisothiocyanatostilbene- 
2,2’-disulfonate (DIDS)

The skeletal muscle relaxant and the anion 
transport inhibitor. About 200 stilbenes are known. 
(Chatsudthipong et al., 1999)

hlK+: Ca2+-activated K+ channel. K| = inhibition constant.

Ref: Jentsch, T.J., Stein, V., Weinreich, F, and Zdebik, A.A., 2002. Molecular structure 

and physiological function of chloride channels. Physiol Rev 82:503-568.
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ORCCs are blocked by tyrosine kinase inhibitors (Lepple-Wienhues et al., 2000). 

Additionally, it has been reported that large and small conductance Cl' channels are 

present in human T lymphocytes (Lepple-Wienhues et al., 2000).

Lymphocyte small conductance Cl' channels are controlled by a transmembrane 

osmotic gradient (Lepple-Wienhues et al., 2000). Factors that influence this osmotic 

gradient are related to cell swelling, such as exposure to hyposmotic extracellular 

solutions, exposure to hyperosmotic intracellular solutions, and Cl' channel activation 

(Cahalan et al., 1988; Lewis et al, 1993). However, the mechanism for chloride channel 

activation is not completely understood. Chloride channel blockers NPPB, DIDS, 

flufenamic acid and IAA94, inhibit small conductance Cl' channels and lymphocyte 

proliferation (Phipps et al., 1996). For example, in eosinophils, there have been reports 

of the existence of a slowly developing, voltage-activated proton current that was shown 

to be an outward current and related to Cl' (Gordienko et al., 1996).

Additionally, osmotic stretch in neutrophils activate swelling-induced Cl' channels. 

The volume-induced Cl' conductance was found to discriminate among Cl', Br", I' and 

NO3'. This conductance was also shown to possess a finite permeability to glucuronate 

and be impermeable to cations. Single-channel conductance was shown to be 1.5 pS, 

as calculated from analysis of the variance of membrane current fluctuations. 

Additionally, activated Cl' currents were shown to be blocked by 100 pM of the 

compound MK-447 analogue A (Stoddard et al., 1993).
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In monocytes, the three Cl' channels exist in the U937 human leukemia cell line. 

The most frequently observed is an outward-rectifying channel with a conductance of 28 

pS. The second channel is the intermediate Cl' channel, which differs in that the 

conductance is 328 pS, and the channel displays less activity and increased 

polarizations. DIDS blocks the intermediate channel irreversibly. The third, 15 pS Cl' 

channel was least often observed, and least voltage sensitive among the Cl' channels 

(Kanno et al., 1990).

Generally, most animal cells are capable of regulating their cell volume upon 

exposure to anisotonicity. When cells are exposed to hypotonicity, they initially swell and 

then subsequently restore their cell volume toward normal. This is termed regulatory 

volume decrease (RVD), and is due to efflux of K+ and Cl' (via K+ and Cl' channels) with 

obligate loss of water (Grinstein et al., 1990; Strange et al., 1996; Lang et al., 1998). 

Several lines of evidence suggest the existence of volume-sensitive ion channels, which 

serve to regulate cell migration by altering cell shape (Lascola et al., 1996). Ion channels 

responsible for cell volume regulation have been identified and characterized in various 

types of cells. (MacFarlane and Sontheimer, 1997; Soroceanu et al., 1999; Ullrich et al., 

1997, 1998; Zhang et al., 1998).

Swelling-activated anion channels are still awaiting molecular cloning and 

identification. Several lines of evidence indicate that this anion channel mediates 

osmolyte flux in various cells. Swelling-activated anion channels found in lymphocytes 

(and other tissues) differ in their biophysical and pharmacological characteristics
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(Kunzelmann et al., 1989; Sole et al., 1991; Sorota, 1992; Lewis et al., 1993). Most of 

these channels are outwardly rectifying and possess unitary conductances ranging from 

20 to 90 pS. More than three different anion channels have been identified at the single 

channel level in membrane patches in lymphocytes (Lewis et al., 1988; Nishimoto et al., 

1991; Garber, 1992). A clear relationship between single-channel currents and whole-cell 

currents is lacking, though. Additionally, the proteins that form swelling-activated anion 

channels in lymphocytes have not yet been identified. RVD-related activation of volume- 

sensitive anion channels results in depolarization and opening of voltage-activated 

potassium channels in lymphocytes (Deutsch et al., 1988). First, a loss of K+ and Cl' is 

observed, followed by the initiation of regulatory volume decrease of intracellular 

osmolarity, which results in a large amount of H2O exiting the cell. Anion channels are 

expressed in various cells and activated by osmotic stress. The efflux of chloride is 

responsible for decreased cellular volume (Cahalan et al., 1988). Chloride channels have 

been shown to be involved in cellular functions such as membrane potential stabilization, 

regulation of cell volume, pH, and transepithelial transport (Hoffman et al., 1989; Halm et 

al., 1990).

The interaction between Cl' channels and cell migration is complex. Cl' channels 

may be related in regulating cell volume, and allow for the cell shrinkage necessary for 

cells to migrate through the extracellular spaces and reach target tissue. Cell volume 

regulation is also important in other physiological processes, such as cell proliferation and 

differentiation. During migration, it has been suggested that monocyte shape and volume 

regulation is associated with Cl" channels (Garcia et al., 1997; Garcia et al., 1998). For
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example, in secretary epithelial cells, the activation of an outwardly rectifying chloride 

current has been implicated in cell volume regulation (Monaghan et al., 1997). Using the 

patch-clamp technique, T.E. DeCoursey and colleagues (1996) recorded voltage- 

activated proton currents in a human THP-1 monocytic leukemic cell line. Other groups 

have reported recording inwardly rectifying K+ currents in the same cell line.

In the blood, monocytes produce cytokines such as IL-8, IL-12, IL-15, and 

monocyte-colony stimulating factor. These cytokines act, in part, to recruit monocytes and 

macrophages. Many factors are involved in the recruitment of monocytes/macrophages. 

For example, proinflammatory cytokines-interleukin-1 ß and tumor necrosis factor-a (TNF- 

a) are expressed and secreted from vascular cells, and increase monocyte chemotactic 

activity (Okada et al., 1998). The volume-sensitive chloride current was shown to be 

inhibited by tyrosine-kinase inhibitors (Sorota, 1995), but a selective, high affinity volume- 

regulated anion channel blocker remains to be discovered.

Although monocytes and Cl' channels have been shown to be involved in a variety 

of physiological functions, the function of Cl' channel in human blood monocytes has not 

been fully clarified. We therefore studied human blood monocyte Cl' channels, and the 

activation monocyte by cytokines as well as their inhibition by blockers. In the present 

study, we identify Cl' channels in human blood monocyte and macrophage cell line, 

WBC264-9C, and demonstrate the effects of Cl' channel blockers and cytokines on Cl" 

channels in human blood monocytes and WBC264-9C cells. Our results suggest that the 

relationship between monocytes Cl' channels and cell volume are critical determinants for 

cell transendothelial migration.
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II. MATERIALS AND METHODS

A. Isolation of Human Blood Monocytes

Blood was collected from male and female volunteers, between 2 1 - 4 5  years of 

age, who were recruited for this study. These subjects were healthy non-smokers, free 

of respiratory infection, taking no medication, and had consumed no caffeine during the 

morning prior to venous blood collection. The research protocol was approved by the 

Institutional Review Board (IRB) of Creighton University. All the subjects were required 

to give informed consent as approved by the IRB of Creighton University.

Monocytes were isolated and purified from the collected venous blood through a 

method previously reported from our laboratory (Balaram et al., 1999). 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 sedimentation for 1 hour at room 

temperature, as well as hypotonic lysis to eliminate erythrocytes. The buffy coat of white 

blood cells was layered over a Ficol/Lite density gradient of 1.077 g/ml to 1.085 g/ml 

(Atlanta Biologicals, GA) and centrifuged in order to separate the peripheral blood 

mononuclear cells (PBMCs). The layer of PBMCs with a density of 1.077 g/ml was 

collected, washed twice in phosphate buffered saline (PBS, pH 7.4) and suspended in 

the desired buffer. Monocytes were separated from lymphocytes through the use of an 

adherence technique by incubating PBMCs in RPMI 1640 medium for 2 hours. 

Adherent cells were then removed, washed and cultured for experiments. Purity of 

isolated monocytes was >95% as stained with Diff Quick (Wright and Silverstein, 1982) 

and viability was >98% by trypan blue dye exclusion.
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Human blood monocytes were resuspended in RPMI-1640 medium (American 

Type Culture Collection, Manassas, VA), supplemented with 2% heat-inactivated (56°C 

for 30min) fetal bovine serum (FBS, Atlanta Biologicals, Norcross, GA), 100 lU/ml 

penicillin and 100 |ag/ml streptomycin (Atlanta Biologicals, Norcross, GA). Monocytes 

were then cultured in 25 cm2 tissue culture flasks for 2 hours at 37°C and 5% C 02 prior 

to their introduction into an adherent culture. Prior to all electrophysiological recordings, 

cultures were washed three times with Hank’s Balanced Salt Solution (HBSS) to 

remove non-adherent leukocytes. Cell purity and viability was tested by hematological 

stain and was >95% in the final step. The cell suspension was then stored at 4°C and 

used for electrophysiology experiments the same day. All culture reagents were 

screened for endotoxin (<0.01 ng/ml) and mycoplasma test before and during use.

B. WBC264-9C cell line

WBC264-9C, a macrophage-like cell line, was obtained from ATCC (American 

Type Culture Collection, Manassas, VA). The WBC264-9C cell line was established 

from a human-mouse hybrid cell line in 1986 (Aksamit et al., 1986), and was propagated 

for more than 6 passages.

Cell cultures were performed under standard tissue culture incubating conditions. 

Cells were maintained in Minimum Essential Medium (MEM) (American Type Culture 

Collection, Manassas, VA) and 4.5 g/L glucose (American Type Culture Collection, 

Manassas, VA) containing 10% heat-inactivated fetal bovine serum (56°C for 30min), 

100 lU/ml penicillin, and 100 |j.g/ml streptomycin following the procedures described in

34



detail by Aksamit et al. (1981). In order to perform all experiments under stringent, 

serum-free conditions, cells were maintained for 24 hours in MEM prior to use in 

experiments.

C. Electrophysiological recordings

The whole-cell patch-clamp technique was employed to record Cl' currents in 

normal human blood monocytes. Whole-cell recordings were performed using an 

Axopatch 200B patch-clamp amplifier, pCIamp 8 software, and a Digidata 1322A 

interface (Axon Instruments, Foster City, CA) (Hamill et al., 1981). Currents were filtered 

at 5 kHz with the 8-pole Axopatch amplifier Bessel filter. The series resistance and cell 

capacitance were compensated for through the use of the internal circuit of the amplifier.

Ag-AgCI wires were immersed in the bath as well as pipette solutions, and 

connected to the patch-clamp amplifier. The bath and the Ag-AgCI reference electrodes 

were used to minimize changes in liquid junction potential during some experiments. To 

obtain Cl' voltage-current relations, whole-cell currents were recorded during voltage 

pulses, 500 ms in length, that were applied from the holding potential of 0 mV. Potential 

values were corrected for the liquid-junctional potential between the bath and patch 

pipette solutions. Electrophysiological experiments were performed at room temperature 

(20-25°C).

The patch pipettes were pulled on a Brown-Flaming P-97 puller (Sutter 

Instrument, Navato, CA). Patch pipettes were created from thick borosilicate glass
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capillary tube (A-M Systems, Carlsberg, WA) and were fire polished. The electrical 

resistances of the pipettes, when filled with pipette solution, ranged from 7 to 10 MÜ.

The bathing medium was N-methyl-o-glucamine (NMDGCI) or CsCI saline 

consisted of (in mM): 140 CsCI (NMDGCI), 1 CaCI2) 1 MgCI2, and 10 HEPES (pH 7.4). 

The pipette solution was NMDGCI or CsCI saline consisting of (in mM): 140 CsCI 

(NMDGCI), 1 EGTA, 0.1 CaCI2, 1 MgCI2, and 10 HEPES (pH 7.4, Table 3). Osmolality 

was set to 285 ± 5 mOsmol with sucrose. Solution osmolality was monitored using a 

freezing point osmometer (Microosmette, Precision systems, Natick, MA). Intracellular 

free Ca2+ was controlled by computer software, and was buffered to * 1 pM to activate a 

component Ca2+-dependent Cl' currents. The bathing medium was exchanged by 

continuous perfusion.

The chemicals of the salt solutions for the electrophysiological measurements, 

channel blockers and cytokines were obtained from Sigma (St. Louis, MO) and Alomone 

labs (Jerusalem, Israel).

D. Channel blockers

We tested the effects of several chloride channel blockers in this study. The following 

drugs were used: anthracene-9-carboxylic acid (9AC), 4,4'-diisothiocyanostilbene-2,2'- 

disulphonic acid (DIDS), gadolinium chloride, ftf+H^J-dichloro^-cyclopentyl^.S- 

dihydro-2-methyl-1-oxo-1 H-inden-5yl)-oxy] acetic acid 94 (IAA94), and 5-nitro-2-(3- 

phenylpropylamino)benzoic acid (NPPB). All chloride channel blockers were prepared as a 

10'2 M stock solutions in DMSO, and diluted on the day of the experiment in fresh solution. 

All reagents were purchased from Sigma Chemical Company (St Louis, MO, U.S.A).
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Table 3. Composition of the extracellular and intracellular solutions used

in patch clamp studies

NaCI KCI NMDG
CI/CsCI

+CM(So

Mg2+ EGTA HEPES pH

Cl’ Bath 0 0 140 1 1 0 10 7.4

Cl‘ Pipette 0 0 140 1 1 1-10 10 7.4

K+ Bath 140 5 0 1 1 0 10 7.4

K+ Pipette 140 0 0 1 1 1-10 10 7.4

Concentration is given in mM. pH was adjusted to 7.4 in all solutions. 

Bath = extracellular solution. Pipette = intracellular solution.
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E. Monocyte shape change assay using flow cytometry

Monocytes were acquired by the procedures mentioned above in Section HA. 

Monocyte shape change was assayed as follows (Sabroe et al., 1998, Phillips et al., 

2003). Purified monocytes (5 x 106 cells) were suspended in 1ml assay buffer 

(comprised of PBS without Ca2+/Mg2+ and supplemented with 0.1% BSA, 10 mM HEPES 

and 10 mM glucose, pH 7.4) for 30 min at 37 °C. In order to stop the reaction and 

preserve the change in cell shape for analysis, sample tubes were transferred to ice and 

fixed with 250 of ice-cold 4% paraformaldehyde PBS fixative solution. The samples 

were immediately analyzed on a FACS Calibur flow cytometer (Becton Dickinson).

In peripheral blood samples, lymphocyte, monocyte, and other granulocyte 

populations can be recognized by a simple flow cytometric assay: the forward-/side- 

scatter (FSC/SSC). Previously, neutrophils were shown to be readily identified by their 

FSC/SSC characteristics (Cole et al., 1995; Keller et al., 1995). We therefore used 

FSC/SSC to identify cells in peripheral blood samples. Forward scatter approximately 

detects cell size and shape, and side scatter detects cell complexity/granularity. 

Therefore, an increase in FSC is a sign of increased size, and an increase in SSC is a 

sign of increased granularity. In experiments investigating the kinetics of monocyte shape 

change responses (Fig. 9), FSC and SSC data acquisition was terminated after 

achieving 1000 (monocytes) target events for each sample.

We employed FSC/SSC to measure Cl' channel blockers responses of human 

blood monocytes. Monocytes, in the absence of chloride channel blockers (control), 

were compared to monocytes in the presence of chloride channel blockers. Chloride 

channel blocker-induced monocyte shape changes were compared to that found in
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unstimulated, control monocytes. Monocyte shape change was quantified as percentage 

of cells showing an increase in FSC after Cl' channel blocker treatment (see Fig. 9). A 

percent change in forward-/side- scatter (FSC) was used to estimate the extent of the 

shape change over the baseline seen in unstimulated cells. Data were acquired using 

the FL-1 channel to identify monocytes.

F. Monocyte chemotaxis assay

Chemotaxis was tested in 48-well Boyden microchambers, as previously 

described by Sozzani et al. (1993). Briefly, 26 pi of macrophage chemotactic protein 

solution (MCP-1, 50 ng/ml) was added to the bottom wells of a chemotaxis chamber 

(Neuroprobe, Gaithersburg, MD). A PVP-free polycarbonate filter (5pm pore size) was 

layered onto the wells and covered with both a silicon gasket and the top plate. Then 50 

pi of the cell suspension (1-1.5 x 106 cells/ml) was loaded into the top chamber. This 

was incubated at 37°C in a 5% C 02 atmosphere for 1.5 hours. After the incubation, 

filters were removed. The topside of the membrane was then scratched to remove non

migrated cells and stained with Diff-Quik. The cells are counted in 5 high power fields 

(400 x). Experiments were performed in triplicate and data were pooled. When NPPB or 

IAA94 was applied, they were added to both bottom and top chambers.

G. Human umbilical vein endothelial cell (HUVEC) assay of monocyte adherence

HUVECs were purchased from Clonetics (San Diego, CA) and grown in minimum 

essential medium (MEM) with 2% fetal bovine serum (Clonetics). Cells were used for 

experiments at 85% - 100% confluence. HUVECs were plated in 96-well tissue culture
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plates for the adherence assays. Monocytes were washed twice with PBS and 

resuspended in RPM l 1640 medium without serum at 1 x 10 cells/ml. The cells were 

labeled with Calcein AM (Molecular Probes, Eugene, OR) at a final concentration of 7.5 

pM for 30 min at 37°C and 5% C 0 2. Labeling was stopped by the addition of RPMl 1640 

medium. Cells were then washed twice by centrifugation, followed by resuspension in 

RPMl 1640 medium to a concentration of 2 x 105 cells/ml.

It has been reported that monocyte adherence to HUVECs could be substantially 

increased by HUVECs stimulation with TNF-a (10 ng/ml, Kang et al., 2003). Therefore, 

in this study, HUVECs were pre-incubated with 10 ng/ml TNF-a for 24 hours. 

Immediately before the assay, HUVEC cultures were washed twice with RPM l 1640 

medium. Calcein AM-labeled monocytes were added to each well, and co-incubated 

with HUVECs at 37°C for 1 hour in the presence of 200 |aM NPPB or IAA94. To remove 

non-adherent cells, each well was carefully washed by addition of pre-warmed RPMl 

1640, followed by gentle swirling, inversion of the plate and blotting of excess liquid with 

paper towels. This was repeated twice, followed by the addition RPM l 1640 medium (1 

ml) to each well. Relative fluorescence was read with a fluorescence plate reader (FL x 

800, Bio-Tek) set at excitation 485 nm and emission 530 nm. Absolute cell numbers 

were determined by comparison of fluorescence values determined after several 

dilutions of Calcein AM-labeled cells in RPM l 1640 medium.

H. Data analyses and statistical analysis

Data are expressed as mean ± S.E.M. (n = number of individual experiments). 

Statistical significance between groups was tested with the Student’s paired t-test and a 

p < 0.05 was considered significant.
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III. Results

A. Cl' channels in immune cells

1. Outwardly rectifying Cl' current is present in monocytes

To verify the presence of Cl' channel activity in monocytes, freshly isolated human 

monocytes were examined with the whole-cell mode of the patch clamp electrophysiology 

method. Whole-cell Cl' currents and current vs. voltage (l-V) relationships are shown in 

Figure 4. Cl" currents were isolated by adding Cs+ in the pipette and bathing medium to 

block K+ currents. Whole-cell Cl" currents were time-independent and outwardly rectifying 

(Fig. 4A). When Cs+ was replaced with NMDG+, a bulky cation, to prevent contamination 

cationic 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. 4B).

2. Outwardly rectifying Cl' current is present in macrophage-like WBC264-9C cells

Cell lines are advantageous in that they are readily propagated, as well as 

transfected with useful transduction modifiers and inhibitors. Therefore, Cl" channel 

activity was examined in WBC264-9C cells, a macrophage-like cell line, using the patch- 

clamp techniques. Whole-cell Cl" currents and l-V relationships are shown in Figure 5. Cl' 

currents were isolated by adding NMDG+ in the pipette and bathing medium to block K+ 

currents and contamination by other cationic currents. The whole-cell Cl' currents were 

slightly time-dependent and outwardly rectifying (Fig. 5A). The l-V relationship of the 

currents also revealed outward rectification (Figure 5B).
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Figure 4. Cl' channel activity is present in human blood monocytes.

A: Whole-cell Cl' currents were recorded in freshly isolated human blood monocytes. 

The bathing medium and the pipette solution contained CsCI saline. Holding potential 

was 0 mV. Voltage pulses, 500 ms in duration, were applied at 20 mV increments from 

-120 to +60 mV. B: Current versus voltage (l-V) relation (n=6) determined from the 

tracing in (A).
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Figure 5. Cl' channel activity is present in WBC264-9C cells

A: Whole-cell Cl' currents were recorded in WBC264-9C, a macrophage-like cell line. 

The bathing medium and the pipette solution contained NMDGCI saline. Holding 

potential was 0 mV. Voltage pulses, 500 ms in duration, were applied at 20 mV 

increments from -100 to +80 mV. B: Current versus voltage (l-V) relation (n=5) 

determined from the tracing in (A).
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B. Pharmacology of CT currents

1. Volume-sensitive Cl' channel blockers NPPB and IAA94 irreversibly reduce 

Cl' current in monocytes

Pharmacological properties of Cl' currents were characterized (Figs. 6, 7). NPPB 

and IAA94 are known to specifically block volume-sensitive Cl' currents in leukocytes 

(Schumacher et al., 1995; Phipps et al., 1996). Whole-cell recordings were established 

and Cl" currents were recorded (Figs. 6A, 7A). Cl‘ currents were recorded again after 

perfusing the bathing medium with NPPB (200 jliM, Fig. 6B) or IAA94 (200 (iM, Fig. 7B). 

Representative current traces are shown and indicate that both NPPB and IAA94 inhibit 

Cl' currents. Both outward and inward currents were decreased. Figures 6C (NPPB) and 

7C (IAA94) show the l-V relationship of cells before (open circles) and after (solid 

squares) the addition of a Cl" channel blocker. These data indicate that 200 |j.M of Cl 

channel blockers, NPPB and IAA94, rapidly and irreversibly blocks Cl' channels.

2. Effect of other Cl' channel blockers on monocytes

Other Cl' channel blockers such as DIDS, 9AC and gadolinium chloride were also 

examined in monocytes through the use of whole-cell patch clamp. These Cl' channel 

blockers only partially inhibited Cl' currents (Table 4). However, both NPPB and IAA94 

had significantly more effect than DIDS, 9AC and gadolinium chloride (p <0.05) on the 

attenuation of Cl' currents. The most likely explanation for this finding is that there is a 

contribution of more than one type of Cl' channel to the Cl' currents of monocytes.
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Figure 6. Cl' currents are blocked by volume-sensitive channel blocker NPPB in 

monocytes. Whole-cell Cl' currents were recorded before (A) and after (B) perfusion of 

200 |jM NPPB (n = 7). The bathing medium and the pipette solution contained CsCI 

saline. Holding potential was 0 mV. Voltage pulses, 500 ms in duration, were applied at 

20 mV increments from -120 to +60 mV. C: Current versus voltage relationship 

determined from the tracing of the cell before (open circles, tracing in (A)) and after 

treatment with NPPB (200 pM, filled squares, tracing in (B)).
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Figure 7. Cl' currents are blocked by volume-sensitive channel blocker IAA94 in

monocytes. Whole-cell Cl' currents were recorded before (A) and after (B) perfusion of

200 (j M IAA94 (n = 6). The bathing medium and the pipette solution contained CsCI

saline. Holding potential was 0 mV. Voltage pulses, 500 ms in duration, were applied at

20 mV increments from -120 to +60 mV. C: Current versus voltage relationship

determined from the tracing of the cell before (open circle, tracing in (A)) and after

treatment with IAA94 (200 |j M, filled square, tracing in (B)).
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Table 4. Effect of chloride channel blockers on chloride current 

in human blood monocytes

Concentration of inhibitor % inhibition of Cl' currents

9AC
100 mM 20.88±7.40

200 [iM 25.91±14.58

Gadolinium(lll) chloride
100 |jM 24.46±14.12

200 pM 65.24±25.60

DIDS 200 pM 33.94±12.63

NPPB 200 |JM 80.6310.83

IAA94 200 |jM 70.35±28.42

Data is mean ± SEM (n = 3).
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3. NPPB irreversibly blocks Cl' currents in WBC264-9C cells

NPPB (200 pM) significantly blocked Cl' currents in WBC264-9C, a 

macrophage-like cell line (Fig. 8). The inhibitory effect of NPPB was irreversible upon 

washing. Application of other Cl' channel blockers, IAA94, DIDS, 9AC and Gadolinium 

Cl, in the bathing medium had no effect on Cl" currents in WBC264-9C (data not 

shown). NPPB was the only Cl' channel blocker that was found to inhibit Cl" currents in 

WBC264-9C cells. Additionally, NPPB has been shown to be a potent inhibitor of Cl" 

channels in the thick ascending loop of Henle in mammalian nephrons (Wangemann et 

al., 1986). NPPB has also been found to inhibit epithelial Cl" channels in colon cells 

(Hayslett et al., 1987).

C. Effect of volume-sensitive Cl' channel blockers on monocytes

1. NPPB and IAA94 inhibit chemotactic migration of monocytes

Additionally, we investigated whether Cl' currents are functionally involved in 

monocyte migration. We used the same Cl' channel blockers, NPPB and IAA94, to test 

the functional roles of Cl' channels in monocyte migration by using the Boyden 

chemotaxis chamber (Fig. 9). Monocyte migration was greatly induced in the presence 

of the chemokine MCP-1 (50 ng/ml). Application of NPPB or IAA94 significantly inhibited 

MCP-1-induced chemotactic migration of monocytes in a dose-dependent fashion (Fig. 

9). 200 jiM of either NPPB or IAA94 attenuated monocyte chemotaxis by more than 

50%.
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Figure 8. Cl’ currents are blocked by NPPB in WBC264-9C cells. Whole-cell Cl 

currents were recorded before (A) and after (B) perfusion of 200 pM NPPB. The bathing 

medium and the pipette solution contained CsCI saline. Holding potential was 0 mV. 

Voltage pulses, 500 ms in duration, were applied at 20 mV increments from -100 to 

+80 mV. C: Current versus voltage relationship determined from the tracing of the cell 

before (open circle, tracing in (A)) and after treatment with NPPB (200 pM, filled square, 

tracing in (B)).
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Figure 9. NPPB and IAA94 significantly inhibit migration of human blood 

monocytes. Freshly isolated human blood monocytes were assayed for chemotactic 

migration in 48-well Boyden chemotactic microchambers. 26 |ul of MCP-1 solution (50 

ng/ml) was added to the bottom wells of a chemotaxis chamber and then 50 pi of the 

cell suspension (1-1.5 x 106 cells/ml) was loaded in the top chamber. NPPB (panel A) or 

IAA94 (panel B), in several doses, was loaded to both bottom and top wells. 

Experiments were performed in triplicate and data were pooled. Data is shown as mean 

± SEM (n = 4). (*) = p < 0.05.
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2. NPPB induces monocyte shape change

The forward-/side- scatter (FSC) assay was used to measure the effect of NPPB 

and IAA94 on monocyte shape change. Figure 10 contains illustrative dot plots depicting 

the monocyte shape change in response to Cl" channel blocker stimulation, as reflected 

by an increase of light scattering in flow cytometry. Following stimulation with NPPB (200 

(j.M), the mean FSC of monocytes increased significantly. In comparison, there was no 

significant effect of IAA 94 (200 |iM) on shape change of monocytes (Fig. 10).

3. NPPB suppresses monocyte adhesion to HUVECs

Cell adhesion molecules on HUVECs were up-regulated by prior incubation of the 

cells with TNF-a (10 ng/ml). IAA94 did not affect monocyte adhesion to HUVECs. In 

comparison, NPPB significantly suppressed monocyte adhesion to HUVEC (Fig. 11).

D. Effect of cytokines on monocytes and WBC264-9C cells

1. IL-8 increases Cl' currents in monocytes

Monocytes and macrophages are stimulated by cytokines, as well as release a 

variety of cytokines. These cytokines serve as important regulators or modulators of 

inflammation and play a significant role in disease. IL-8 is produced by monocytes, 

macrophages, fibroblasts, lymphocytes, endothelial cells and epithelial cells. IL-8 has 

been shown to play an important role in neutrophil chemotaxis/activation, triggering of 

primed basophiles, T cell chemotaxis and angiogenesis. Additionally, IL-8 receptors were 

identified on the surface of neutrophils (Damaj et al., 1996; Taub et al., 1996). We 

therefore investigated the effects of IL-8 on human blood monocytes.
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Figure 10. Volume-sensitive Cl' channel blocker NPPB significantly induces 

monocyte shape change. The resulting shape change of the monocyte was measured 

as described in the text. (A): Representative dot plot of forward scatter (FSC) vs. side 

scatter (SSC) of 1000 monocytes for each experiment. (B): The percentage change in 

FSC represents the percent increase in FSC induced by each Cl' channel blocker 

compared with that of buffer-stimulated cells. Data are represented as mean ± SEM (n = 

4-6). *p<0.01.
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Figure 11. NPPB significantly suppresses monocyte adherence to HUVECs.

HUVECs were pre-incubated with TNF-a (10 ng/ml) for 2 hours. After 60 min of co

incubation with Cl' channel blockers, the adherence of Calcein AM-lableled monocytes 

was determined as described in the methods section. Data is shown as mean ± SEM (n 

= 6). (*) = p < 0.05.
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Whole-cell recordings were established and Cl' currents were recorded in the 

absence (Fig. 12A) and presence (Fig. 12B) of IL-8 (10 ng/ml) in the bathing medium. 

The whole-cell Cl' currents (both inward and outward) were increased in response to IL- 

8 in monocytes (Fig. 12B). There was no effect of IL-8 on Cl' current in WBC264-9C 

ceils (data not shown).

1. IL-12 increases Cl' channel activity in monocytes

IL-12 plays a vital role in both innate and adaptive immune responses. IL-12 is 

produced by macrophages and B cells, and exerts immunoregulatory effects on T and 

NK cells. IL-12 also acts as a growth factor for preactivated NK cells and T cells, and an 

inducer of Th1 cell differentiation (Manetti et al., 1993; Perussia et al., 1992). We 

therefore investigated the effects of IL-12 on Cl' channel activity in monocytes.

IL-12 (10 ng/ml) application enhanced Cl' channel activity in monocytes (Fig. 13). 

Both inward and outward whole-cell Cl' currents were increased (Fig. 13B). IL-12 

elicited Cl' channel activity in these cells within 5 minutes, as evidenced by the quick 

death of cells. There was no observed effect of IL-12 on Cl' current in WBC264-9C cells 

(data not shown).

2. IFN-y activates Cl' current in both monocytes and WBC264-9C cells

IFN-y is produced by activated Th1 cells and NK cells. Macrophage-derived 

cytokines, TNF-a and IL-12, stimulate the release of IFN-y from human T cells. IFN-y is 

responsible for up-regulating the expression of class I MHC and class II MHC proteins.
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Figure 12. Cl' currents are activated by lnterleukin-8 in monocytes. Whole-cell Cl" 

currents were recorded before (A) and after (B) perfusion of IL-8 in freshly isolated 

human monocytes (n = 6). The bathing medium and the pipette solution contained 

NMDG saline. Holding potential was 0 mV. Voltage pulses, 500 ms in duration, were

applied at 20 mV increments from -100 to +80 mV.
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Figure 13. Cl' currents are activated by Interleukin-12 in monocytes. Whole-cell Cl 

currents were recorded before (A) and after (B) perfusion of IL-12 in freshly isolated 

human monocytes (n = 6). The bathing medium and the pipette solution contained 

NMDG saline. Holding potential was 0 mV. Voltage pulses, 500 ms in duration, were

applied at 20 mV increments from -120 to +60 mV.
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IFN-y in turn can activate macrophages to produce hydrogen peroxide and nitric oxide. 

We investigated the effects of IFN-y on Cl' channels in human blood monocytes and the 

macrophage cell line WBC264-9C.

IFN-y (10 ng/ml) activated Cl' currents in both monocytes and the WBC264-9C 

cells (Figs. 14, 15). However, the effect of IFN-y (10 ng/ml) was much more pronounced 

in WBC264-9C cells (Fig. 15) than that in monocytes (Fig. 14). This is in contrast to IL-8 

(25 ng/ml) and IL-12 (25 ng/ml), which had no effect on Cl' current in WBC264-9C cells.
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Figure 14. Cl' currents are activated by Interferon^/ (IFN-y) in monocytes. Whole

cell Cl' currents were recorded before (A) and after (B) perfusion of IFN-y in freshly 

isolated human monocytes (n = 5). The bathing medium and the pipette solution 

contained NMDG saline. Holding potential was 0 mV. Voltage pulses, 500 ms in 

duration, were applied at 20 mV increments from -120 to +80 mV.
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Figure 15. Cl' currents are activated by Interferon^ (IFN-y) in WBC264-9C cells.

Whole-cell Cl' currents were recorded before (A) and after (B) perfusion of IFN-y in 

WBC264-9C cells. The bathing medium and the pipette solution contained NMDG 

saline. Holding potential was 0 mV. Voltage pulses, 500 ms in duration, were applied at 

20 mV increments from -120 to +80 mV.
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A. Background

The chloride channels have been implicated in many cellular functions including 

osmoregulation, salt secretion, cell migration and cell proliferation (Jentsch et al., 2002). 

Cell volume regulation by Cl' channels in response to a changing osmotic environment 

is well-studied. There are several reports in the literature suggesting the role of Cl' 

channels in regulating both shape change and cell volume. In fact, Nilius and 

colleagues (1998) proposed a name for the elusive Cl' channel based on its activity: the 

swelling-activated Cl' channel (Icisweii)- However, the characteristics of Cl" channels in 

immune cells, including monocytes and macrophages, are relatively unknown. 

Additionally, transmembrane signaling pathways involved in the activation and 

regulation of Cl" channels and their effect on biological functions remains unclear.

We therefore investigated the effects of Cl" channel blockers and cytokine 

signaling on phagocytic cell volume/shape, migration and adhesion through the use of 

freshly isolated human blood monocytes and a macrophage-like cell line, WBC264-9C. 

As the first step, we identified a predominant outward Cl' current in both normal human 

blood monocytes and WBC264-9C cells (Fig. 3, 4). A pharmacological approach was 

then utilized to explore the physiological function of ion channels. A main hurdle in most 

anion channel pharmacological studies is that most anion channel blockers are poorly 

selective and work indiscriminately/erratically. In our study, we mainly employed NPPB 

and IAA94, which are volume-sensitive Cl' channel blockers, relatively selective for Cl' 

current at the dose of 200 pM (Valverde et al., 1997). These blockers attenuated Cl'

IV. DISCUSSION
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currents in both monocytes and WBC264-9C cells (Figs. 5, 6, 7, Table 4), which verifies 

the presence of Cl' channels in these phagocytic cells. NPPB was also shown to alter 

monocyte shape (as gauged by FCS, Fig. 8) and inhibit monocyte adhesion to HUVECs 

(Fig. 10). Both NPPB and IAA94 inhibited monocyte migration through the artificial 

membranes of the Boyden chemotaxis chamber with equal potency (Fig. 9). We also 

demonstrate that cytokines, such as IL-8, IL-12 and IFN-y modulate Cl' currents in 

phagocytic cells (Figs. 11, 12, 13, 14), and may be involved in the signaling pathway to 

activate or modulate phagocytic function.

This study, therefore, not only demonstrates the existence of Cl" channels in 

monocytes and a macrophage-like cell line, but it also suggests the important 

immunologic roles of cytokines and Cl" channels by their promotion of phagocytic cell 

migration through the modulation of cell adhesion and cell shape/volume.

B. Cl' channels regulate monocyte migration

Over the past few years, it has been suggested that Cl' channels play a pivotal 

role in cancer migration and invasion (MacFarlane and Sontheimer, 1997; Soroceanu et 

al., 1999; Ullrich et al., 1997, 1998; Zhang et al., 1998). Invasion of tumor cells has 

been studied through the use of specific Cl' channel blockers, chlorotoxin and DIDS. 

These Cl" channel blockers were shown to attenuate tumor cell migration through 

transwells and into the brain (Soroceanu et al., 1999), indicating that chloride channels 

responsible for volume regulation may also play a role in migration of tumor cells. But 

there is no broad consensus on the roles in Cl" channels play in cancer.
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Additionally, several studies indicate that ion channels in leukocytes affect mobility 

and influence transendothelial migration. Ion channels are classified by their single

channel conductance, gating properties, kinetics, ion selectivity, and pharmacology. 

Electrophysiological studies demonstrated that several types of voltage- and ligand- 

gated ion channels are expressed in leukocytes. An outwardly rectifying swelling- 

activated Cl' current has been well characterized in many cell types, including the T84 

human adenocarcinoma cell line (Valverde et al., 1993). A few studies have examined 

the functional role 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 migration into the brain (Sheppard et al., 1996; Strange et 

al., 1996). Migration of monocytes through changing cell shape and volume is critical for 

trafficking from/to vascular blood vessels and further progression of necrosis and 

apoptosis of vascular smooth muscle cells.

In this study, we investigated whether Cl' currents are functionally involved in 

monocyte migration. 200 (iM of either of the volume-sensitive Cl' channel blockers, 

NPPB and IAA94, greatly attenuated MCP-1-induced monocyte migration, as gauged 

by the Boyden chemotaxis chamber (Fig. 8). Molecular mechanisms for the Cl' channel- 

mediated migration of monocytes are presently unknown. However, it is known that a 

sustained increase in intracellular Ca2+ is required for cell functions, such as 

cytoskeletal change for migration and gene expression for leukocyte proliferation. Since 

voltage-gated Ca2+ channels are not expressed in leukocytes, activation of certain types 

of K+ channels are thought to establish the driving force for Ca2+ influx necessary for
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physiological processes (Lewis et al., 1995; Lin et al., 1993). Similarly, voltage-gated 

Ca2+ channels are also not expressed in human monocytes, although various types of 

K+ channels are up-regulated during activation, maturation, and differentiation (Colden- 

Stanfield et al., 1998; Nelson et al., 1992). These previous studies, therefore, suggest 

that K+ channels may play a role to maintain cell membrane potential for Ca2+ influx 

required for physiological functions, including proliferation, differentiation and migration. 

The present study indicates that the outwardly-rectifying, volume-sensitive Cl' channels 

are involved in monocyte migration. These Cl' channels might accomplish this by 

establishing the driving force for the Ca2+ influx that is required for migration.

Monocytes undergo major cytoskeletal rearrangements to support the 

morphological and volume changes that occur during chemotaxis. In general, cell 

volume regulation is necessary not only for maintaining physiological cell activities, but 

also for cell survival. Identification of the chloride channels involved in monocyte 

transmigration may provide important information critical for the establishment of future 

therapeutic interventions. The action of other Cl' channel blockers, cytokines and pH will 

be important areas for future study.

C. Cl' channels play a role in volume regulation of monocytes and WBC264-9C. a 

macrophage-like cell line

Cell migration requires involves at least two key processes, cell volume/shape 

change as well as cell adhesion. In this study we investigated the role Cl' channels play 

in these two processes. At least nine different kinds of Cl' channels have been reported.
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These are classified as CIC-0, CIC-1, CIC-2, CIC-3, CIC-4, CIC-5, CIC-6, CIC-7 and 

CIC-K, and share between 30 and 80% sequence identity (Fahlke et al., 1997). There 

have been several previous reports on the potential role of Cl' channels in regulating 

shape change and cell volume. The up-regulation of Cl' channel in glioma cells, mainly 

CIC-2 and CIC-3, has been reported to induce cell shrinkage, which may result to 

glioma cell migration and invasion into brain tissues. Inhibition of CIC-2 by blocking 

antibodies impairs volume regulation in rat hepatoma cells (Roman et al., 2001). In 

addition, knockout of CIC-3 by antisense oligonucleotides inhibits swelling-activated 

currents (von Weikersthal et al., 1999), and mutation of a single amino acid (serine 51) 

alters the volume activation of CIC-3 (Duan et al., 1999). The knockout of CIC-3 in HeLa 

cells (Hermoso et al., 2002), bovine epithelial cells (Wang et al., 2000), and oocytes 

(Hermoso et al., 2002) has been shown to impair regulatory volume decrease. However, 

there have been no detectable defects in cell volume regulation found in knock-out mice 

lacking either CIC-2 or CIC-3 (Stobrawa et al., 2001; Arreola et al., 2002; Nehrke et al., 

2002).

In Figure 9, the forward-/side- scatter cell (FSC) assay was used to measure the 

effect of the volume-sensitive Cl' channel blockers NPPB and IAA94 on monocyte 

shape change. Following stimulation with NPPB (200 |̂ M), the mean FSC of monocytes 

increased significantly, as reflected by an increase of light scattering in flow cytometry. 

This data suggests that Cl' channels play a role in cell volume and shape regulation in 

monocytes.
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D. Cl' channels regulate monocyte adhesion

We observed that NPPB had significant effect on monocyte shape change and 

adhesion to HUVECs, but IAA94 had no effect on monocyte shape change and 

adhesion to HUVECs (Figs. 8, 10). However, both NPPB and IAA94 suppressed 

monocyte migration induced by MCP-1 (Fig. 9). These results suggest that more than 

one channel population may be involved in the volume regulation and adhesion of 

human blood monocytes. With regards to the molecular identity of volume-sensitive Cl' 

channels, two candidate proteins (CIC-2 and CIC-3) have been implicated (Hoffmann, 

2000). It has been reported that NPPB can block CIC2. Consistent with our results, the 

role of IAA94 was reported as controversial. Therefore, further study to clarify the 

molecular identity of volume-sensitive Cl'channels expressed in monocyte is warranted.

E. Cytokines activate Cl~ currents in monocytes and WBC264-9C cells

In order to better understand the transmembrane signaling pathways involved in 

the activation and regulation of Cl' channels, and their effect on biological functions, the 

effect of several cytokines were studied on monocytes and macrophage-like WBC 264- 

9C cells. IL-8 and IL-12 were both found to increase Cl' current in monocytes, but 

neither cytokines had an effect on WBC264-9C cells (Figs. 11, 12). Conversely, the 

activation of Cl' currents by IFN-y was much more pronounced in WBC264-9C cells 

(Fig. 14) than that found in monocytes (Fig. 13). Although monocytes and macrophages 

are both phagocytic cells, their functions and cell signals differ greatly, and this may 

result in different responses to cytokines. Additionally, there is no clear, known 

relationship between Cl' channels and cytokine effects in the cell. Differing molecular
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components of the chemotactic responses could explain this difference in the 

chemotactic responses of human blood monocytes versus the macrophage-like cell line 

WBC264-9C.

F. Cl' channel regulation of monocytes and the pathogenesis of occlusive 

vascular diseases

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 biochemical events that effect monocyte entry into the blood 

vessels during advanced disease. Monocytes enter the blood vessels, take up oxidized 

low density lipoprotein (ox-LDL), become foam cells, and then activate the immune 

system. Thus, in occlusive vascular diseases, foam cells are the primary target of ox- 

LDL. Ultimately an expanded reservoir of foam cells in the diseased 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 perpetrators 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, as well as the secretion of numerous cytokines, chemokines and other 

factors. The expression of membrane proteins during cell differentiation and activation is 

significant.
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Based on the results of the present study, we propose 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 either K+ or Na+ to allow water loss and cell 

shrinkage. Clearly, the recognition of Cl' channels and their role in monocyte migration 

is the beginning in our understanding of mechanisms that permit the transendothelial 

migration of monocytes into the blood vessels that is critical to the pathogenesis of 

many occlusive vascular diseases.

G. Summary

In summary, these findings are consistent with the presence of Cl' channels in 

human blood monocytes and macrophages. Cytokines such as IL-8, IL-12 and IFN-y 

modulate Cl' channels, which contribute to the migration of human blood monocytes by 

increasing adhesion and modulating shape change. Understanding of the regulation of 

inflammatory cell migration can provide valuable information for therapeutic 

interventions to target various diseases including atherosclerosis and restenosis, where 

onset is due to inflammatory cell recruitment and secretory products.
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SUM M ARY

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 /?(+)-[(6,7-dichloro-2-cyclopentyl-2,3-dihydro-2-methyl-l-oxo-1 H-inden-5yl)-oxy]acetic acid 94  
(TAA94) 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.

Keywords atherosclerosis chemotaxis chloride channel IAA94 migration monocyte NPPB

INTRO DUCTIO N

Monocytes are immune effector cells for defence against micro
bial pathogens and tum our 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
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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 4 , Ca2i, Cl", FT 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 
O ' currents. The blockers of the C1“ channels inhibited the Cl~ 
currents, chemotaxis and adhesion of human blood monocytes.

M ATERIALS A N D  M ETHODS

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 o f  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 (A tlanta 
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 R PM l-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.

Electro physiological 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 Mi2 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 NMDGC1 or CsCl saline consisting 
of (in mM) 140 CsCl (NMDGC1), 1 CaCl2, 1 MgCl2 and 10 HEPES 
(pH 7-4, 290 mOsm). The pipette solution was CsCl saline

consisting of (in m M ) 140 CsCl (NMDGC1), 0-1 EGTA, 1 CaCl2, 1 
MgCl2 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, /?(+)-[(6,7-dichloro-2-cyclopentyl-2,3-dihydro-2- 
methyl-1-oxo-1 H-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 x 106 cells) were suspended in assay 
buffer [comprising PBS without Ca2+/Mg2+ supplemented with 
0-1% bovine serum albumin (BSA), 10 mM HEPES and 10 mM 

glucose, pH  7-4] for 30 min at 37°C. To stop the reaction, samples 
were transferred to ice and fixed with 250 p\ 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 o f  monocytes
Chemotaxis was tested in 48-well Boyden microchambers [22]. 
Briefly, 26 p\ 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 pm  pore size) was layered onto the wells 
and covered with both a silicon gasket and the top plate. Then 50 
p\ of the cell suspension (1-1-5 x 10*5 cells/ml) was loaded into the 
top chamber. This was incubated at 37°C in 5% C 0 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 (x 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 o f  monocytes adherence to human umbilical vein 
endothelial cells (H U VEC)
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 x 106 cells/ 
ml. The cells were labelled with calcein AM (Molecular Probes, 
Eugene, OR, USA) at a final concentration of 7-5 pM for 
30 min at 37°C and 5% C 0 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 x 1()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 TN F-a (10ng/ml) [23]. In the present study, 
HUVECs were pre-incubated with 10 ng/ml T N F-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 /im  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 x 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. la). 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. lb).

Pharmacology o f  C t  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 CT currents were recorded 
(Fig. 2, control, left panel). A fter perfusing the bathing medium 
with 200 fiu  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 N PPB induces monocytes shape change 
We used the FSC assay to measure the effect of NPPB and IA A94 
on shape change of monocytes. The representative dot-plots are

(a)

L

50 pA 
100 msec

(b)

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 CsCI 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).

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), the mean FSC of monocytes increased sig
nificantly. In comparison, IAA94 (200 jllm ) treatm ent did not 
affect the shape change of monocytes (Fig. 3a).

C l  channel blockers inhibited chemotactic migration o f  
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-l-induced chemo
tactic migration of monocytes in a dose-dependent fashion 
(Fig. 4).

C t  channel blocker; N PPB , suppressed monocytes adhesion to 
H U VECs
Prior incubation of the cells with T N F-a (10 ng/ml) significantly 
increased the adhesion of monocytes to HUVECs. IA A94 did not
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Control NPPB

50 pA 
100 msec

Control IAA 94

r'***
Mmmm

50 pA 
100 msec

Fig. 2. Cl currents arc blocked by volume-sensitive channel blockers The bathing medium and pipette solution contained CsCl saline. 
Families of whole-cell Cr 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 jiM NPPB (n = 7) or IAA94 (n = 6, right panel).

(a)

(b)

116

100
Control IAA94 

(200 jjm )

NPPB
(2 0 0  jjm )

SSC-H
Control

400 600 800 
SSC-H

IAA94 (200 mm) NPPB (200j jm )

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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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 y\ of MCP-1 solution 
(50 ng/ml) was added to the bottom wells of a chemotaxis chamber and 
then 50 ji\ of the cell suspension (1-1*5 x 106 cells/ml) was loaded into the 
top chamber. NPPB (a) or 1AA94 (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.

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 C1“ 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

Control IAA94 (200 /im) NPPB (200 /jm)

Fig. 5. Effect of Cl channel blockers on monocyte adhesion to HUVEC  
HUVECs were pre-incubatcd 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.

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 C l' 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, m atura
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
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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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