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ABSTRACT
The ability of human polymorphonuclear leukocytes (PMNL; neutrophils), to sense
and move to sites of infection is essential for our defense against pathogens. Cell
motility is critically dependent on a dynamic remodeling of morphology. The
morphological polarization toward chemoattractants, such as N-formyl-Met-Leu-Phe
(fMLF), is associated with temporary extension and stabilization of lamellipodia in
the direction of movement. The underlying mechanisms of cell motility are,
however, still not entirely elucidated. It is therefore an urgent task to extend the
present experimental evidence to give solid basis for a comprehensive model. Here it
is shown that nitric oxide (NO) stimulates the morphological response of
neutrophils, most likely due to transient increases in [Ca2+]i, following addition of
NO-donors. This will, hypothetically, activate gelsolin and other actin filament
severing proteins, leading to a subsequent decrease in filamentous actin. The
incapability to efficiently turnover the actin filament network then blocks all motile
activity. It is also shown that N-formyl peptide receptors on polarized neutrophils
accumulate non-uniformly towards regions involved in motility. It is suggested that
neutrophils use the asymmetric receptor distribution for directional sensing and
sustained migration. A model for lamellipodium extension, where water fluxes play
a pivotal role is presented. It is suggested that water fluxes through water-selective
aquaporin (AQP) channels, contribute to the propulsive force for formation of
various membrane protrusions and, thus, cell motility. It is well known that small G
proteins of the Rho family GTPases play important roles in the intracellular
signaling underlying cell motility. In morphologically polarized neutrophils it is
shown that Cdc42, Rac2 and RhoA display spatially distinct distributions, which
allows for sequential chemoattractant stimulation of neutrophil motility. The specific
localizations of Rac2, Cdc42 and RhoA relative to each other and filamentous actin
and fMLF receptors support the hypothesized order of activation and regulation of
neutrophil cell motility. In conclusion, the detailed analysis of motility-related issues
presented here provide new data allowing further refinement of previous models of
neutrophil motility.
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ABBREVIATIONS
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tert-butyl-oxycarbonyl-Phe-(D)-Leu-Phe-(D)-Leu-Phe-OH
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intracellular free calcium ions
cyclic adenosine 3',5'-monophosphate
cluster of differentiation
cyclic guanosine 3',5'-monophosphate
confocal laser scanning microscopy
1,2-diacylglycerol
extracellular matrix
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formyl-norLeu-Leu-Phe-norLeu-Tyr-Lys
guanosine 5'-diphosphate
G protein coupled receptors
guanosine 5'-triphosphate
intermediate filament
interleukin-8
inositol-1,4,5-trisphosphate
lymphocyte function associated antigen-1, CD11a/CD18
leukotriene B4
microtubule
integrin, CD11b/CD18
monoclonal antibody (antibodies)
nitrogen monoxide (nitric oxide)
platelet activating factor
platelet-endothelial cell adhesion molecule-1, CD31
phosphatidylinositol
phosphatidylinositol-3-kinase
phosphatidylinositol-5-kinase
phosphatidylinositol-4-mono, -4,5-bis, -3,4,5-trisphosphate
protein kinase C
phospholipase A2
phospholipase C
phospholipase D
polymorphonuclear leukocyte
reactive nitrogen species
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PREFACE
There is no single sign as important as movement when deciding whether an
organism is dead or alive. Directed cell motility is the property we most closely
associate with living organisms. Interestingly, the same basic motile apparatus is
used in nearly all cell types, which implies a firm biological system. At the same
time, cell motility must be exquisitely sensitive to variations in local environmental
conditions to enable accurate path finding. Biologists have long recognized the
fundamental importance of cell locomotion, and been seeking a unifying theory for
the phenomenon. However, the underlying mechanisms are still not entirely
elucidated, and it is therefore an urgent task to extend the present experimental
evidence to give solid basis for a comprehensive model.
Cell locomotion helps to direct embryonic development and to regulate an array of
processes in the mature organism, including blood clotting, wound healing and
organization of tissue into complex structures. Directional cell motility of phagocytic
cells also is a prerequisite for our defense against a vast number of infectious agents,
i.e., bacteria and other parasites. Unfortunately, motility also contributes to a
number of disorders, among them chronic inflammations, heart attacks, strokes, and
even cancer. Advances in our understanding of the molecular basis of adhesion and
cell motility suggest several avenues for therapeutic intervention. It is evident that by
augmenting locomotory functions it could be possible to treat a number of major
infectious diseases affecting mankind. In other situations, the potential exists for
improving efficacy of treatments by promoting cell motility. Directing white blood
cell motility to and improving their accumulation at specific sites could, for instance,
constitute a novel way of treating tumors.
The crawling movement of animal cells, such as the polymorphonuclear leukocytes
(PMNL) is among the most challenging phenomena to explain at the molecular
level. Current research in molecular biology has provided us with new techniques to
study the complex nature of cell locomotion. However, the molecular concepts of
non-muscle cell movements have been difficult to identify. Different parts of the cell
change at the same time, and there is no single, easily identifiable locomotory
organelle. Furthermore, standard techniques, such as microinjection, for determining
the subcellular localization of various processes active in motility, e.g. actin
polymerization, have proven difficult or impossible to use when studying
neutrophils. It also has not been possible to express recombinant proteins in
neutrophils because they are short-lived, terminally differentiated cells.
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The central problem is to understand how the biochemical activities of participating
factors are mechanically integrated over distances thousands of times the size of
individual proteins to generate the emergent properties of whole-cell motility. Due
to partially overlapping functions of numerous cytoskeletal components, this has
proved difficult to address by classical approaches. A complete description of cell
motility would have to give the molecular basis for a multiplicity of transformations,
explain how they are coordinated temporally and spatially, and also take into account
important biophysical parameters such as the development of tension in the cell
cortex and the formation of strong adhesions between the cell and its substratum.
Such a process requires more specific information at each level of organization
before a completely cohesive picture emerges.

ABOUT THE THESIS
Motility is, as stated above, a multi-faceted phenomenon among eukaryotes, but also
in prokaryotes. The variety of motile activities in individual cells is apparent, since it
comprises intracellular movement of organelles as well as translocation of an entire
cell. Therefore, cell motility in this thesis is narrowly defined as migration of whole
eukaryotic neutrophils over solid, protein-coated, surfaces and thus, separated from
swimming and intracellular transport.
For experimental simplicity and reproducibility, my work on cell motility has
focused on individual neutrophils crawling across flat solid substrates such as glass
coverslips. In nature, however, very few cells ever confront a flat glass surface.
Finally, the literature published over the last 30 years on cell locomotion is very
large and the contributors so many that this thesis cannot give credit to all aspects of
the subject and to all contributors. The preceding sentence should be taken as a plea
for tolerance from scientists whose work has not been cited and who may feel
resentful.
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INTRODUCTION
DESCRIPTIVE BACKGROUND
The Neutrophil
The neutrophils, which also are known as polymorphonuclear leukocytes (PMNL),
constitute the prime part of our defense against an extensive number of potentially
harmful microorganisms in our environment. Neutrophils accumulate by actively
moving to sites of microbial invasion or tissue injury. One of the main effects of
neutrophil participation in the inflammatory process is to selectively recognize,
respond properly by locomotion and phagocytosis and killing of, ingested
microorganisms. Neutrophils are able to secrete substances to delay the spread of
infections and, if necessary, the cells also can recruit other white blood cells to the
site of infection or inflammation (1,2).
The inflammatory response is, though, hazardous and may cause concomitant tissue
damage. Besides the beneficial microbicidal activity of neutrophils, this cell type is
also involved in the pathophysiology of organ damage in ischemia/reperfusion,
trauma, sepsis, and organ transplantation (3-11). Many of the detrimental aspects of
inflammation are due to specific neutrophil functions, such as the generation of
reactive oxygen species (ROS) and release of proteolytic granule contents.
Development and Functions
Neutrophils comprise about two-thirds of the white blood cells in peripheral blood
(12). They are short-lived cells whose major function is to phagocytose and kill
potential pathogens. The life of a neutrophil is spent in three environments: bone
marrow, blood, and tissue. Neutrophils are typically absent in healthy tissue (13).
All blood cells, i.e. lymphocytes, erythrocytes, monocytes, platelets, and
granulocytes, stem from the same precursor cell in the bone marrow. After leaving
the bone marrow the terminally differentiated neutrophils circulate in blood for
about ten hours, after which the cells migrate into surrounding tissue where they
survive for 1 to 2 days (14). The fate of the cells after migration into tissue is not
well known although under physiologic conditions neutrophils are thought to
undergo apoptosis, i.e. programmed cell death, prior to be removed themselves by
mononuclear phagocytes (15-17). The removal of these and other apoptotic cells by
macrophages protects tissues from the potentially harmful consequences of exposure
to the contents of dying necrotic cells (16).
It is unclear why neutrophils are turned over so rapidly in healthy subjects, but it
may be related to their role in immunosurveillance and/or nonimmunological roles
in maintaining homeostasis (18).
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Although the importance of neutrophils in fighting bacteria and fungal infections is
well recognized, only limited attention has been paid to their involvement in viral
infections (18). Neutrophils are abundantly found in virally induced lesions (19,20).
The ability of neutrophils to destroy human immunodeficiency virus (HIV; 21) may
explain why many HIV-infected people do not develop symptoms of acquired
immunodeficiency syndrome (AIDS) for many years (18).
Neutrophils exert amoebic motion, which relies fundamentally on dynamic
remodeling of the cytoskeletal component actin. By moving at speeds of up to 30
µm/min, these cells are the fastest locomoting non-ciliated cells of the human body
(22,23). The average diameter of a non-polarized neutrophil is 7.1–7.8 µm, though
they in a blood smear may show a diameter of about 12 µm (24).
During bacterial infection or tissue injury, neutrophils in the blood stream are
slowed down due to increased stickiness to the endothelial linings of blood vessels.
The attraction is due to inflammatory mediators, released from cells at the infected
site, bacteria, damaged tissue, or complement breakdown. The lobulated nucleus
allows the neutrophils to pass pores, which are much smaller than the normal cell
diameter. This characteristic is a prerequisite for their ability to squeeze themselves
through the tight endothelial cell linings. Following diapedesis the cells continue to
crawl towards the site of infection, a process called chemotaxis. It should be
emphasized that neutrophil locomotion is not a process of swimming, but rather
rolling and crawling.
The neutrophil cytoplasm contains an ensemble of granules, including distinct
glycogen particles, which increase in number as the cell matures. These particles are
thought to contribute to the energy source for the cell (12). Neutrophil locomotion is
an energy requiring process but unlike most cells, neutrophils do not rely on
oxidative metabolism to generate the required energy, although they are capable of
doing so. Rather they use anaerobic glycolysis to produce adenosine triphosphate
(ATP; 25). Thereby, neutrophils can persist in areas with highly disturbed metabolic
states.
Phagocytosis and Degranulation
On their surface neutrophils express a large variety of receptors that help them bind
and phagocytose microorganisms. These are the receptors for IgG, complement,
mannose, terminated oligosaccharides and advanced glycosylation products (26).
Once a neutrophil encounters a properly opsonized particle, i.e. labeled by serumderived glycoproteins, the neutrophil plasma membrane sweeps around the particle.
At the opposite end of the prey the pseudopodial tips meet and fuse. The receptors
mediating phagocytosis often recognize not only the pathogen itself, but also diverse
host proteins coating the pathogen. The particle is then enclosed in a sealed plasma
membrane-derived vesicle, i.e. the phagosome, in the cytoplasmic compartment. The
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size of a phagosome is determined by the size of the ingested particle, which means
that the phagocytic cell may without success attempt to ingest particles much larger
than the cell itself, viz. frustrated phagocytosis.
The mechanisms by which receptor binding is transduced into a signal mediating
phagocytosis are not yet fully elucidated. Extensive biochemical evidence suggests
that gradients of intracellular free calcium ions ([Ca2+]i) in the peripheral cytoplasm
initiate the process of engulfment (27,28). Other candidates are sodium and products
of the arachidonate cascade, such as 1,2-diacylglycerol (DG; 12). There are common
mechanistic traits shared in motility and phagocytosis. Both processes involve the
directed elaboration of cell extensions, either in the form of pseudopods that
envelope particulate substrates during phagocytosis or the pronounced membrane
ruffles that are found at the leading edge of a motile cell (29). The mechanisms
controlling the formation of phagocytic vesicles are to a great extent similar to those
regulating chemotaxis, and involve increases in [Ca2+]i, activation of protein kinase
C (PKC), activity of Rho family guanosine triphosphatases (GTPases), and gel-to-sol
transitions of the peripheral actin microfilament network (29-31). It has been shown
that phagocytic receptor activation leads to spatially limited signal transduction and
actin filament rearrangements in the vicinity of the receptors (32,33).
In the phagosome the ingested particles are confronted with lysosomes, through
which they are either exposed to highly reactive oxygen species (ROS) and/or being
degraded by the oxygen-independent granule proteins. The granules, which are
subdivided into distinct types according to both content and order of exocytosis,
have long been recognized for their content of proteolytic and bactericidal proteins
(18,34-44). However, the granules are not just simple bags of proteolytic or
bactericidal proteins, but also important reservoirs of membrane proteins that
become incorporated into the surface membrane of the neutrophils when these
organelles fuse with the plasma membrane and release their content (45,46). The
mechanisms of degranulation are still under investigation.
When phagocytes come in contact with a stimulus, their oxygen consumption is
increased 50- to 100-fold (18). This respiratory-burst, includes a generation of
microbicidal ROS. It is an effect of the assembly and subsequent activation of the
multi-component complex NADPH-oxidase in the phagolysosome membrane. The
NADPH-oxidase complex is a flavocytochrome b electron transport chain in the
membrane, composed of several components (reviewed in Refs. 6,47-49). The
enzyme rests inactive until the neutrophil is stimulated by engagement of
chemoattractant receptors or receptors mediating phagocytosis. The signal
mechanisms leading to activation of the enzyme are unclear.
NADPH oxidase reduces oxygen to superoxide (O2-), which is released into the
phagolysosome. Simultaneously, hydrogen peroxide (H2O 2) and hypochlorous acid
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(HOCl) are generated by spontaneous dismutation and by the effect of
myeloperoxidase, respectively (6,50). The oxygen consumption is coupled to an
increased glucose catabolism through the hexose monophosphate shunt, which
provides the cells with NADPH, the pyridine nucleotide that acts as the electron
donor to the oxidase (47,51). The mechanisms by which the oxidative burst is
terminated in neutrophils are not known. Inactivation of the oxidase may occur when
activation factors are consumed, when the enzyme itself is inactivated by released
oxidants and hydrolytic enzymes, or as a result of specific dephosphorylation
reactions (18,52). The identification of the NADPH oxidase components was greatly
aided through studies on cells from patients with a defective oxidase, which results
in the condition known as chronic granulomatous disease (CGD). CGD is a severe
inherited disease, leading to an impaired capacity of the phagocytes to kill invading
microorganisms (53).
Neutrophils also appear to produce reactive nitrogen species (RNS). This pathway
also is an oxidative process in which short-lived nitrogen monoxide (NO) is derived
from guanidinonitrogens in the conversion of L-arginine to L-citrulline (reviewed in
18). This reaction is catalyzed by NO synthase and involves oxygen uptake (54). NO
may contribute to the microbicidal activity of neutrophils by reacting with ROS to
form secondary cytotoxic species such as peroxynitrite (OONO2-; 55).
Phagocytosis of large (and too large) particles may result in a leakage of granule
contents to the surrounding tissue (reviewed in Ref. 56), which is a major cause for
the detrimental aspects of inflammation. Neutrophils also release other toxic
products, as phospholipases to the extracellular medium, which contribute to the
tissue injury at sites of infection and inflammation (50). The proteolytic enzyme
elastase can, for instance, enzymatically digest matrix components including elastin
and collagen, leading to impairment of cartilage tissue in the lung (57,58).

PREFACE TO NEUTROPHIL MOTILITY
The diapedesis of white blood cells has evolved to allow efficient surveillance of
tissues for infectious pathogens and rapid accumulation at sites of injury and
infection (59). The basic procedure of amoebic movement is thought to be similar in
all eukaryotic cells (60). Therefore, understanding the complete basic mechanisms of
motility would provide further knowledge in embryonic development, wound
healing, angiogenesis, cancer cell metastasis, and inflammation. Cell migration
depend on an integration of chemical and physical properties of multi-component
structures and assemblies, including their thermodynamic, kinetic, and mechanical
traits. Movement of a cell is physically coordinated both spatially and temporally
(61). Finding the interrelationships between adhesion and the regulation of cell
motility, growth and differentiation are among the most exiting challenges in this
field of research.
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The translocation of neutrophils from the intravascular to the extravascular space
involves a series of events. These include ligand-induced cellular activation,
deformation or polarization of the cells, adherence to the endothelium, and
migration over the endothelial cell linings via a chemoattractant gradient-dependent
migratory process. According to Sheetz and colleagues (62), the motility cycle, at
the level of the light microscope, can be divided into five steps: (a) extension of the
leading edge; (b) adhesion to matrix contacts; (c) contraction of the cytoplasm; (d)
release from contact sites; and (e) recycling of membrane receptors from the rear to
the front of the cell. Thus the extension and propulsion of the leading edge in the
anterior portion of the cell is generally thought to be of primary importance in cell
migration (63). The cell posterior, in this view, is not the site of primary force
generation, but rather responds secondarily to the extension of the leading edge (64).
Locomotion of a neutrophil always begins with the formation of a thin, less than 200
nm thick, protuberance or protrusion, termed the lamellipodium, which is extended
along the supporting substrata (Fig. 1; 65). Chemotactic substances such as bacterial
metabolites are potent inducers of such membrane extensions. Adhesion is required
for the protrusion to be converted into whole cell movement along the substrate
(66). Different protrusions at the leading edge of locomoting cells have been given
different names depending on their apparent shape (67). Lamellipodia, also called
pharopodia, are broad, flat, sheet-like structures (61). Other important appendages
are lobopodia and filopodia, which are cylindrical and needle-shaped, respectively.
These structures are commonly referred to as pseudopodia because they appear to
differ only in the degree of cytoplasmic streaming accompanying their assembly
(68). The cylindrical spikes may coalesce to form extensions of the leading lamella.
Although several lamellipodia, or pseudopodia, of various sizes are stretched out
around the cell periphery, usually only one is filled with cytoplasm, although
cytoplasmic organelles and microtubules are excluded from the lamellipodium (61).
The selected lamellipodium constitute the anterior pole of the cell and, thus, unveil
the direction of cell movement. As the lamellae advances the extension is
strengthened by transient attachments to the underlying surface (69).
The
lamellipodium behaves as a structural unit; if it fails to adhere to the substratum, it is
usually swept rapidly backward over the top of the cell as a ”ruffle” (70,71). Hence,
membrane extension is not always followed by whole cell migration (72,73).
It has recently become clear that the lamellipodium is mechanically and spatially
distinct from the rest of the lamella (74), which is located immediately behind the
lamellipodium (Fig. 1).
At the tail end of the cell, long retraction fibers are found. Gradually the retraction
fibers detaches as the cell moves forward (22,23,75). The mechanism allowing
retraction (reviewed in Refs. 61,66,76,77) is still relatively unclear.
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Fig. 1. Activation of a neutrophil. When an unstimulated neutrophil is exposed to a
stimulatory agent it responds by changing morphology from round to flat. The cell then
becomes morphologically oriented toward the highest concentration of stimulus (bold
white arrow). Indicated are important cell regions mentioned in text.

A motile cell generates at least two distinct types of force (61). The first is a
protrusive force needed to extend membrane processes, e.g. lamellipodia. The
second force is a contractile force, enabling the cell to move forward. The process
promoting forward movement of the nucleus and cell body have been termed
traction (66). This force has been suggested to depend on active myosin-based
motors and may, in fact, involve separate mechanisms of force generation within the
anterior and posterior regions of the cell (61).
The relationship between migration and adhesion is rather complex. In a key study
by Palecek and colleagues (78), a mathematical relationship between the extent of
cell adhesion and cell migration was defined. These authors determined that the rate
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of cell migration could be plotted as an approximate bell-shaped curve versus the
extent of cell adhesion; the extent of cell adhesion increases with increasing amounts
of immobilized substrate, cell surface integrin, and activation state of the appropriate
integrin (78). Thus, with low concentrations of immobilized substrate or low
expression of adhesion molecules, migration is relatively slow, because cells attach
too weakly to generate enough traction to move significantly (79). Increasing
adhesion leads to an optimal rate of cell migration, until it grows too strong and
begins to impair movement (Fig. 2).

Fig. 2. The rate of cell migration can be plotted as an approximate bell-shaped curve
versus the extent of cell adhesion. According to Palecek et al. (78) the extent of cell
adhesion increases with increasing rigidity of substrate, expression of cell surface
integrins, and activation state of the appropriate integrin.

Definitions of Locomotion
For migration, cells acquire a spatial asymmetry enabling them to turn intracellularly
generated forces into net cell body translocation. A manifestation of such asymmetry
is the polarized morphology, i.e. with a clear distinction between front and rear (61).
If neutrophils are deposited on a suitable substratum they will start to migrate at
random. Although the cells continue to move, and change direction almost
randomly, the probability is higher that the cell will turn to an orientation close to
the previous one rather than reverse its direction totally. Neutrophils thus exhibit a
persistence of movement (80), which occurs in the absence of any known chemical
stimulant.
By adding a stimulatory agent, e.g. a chemoattractant such as N-formyl-Met-LeuPhe (fMLF), into the medium the neutrophils will increase their motile activity.
However, if no precise source can be pointed out the movement will still be at
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random. This increase in motile activity can be referred to as stimulated random
walk, or chemokinesis. The observation that chemical mediators induce directed
migration of leukocytes led Pfeffer in 1884 to utilize the term chemotaxis. Some
years later Leber speculated that phagocytic leukocytes could sense and follow
concentration gradients of specific stimulus. For a more thorough historical account
on chemotaxis, please see Wilkinson (25). Thus, chemotaxis is a reaction by which
the direction of locomotion of cells is determined by the source of attractant in the
local environment. It is regarded as positive, when the cells are moving against a
stimulating agent, and negative if the direction is the opposite (81). Cells can also
use another receptor-mediated process, i.e. haptotaxis, to move along a gradient of
adhesive extracellular matrix (ECM) proteins (82). Thus on a gradient of an
adhesive ligand affixed to the surface of other cells or to the ECM, and in the
absence of a chemotactic gradient, motile cells will tend to accumulate in the region
of highest ligand density (59). Immobilization of chemoattractants on the endothelial
lumen has been shown to have proadhesive effects on leukocytes and functions to
concentrate leukocytes at sites of infection (83).

Chemotaxis and Chemoattractants
Leukocyte chemotaxis is a complex multi-step process initiated by receptor-ligand
interactions on the cell surface. It is generally accepted that a receptor mediating
leukocyte chemotaxis to a particular chemoattractant also can transduce signals
leading to oxidative burst and degranulation. Essential elements in the chemotactic
response include expression of functional chemoattractant receptors coupled to
heterotrimeric guanosine triphosphate (GTP)-binding proteins (G proteins) and the
ability to rearrange the actin cytoskeleton (69,84). The precise signaling mechanisms
that follow receptor stimulation and results in directed amoebic movement are yet to
be elucidated.
When neutrophils sense a chemotactic gradient they will alter their shape, become
morphologically oriented along the gradient, and migrate in a curvilinear fashion
without discrete pauses (85). A cell usually encounters stimuli asymmetrically and
the region of the cell first engaged by stimuli might tend to accumulate polymerized
actin. Corrections in directional sensing occur continuously, implying that
neutrophils are directly able to detect a gradient across their length (86). The
chemotactic response is so efficient that the cell can sense a concentration difference
of about 1% over the cell surface (60). This ability requires multiple cellular
receptors integrated in such way that the neutrophils may recognize differential
occupancy of receptors for chemoattractants along their surface (86).
Chemotaxis is usually evoked at chemoattractant concentrations, being 10–100-fold
lower than required to elicit the oxidative burst. The accuracy of chemotaxis appears
to depend on a difference in the fraction of occupied receptors at the poles of the
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cell. It reaches an optimum when the midpoint of the gradient is near the
dissociation constant for the binding of chemoattractant and is highest in steep
gradients (80). The cells also seem to have means for background subtraction, which
allows the cells to sense the relative rather than absolute levels of chemoattractant.
Thereby they can respond to a wide range of gradients and to temporally increasing
gradients (87).
The position of chemoattractant sources provide vectorial coordinates for directed
motion (88). Many factors have been identified as being chemotactic for neutrophils
and the list continues to grow (reviewed in Refs. 89-91). The chemotactically active
factors do not constitute a homogenous class of compounds and include very diverse
substances such as: N-formylated peptides generated by bacteria and mitochondria
proteins; breakdown products from complement activation, e.g. the anaphylatoxin
C5a and C3a; cellular products, e.g. leukotriene B4 (LTB4); and the platelet
activating factor (PAF). Some components of the ECM, cellular adhesion molecules,
and released cytoskeletal fragments also play an important role in the chemotactic
response. The complexity, redundancy, and cross talk between neutrophil signaling
pathways makes it very difficult to dissect the specific subcellular events operating
during chemotaxis (92).
Recently a new family of chemoattractive cytokines, termed chemokines, was
described. These are 70–80 residue polypeptides and have specificity for leukocyte
subsets (reviewed in Ref. 93). Two subfamilies of chemokines have been defined by
sequence homology and by difference around two cysteine residues (59). The CXC
or α chemokines tend to act primarily on neutrophils and nonhematopoietic cells
involved in wound healing. These are interleukin 8 (IL-8), GROα, ß, γ, NAP-2,
ENA-78, platelet factor 4 (PF4), and interferon-γ-inducible protein 10 (IP-10; 94).
The other group, named CC or ß chemokines, act preferentially on monocytes,
macrophages, basophils, eosinophils, and T lymphocytes (reviewed in Refs. 59,94).
Although numerous biological activities have been assigned to these molecules, a
common theme is their ability to stimulate the chemotactic migration of cells (93).
Once the neutrophil arrive at the site of inflammation or infection, it ceases to move,
likely due to the lack of a defined chemoattractant gradient (95) and/or to firm
adhesion. At the higher concentrations of chemoattractants found here, the cell
begins to carry out phagocytosis (33), exocytosis of protease-containing granules
(96) and generation of superoxide anions (97).
Directional Sensing
Chemoattractants activate neutrophils through binding to membrane spanning,
heptahelical receptors located at the cell surface (94,98). These receptors activate G
proteins that initiate numerous elaborate signal transduction cascades, culminating in
neutrophil activation and migration (99). Following binding of ligand and cellular
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activation, the receptors undergo desensitization and internalization (100-102),
resulting in a net decrease in the number of receptors on the cell surface. In
neutrophils, it has been shown that the fMLF receptors are internalized about 30s
after ligand addition, with a half time of 3–5 min (103,104). Once internalized, the
ligand dissociates from the receptor and if not degraded, it is recycled to the cell
surface for additional rounds of activation (102). Receptor recycling has been
suggested to be essential for sustained cellular responses, such as chemotaxis (105),
although it was recently demonstrated that internalization is not a prerequisite for
chemotaxis (99). Despite the wealth of evidence indicating that chemoattractant
receptors are rapidly desensitized following agonist exposure, little is known about
the underlying mechanisms that govern this process.
How do cells in a multicellular organism find and maintain their appropriate
locations? In order to sense gradients, some of the signaling proteins must become
asymmetrically distributed or activated (106). Whether this asymmetric distribution
of proteins is on the membrane or intracellular level remains unknown. Cell polarity
is the ultimate reflection of complex mechanisms that establish and maintain
functionally specialized domains in the plasma membrane and cytoplasm (107).
Two principal models have been forwarded to explain the mechanisms of directional
sensing. The first mechanism suggests a temporal regulation by which a cell sense
the concentration of a chemoattractant at one point, moves towards it and compares
the encountered level with the earlier one (108). This model assumes pilot sensors in
the form of numerous filopodia extended in all directions from the cell. Indeed, it
has been shown that inhibition of the Rho subfamily GTPase Cdc42, which is
required for filopodia formation (109), prevent recognition of chemoattractant
gradients in macrophages (110). The second proposed mechanism implies spatial
sensing by which the cell compares the concentration of a chemoattractant at two or
more locations on its surface, thereby directing its movement towards increasing
levels of chemotactic substance (108). The latter model requires that cells are
capable of intrinsically detecting differences in receptor occupancy between its two
ends, even when there is no temporal change in receptor occupancy (106). Thus, if
more receptors are occupied on the leading front compared to the trailing uropodium
(111), the information must somehow be sensed by or conveyed to the motility
machinery, to influence its status.
Directional sensing of chemoattractants has been given both an intracellular and a
membrane-receptor asymmetry-associated explanation. The intracellular mechanisms
comprise clustering of specific protein complexes, e.g. Akt/PKB (112,113), cofilin
(114), coronin (115), G protein ß subunits (116), and cyclase-associated proteins
(117) at the inner face of the plasma membrane. These clusters may spatially
regulate the activity of the signal transduction cascade (118,119). In morphologically
polarized leukocytes asymmetric distribution of membrane receptors, such as the
receptors for the Fc portion of IgG (120), concanavalin A (con
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A; 121), succinyl con A (122), α vß3 integrin (123), the receptor for the urokinase
plasminogen activator (uPAR; CD87; 124,125), and N-formyl peptides (126,127)
has been observed. These asymmetries have been suggested to help the cells to
respond to a shallow gradient of chemoattractant.
Sullivan et al. (126) first reported that receptor asymmetry might contribute to the
polar behavior exhibited by neutrophils. Asymmetric N-formyl peptide receptor
distribution also has been associated to phagocytosis (128), although this might not
be considered as a general property of chemotactic receptors. Using light microscope
autoradiography, Walter and Marasco (129) reported that at high concentrations of
125
I-labeled N-formyl peptide (≥5 nM) the labeling appeared uniformly over the
surface of structurally polarized neutrophils, whereas at lower concentrations the
binding was markedly shifted toward the cell anterior (129). Polarization of
chemokine receptors to the leading edge has also been described for lymphocytes
(130). However, an inverse pattern of plasma membrane glycoproteins has been
shown in motile fibroblasts. In these cells the receptors were observed to arrange
into a gradient that increased from the front to the rear (131).
The redistribution of chemosensory receptors to the advancing front of migrating
cells does not seem to be a general finding in all cellular systems. When endogenous
chemoattractant receptors tagged to green fluorescent protein (GFP) were expressed
in PLB-985 cells (132) and in Dictyostelium discoideum amoebae (106,133) the
receptors displayed a more or less uniform distribution on the plasma membrane. It
has been suggested that cells, such as D. discoideum, that need to respond very
quickly to changes in chemoattractant are helped by a uniform distribution of
receptor on the cell surface (134). Whether this also applies for neutrophils is
unclear.
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THE CYTOSKELETON
The cytoskeleton network plays a dynamic as well as a structural role in cells. It
affects cell shape and motility, and is furthermore intimately involved in the
transduction and integration of transmembrane signals (135). The mechanism of
force generation is a central task of cytoskeletal dynamics. Cellular locomotion is to
a great extent due to the cytoskeletal structures and the ability of the network to
polymerize and depolymerize intracellular filaments at an appropriate signal. It is the
dynamics of the network that constitutes the foundation of the locomotional
machinery.
The cytoskeleton is an important infrastructural element of the cell. It provides
stability and rigidity, flexibility and strength, the muscular function and
communication. The cytoskeleton can be regarded as the cellular highway for
transport of organelles and solutes. The three components of the cytoskeleton are
intermediate filaments (IF), microtubules (MT) and actin microfilaments. The three
parts differ from each other regarding filament thickness, function, and associated
proteins. Tubulin monomers form MTs and, in neutrophils, vimentin is the major
IF-forming protein. These are relatively few in number and are restricted to the cell
body, although they penetrate the actin-rich peripheral cytoplasm to some extent
(136,137). As cell motility is predominantly dependent on the dynamics of the actin
microfilament system, the microtubule and intermediate filament structures will be
treated only briefly.

The Intermediate Filaments
The term ”cytoskeleton” was originally coined to describe the unusually stable and
insoluble fiber system of IFs. These filaments are 7–14 nm in diameter, and easily
distinguished from the, approx. 5-nm actin microfilaments, and the 20–25-nm thick
MTs (for further reading see Refs. 138-141). The IF structure occurring in different
cells are not always formed by the same protein(s) but by different members of a
large multigene family. These proteins are expressed specifically in a given cell type
and at distinct states of differentiation (142-145). The various IF-proteins differ
considerably in molecular size and electric charge, but have a common basic
molecular rod structure (138). In most vertebrate cells, IFs form a continuous
structural network extending from the nuclear envelope to the cell periphery.
Although IFs are not directly responsible for generating movements, they have
important effects on the shape and mechanical properties of many cells and can
constrain and modify their movements. A major function shared by several types of
cytoplasmic IFs is to stabilize cellular architecture against external mechanical
forces.
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The Microtubules
Microtubules (MT) are assembled from heterodimers of α- and ß-tubulin that
compose hollow, 25-nm thick cylindrical polymers (for further reading see Ref.
138). With few exceptions, MTs are in vivo comprised of what appear in crosssection as 13 longitudinal protofilaments. The two ends of a microtubule display
different kinetics of subunit addition and removal, where the plus end grows
somewhat faster. The plus ends of MTs usually point towards the cell periphery and,
hence, the structure exhibits a distinct polarity (146). The minus end originates from
a specific microtubule organizing center (MTOC), although free minus ends can be
found occasionally elsewhere (147). MT assembly is driven by hydrolysis of GTP
bound to ß-tubulin.
MTs are used both for specialized and general functions that are essential to all
higher eukaryotes. A specialized role is being a component of the eukaryotic cilia
and flagella (138). The most obvious general use of MTs is as the primary structural
component of the mitotic spindle. A second, but less recognized, general function of
MTs is in organizing the cytoplasm in concert with actin microfilaments and IFs.
Thereby MTs comprise a major determinant of the overall cell shape (138). A more
direct role has been demonstrated in neurons, where oriented MT arrays serve as
tracks along which vesicles and cell organelles are translocated from the cell center
to the periphery and back again (148,149). It is also thought that MTs contribute to
the positioning of membrane-bound organelles within eukaryotic cells.
Historically, actin microfilaments and MT arrays have been viewed as constituting
separate cytoskeletal systems with distinct functions. However, a growing number of
observations have shown that the two filament systems cooperate functionally during
a variety of cellular processes (150).
The Microtubules and Cell Motility
Migrating cells, such as fibroblasts, are morphologically polarized, with a broad, flat
lamella containing MTs and membrane vesicles (147). The lamella terminates in a
ruffling lamellipodia at the leading edge from which MTs are absent. Although the
role of MTs in cell migration is largely unknown, it has been suggested that motility
in large cells such as fibroblasts, is dependent on an intact MT system (151,152).
MTs have been suggested to be involved in the turnover of surface adhesion
complexes, e.g. focal contacts, and in the modulation of adhesive strength to the
ECM (153). Furthermore, depolymerization of MTs stop cell migration and induces
loss of cell polarity. Ruffling activity normally confined to the leading edge becomes
reduced and redistributed to the entire cell margin (reviewed in Ref. 151). This
observation has suggested that MTs act as vectors for directing sites of actin
microfilament nucleation and assembly in locomoting cells (63). More recently there
is evidence to suggest that MTs rather regulate adhesive or protrusive events through
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pathways involving the small GTPases Rho and Rac (154,155). It was hypothesized
that tubulin polymerization liberates activated Rac1, which then can result in
lamellipodium formation (155). On the other hand, overexpression of Rac1 in
mammary epithelial cells have been shown to prevent tubule polymerization whilst
at the same time leading to increased motility and invasiveness (156).
Small, specialized cells, such as neutrophils, do not to require MTs for motility
(157). In these cells, some observations rather indicate that rapid motility is opposed
by MT formation. However, MT disruption has been demonstrated to abolish the
directional locomotion of leukocytes in a chemotactic gradient (158).
The Actin Microfilaments
The neutrophil cytoplasm is a three-dimensional network predominantly composed
of filaments of the contractile protein actin (159,160). Actin is usually the most
abundant protein in many animal cells. It is well conserved in most living species
making it one of the most abundant proteins on earth (161). It constitutes as much as
10% of the total protein in non-muscle cells (71). The actin molecule is a protein
composed of 375 amino acid residues folded into four domains surrounding a deep
cleft, where ATP or ADP bind together with a tightly bound divalent cation (162).
At least six types of actin are present in mammalian tissues. Depending on their
isoelectric point these fall into three classes, α-, ß- and γ-actin, (163). The α-actins
are found in various types of muscle cells, whereas ß- and γ-actins are the principal
components of non-muscle cell microfilaments (164).
To form filaments (F-actin), monomers of actin (G-actin) assemble into small
oligomers, consisting of three or four actin monomers (165). This nucleation is a
rate-limiting step in actin polymerization. It has been found that monomers
preferentially add onto pre-existing filaments rather than forming new nuclei (166).
Following polymerization, ATP bound to G-actin is hydrolyzed to ADP and P i.
Although hydrolysis of ATP is not an absolute prerequisite for polymerization it
serves to weaken the bonds in the polymer, thereby promoting depolymerization
(160). When the filament depolymerize, G-actin with bound ADP is released. This
complex has a much lower affinity for existing filaments than G-actin with ATP.
Therefore ADP is exchanged for ATP before repolymerization (167,168). Thus, in
cells there exist a dynamic equilibrium between monomers and polymers of actin,
which is affected by an ensemble of actin binding proteins.
Actin microfilaments, as MTs, display a distinct polarity with one end of the
filament much more prone for growth upon addition of monomeric actin (160). This
end defined as the ”barbed” (plus end) differs by an order of magnitude from the
”pointed” (minus end), in the affinity and exchange of G-actin (Fig. 3; 169).
Exposure of barbed ends is expected to cause rapid assembly and elongation of
filaments without other steps being required (170).
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Fig. 3. Actin treadmilling. Actin microfilaments, as MTs, display a distinct polarity
with one end of the filament being much more prone for growth upon addition of
monomeric actin. This end defined as ”barbed” (plus end) differs by an order of
magnitude from the ”pointed” (minus end) in the affinity and the exchange of G-actin.

The critical concentration for actin polymerization, i.e. the free actin monomer
concentration at which the filaments cease to grow, is around 0.2 µM (160). The
actin microfilament network is a very dynamic system, regulated by, e.g.
intracellular H+ (pHi), [Ca2+]i, and actin-associated proteins (71). The controlled
breakdown and re-synthesis of actin filaments regulate cell locomotion and cell
shape remodeling. Additionally, a network of actin filaments accounts for many of
the viscoelastic properties of cytoplasm, transmission of tension, and resistance
against deformation (161).
Several findings also indicate that the two major functions in neutrophils, i.e.
secretion of hydrolytic enzymes and production of toxic oxygen metabolites, are
directly regulated by the actin filament system (171). Hence, understanding the
mechanism of actin assembly, and especially its spatial and temporal regulation in
vivo, are important goals of current research in cell biology.
Resting neutrophils have been shown to respond to chemotactic peptides by doubling
their amount of actin filaments within 30s, coincident with changes in cell shape
(172,173). After activation, neutrophils change shape from round to polar, serially
increase and decrease filament content, and apparently shift actin filament
distribution from diffuse to polar (Fig. 4; 172).
In cells actin filaments are organized into three general types of arrays (174). These
arrays form parallel bundles in microspikes and filopodia, contractile bundles in
stress fibers, and gel-like networks in the cell cortex. Filopodia are thin, highly
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dynamic protrusions of actin bundles, which are often found at the leading edge of
highly motile cells, as well as at the ends of migrating growth cones in neurons
(175). Stress fibers are cables of bundled actin filaments that traverse the entire
length of cells such as fibroblasts and terminate in the plasma membrane at focal
adhesion complexes. Stress fibers are much more prominent, however, in stationary
cells than in highly migratory cells (176,177). Indeed, the formation of stress fibers
has an adverse effect on cell motility (178,179). A gel-like, highly compact
meshwork of actin filaments is found at the leading edge of cells in lamellipodia and
membrane ruffles (159,175,180,181).

Fig. 4. Actin filament distribution in morphologically polarized neutrophils. A cell
usually encounters stimuli asymmetrically. In the region of the cell first engaged by a
stimulus, a lamellipodium is formed. Here actin polymerizes very strongly, yielding
even saturated fluorescence intensity.

Actin-Binding Proteins
At first glance, the filament network underlying the leading edge of motile cells
appears chaotic. The actin filament network in these lamellae is, however, highly
organized into roughly orthogonal arrays, with the rapidly growing barbed ends
pointing toward the membrane. The filament network is especially dense near the
inner surface of the membrane, where the actin filaments are connected in a highly
cross-linked, branching arbor with short filaments apparently growing from the sides
of other filaments (182). The cellular components that regulate filament dynamics
and cross-linking in highly localized manner form the key to ordered network
assembly.
Morphological and kinetic data suggest that a given actin polymer does not extend
across the length of the lamellipodium (183). Furthermore, by performing kinetic
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studies on the depolymerization of actin filaments it has been found that most
filaments are less than 0.2 µm long (184,185). At the leading margins of moving or
spreading cells, actin filaments are organized into two principal structures, bundles
and meshworks (186). Numerous proteins control the assembly of cytoplasmic actin
and the organization of actin filaments into a three-dimensional network. It is the
cooperative and also competitive interactions among these proteins that prevent the
various sets of actin structures from being mixed and from escaping their spatial
distributions. During the past ten years actin and actin-binding proteins have been
under intense investigations, and so far more than 60 actin-binding proteins have
been discovered (161). It should be emphasized that undiscovered factors can
potentially be as, or even more important than the proteins known today.
The actin-binding proteins can be divided into four distinct groups according to their
amino acid sequences, i.e. the myosin head, the α-actinin head, the profilin/gelsolin
domain, and the actin depolymerizing factor (ADF)/cofilin motif (138). This
division is not sufficient because the majority of the actin-binding proteins do not
correspond to any of the groups mentioned, e.g. tropomyosin. Therefore actinbinding proteins may instead be sorted roughly by their functional characteristics
(138). However, classification of actin-binding proteins into groups based on
function may also be an oversimplification. In cells, the precise function of each
protein must be influenced by competition for the same or adjacent binding sites on
actin, by the local concentration of a particular protein and by factors like pHi and
ionic conditions (187). There is a significant redundancy and overlap among these
proteins, and many proteins display several, varying functions in a cell. Individual
actin filaments can associate with several, different proteins simultaneously,
permitting a diversity of organizational variations (61).
The various actin-binding proteins have been excellently reviewed elsewhere (188190). Therefore only a few proteins involved in cell motility will be given specific
attention in this thesis.

Barbed End-Binding Proteins
In resting cells, specific proteins, preventing elongation (reviewed in Refs.
170,191,192), cap most filament barbed ends. If the barbed ends of cellular actin
filaments were free, elongation would rapidly deplete the pool of actin monomers in
a few seconds (193). Activation results in the dissociation of the capping proteins
from the barbed ends. This uncapping occurs just below the plasma membrane at the
leading edge of moving cells, and provides spatial control of actin assembly for cell
motility (170). In this group of actin binding proteins several proteins such as
capping protein, profilin, cap G, tensin, fragmin, and gelsolin, have been found to
exert important functions (188). Binding to actin filaments prevents the addition and
loss of G-actin subunits at the barbed end, leaving the pointed end unaffected. All
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proteins in this group require micromolar Ca2+ to bind to actin, and all barbed-end
capping proteins are inhibited from capping in vitro by polyphosphoinositides, which
under some circumstances remove capping proteins from barbed ends in vitro and in
permeabilized cells (170).
Circumstantial evidence supports the idea that gelsolin has an important role in cell
locomotion (194,195). This protein of higher eukaryotes was named because it
solates actin gels in vitro (69,196). Gelsolin is particularly abundant in the cytoplasm
of cells that migrate and change shape rapidly, such as the neutrophil (197). As
gelsolin is found at the barbed ends of actin filaments in contact with the plasma
membrane of macrophages (198), uncapping of these filaments could lead to actin
polymerization in a lamella (92). Indeed, gelsolin-overexpressing fibroblasts have
been demonstrated to move faster and the rate of chemotaxis was directly
proportional to the increased gelsolin concentration (199). Moreover, analysis of
dermal fibroblasts from gelsolin-null mice (200) has strengthened the view that
gelsolin has a critical role in actin dynamics (201). The cells displayed reduced
ruffling activity and translocational motility in response to multiple stimuli. In vitro,
gelsolin regulate the length of actin filaments by severing non-covalent bonds
between actin subunits within the filament and subsequently capping the severed
ends (202). Gelsolin-actin complexes form transiently during platelet (203,204),
neutrophil (197), and macrophage activation (205), accompanied by shuttling of
gelsolin within the cell between membrane and cytoplasmic locations (206). Gelsolin
also promotes nucleation of actin polymerization by forming complexes with G-actin
monomers (196,207). When neutrophils were exposed to chemotactic stimuli, 90%
of the gelsolin-actin complexes observed also in resting cells dissociate within 10s
(197). It has been demonstrated that [Ca2+]i and phosphatidylinositol-4,5bisphosphate (PIP2) regulate the function of gelsolin at physiological pH, i.e. 7.4.
Gelsolin is furthermore found in blood where it is supposed to scavenge actin
originating from cell injury and necrosis. Thereby it prevents catastrophic
consequences due to the formation of filaments, which could lead to obstruction of
small vessels (208).

Side-Binding Proteins and Cross-Linking Proteins
When stabilized by actin-cross-linking proteins (186,209) actin filaments tend to
align spontaneously in parallel bundles (69). This constitutes a very important
regulatory function of the assembly dynamics, especially if the proteins bind to the
filament ends. By connecting filaments together the actin-binding proteins exert a
stabilizing effect by inhibiting monomer loss. Cross-linking of filaments into
structures of higher complexity thus includes formation of bundles and networks
(210), which gives tensile strength to various protrusions (88).
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There are at least four groups of actin cross-linking proteins (reviewed in Refs.
88,209). These are: (a) proteins organizing actin filaments into tight bundles, e.g.
villin; (b) proteins organizing actin filaments into loose bundles, e.g. α-actinin; (c)
proteins organizing actin filaments into orthogonal networks, e.g. filamin-1 (actin
binding protein, ABP-280); and (d) proteins cross-linking actin oligomers, e.g.
spectrin (reviewed in Refs. 166,190,210). Some stable actin filaments in nonmuscle
cells, including stress fibers, are also protected by tropomyosin (193).
The actin-related proteins (Arps) constitute a recently characterized family of
proteins. Two family members, Arp2 and Arp3, act as multifunctional organizers of
actin filaments in all eukaryotes (211,212). The Arp2/3 complex (193,213-217)
nucleates the formation of actin filaments that elongate only at the barbed end (218).
The complex remains bound at the pointed ends of filaments and is also thought to
bind along the sides of filaments (214,219), thereby promoting cross-linking (211).
Arp2/3 seems to localize in lamellipodia and actin-rich spots in crawling cells, which
suggests that the complex is involved in the generation of protrusions
(193,211,212,220,221). In 1999 several laboratories (222-225) discovered that
proteins of the Wiskott-Aldrich syndrome protein family (WASP, N-WASP, and
Scar/WAVE) regulate the nucleation activity of the Arp2/3 complex. For recent
reviews on the control of actin dynamics regulated by Arp2/3 see Cooper and
Schafer (226), and Pollard et al. (193).

Monomer Sequestering and Severing Proteins
The fuel for actin polymerization is the large pool of non-polymerized actin, which
exists at a concentration above the critical concentration for polymerization in vitro.
However, only a small fraction of the non-polymerized actin in cells is truly ”free
actin”, i.e. not in complex with other proteins (227,228). Maintenance of this pool is
provided by employment of different classes of actin-monomer sequestering
proteins, e.g. profilin, thymosin ß 4, the ADF/cofilin family, which thus control
polymerization through monomer availability (167,193,229-234).
Actin-binding proteins of the ADF/cofilin family are thought to control actin-based
motile processes (232,233,235-238). New filaments at the leading edge of a cell are
built with ATP actin subunits, and hydrolysis of ATP bound to actin subunits,
subsequent to their incorporation into filaments, and the dissociation of the γphosphate are postulated to mark filaments for depolymerization by ADF/cofilin
proteins (236). Phosphate dissociation is an effective timer for destruction because
ADF binds to the ADP-bound form of G- or F-actin with an affinity two orders of
magnitude higher than the ATP-bound form. This enhances the turnover rate of
filamentous actin in vitro to a value comparable to that observed in vivo in motile
lamellipodia (239). Because ADF is distributed throughout the cytoplasm of cells it
is presumed to play a role in the delivery of G-actin to sites of assembly (138).
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However, the major function of ADF is not to sequester G-actin, but rather to
change the hydrodynamic parameters, which may account for its effects on the
viscosity of F-actin solutions (239).
There is some evidence that the key enzyme required for actin depolymerization is
cofilin (237). It binds to both actin monomers and polymers, and promotes the
disassembly of actin filaments. Stimuli that induce the production of lamellipodia
have been shown to remove inhibitory phosphorylations on cofilin (232). Cofilin has
recently been demonstrated to accumulate in projecting leading edges in D.
discoideum (114), and in epidermal growth factor (EGF)-stimulated metastatic
MTLn3 cells (240).
Profilin was originally thought to sequester G-actin and thus prevent actin filament
formation (167,229,230,241,242). However, as the cellular levels of profilin and its
affinity for actin appear too low for this role in vivo, its function has been reevaluated (88). Profilin is now expected to be involved primarily in catalysis of the
adenine nucleotide exchange on G-actin, i.e. converting ADP-actin monomers to
ATP-actin monomers (167). The nucleotide exchange brings about a more
pronounced polymerization (88). The sequestering role of profilin is now attributed
in part to profilin and even more so to thymosin ß4 and its homologues (243).
As mentioned previously, severing of actin filaments denotes breaking of noncovalent actin-to-actin bonds within a filament. Examples of actin filament severing
proteins are gelsolin and villin (188). Provided that the severing proteins dissociate
from the filament ends, the proteins will yield new nuclei for actin polymerization
(166). The proteins may also participate in facilitating processes such as exocytosis
of secretory granules (166) and formation of phagosomes (244). The bestcharacterized protein in this group is gelsolin, which when activated severs actin
filaments and then forms a cap on the exposed plus end (196,245). Gelsolin is also
thought to be required for cell locomotion, although its exact role in the process is
not clear (244). Increases in [Ca2+]i have been suggested to regulate the severing
activity of these proteins under physiologic conditions.

Membrane-Associated Proteins
Very few integral membrane proteins interact directly with the actin-based
cytoskeleton (91). The cortical actin microfilament network, located at the inside of
the plasma membrane, generally determines the shape and mechanical properties of
the plasma membrane. Therefore various types of membrane attachments are needed
for actin filaments to perform their many functions at the cell cortex. Actin
structures are reversibly anchored to the cytosolic face of the plasma membrane. A
class of actin-binding proteins, which include myristoylated, alanine-rich C kinase
substrate (MARCKS; 246), facilitates the reversible cycle. The affinity of MARCKS
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to the membrane is regulated by PKC-dependent phosphorylations (247,248). The
MARCKS proteins are also found in clusters at the substrate-adherent surfaces of cell
protrusions (248), where many important components, e.g. vinculin and talin, colocalize (88,249). MARCKS has been implicated in the regulation of fibroblast
membrane ruffling and cell spreading (250).
Also the closely related ERM proteins (ezrin, radixin and moesin) are thought to
function as molecular linkers between actin filaments and the plasma membrane
(91). Ezrin, radixin and moesin are preferentially located at cell-surface protrusions
such as microvilli, filopodia, microspikes, focal adhesions and membrane ruffles
(251). The most extensively studied connection between the cell exterior and
cytoplasmic actin is, however, that between the integrin family of adhesion receptors
and cortical actin (190). A complex consisting of α-actinin, vinculin, paxillin,
tensin, zyxin, talin, and members of a protein kinase cascade associated with focal
adhesions have been postulated to mediate this interaction (252-256). Luna and Hitt
(257) have reviewed the cytoskeleton-plasma membrane interactions in detail.

The Actin Microfilament and Cell Motility
It is generally accepted that the leading edge is internally promoted by forcegenerating systems that are components of the microfilament cytoskeleton. However,
cells undergo locomotion without apparently changing their relative amounts of
monomeric and polymeric actin. But actin assembly and disassembly rates are
accelerated in the moving cells, and the actin turnover rate correlates with the speed
at which cells crawl (228,258). This implies, for a neutrophil moving at for instance
30 µm/min, that all the filamentous actin contained within a 5-µm-long
lamellipodium must depolymerize in 10s when polymerization extends the
lamellipodium 5 µm farther forward (228). Indeed, upon removal of
chemoattractant and/or addition of cytochalasin, the filamentous actin in a neutrophil
lamellipodia does depolymerize within 10s (259). During directional motility,
multiple signaling pathways converge to precisely target actin polymerization to the
leading edge. The spatial distribution of actin polymerization in response to
chemotactic gradients is not well understood. Little is also known about the
molecular mechanisms by which the relevant signaling proteins integrate these
multiple inputs to yield a coordinated response (260).
Filamentous actin can form both static and dynamic structures in cells. Static actin
filaments form the core of microvilli and are crucial components of the contractile
apparatus of muscle cells (160). Cell movement, however, rather depends on
dynamic structures. Directional instructions originating at the plasma membrane
leads to the formation and retraction of various protrusions at the cell surface (166).
Extensions of both lamellipodia and filopodia in response to migratory stimuli are
almost universally found coupled with local actin polymerization (61). Generally, it
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has been agreed that an increase in the number of sites for actin polymerization is the
first step in forming a protrusion. Nucleation is then followed by net addition of
monomeric actin to the growth sites on filamentous actin, predominantly near the
membrane (61). Elongation of the barbed end of actin filaments is assumed to drive
membrane protrusion (261). The molecular mechanism(s) for the appearance of free
barbed ends at the leading edge is yet unclear.
Classic photobleaching and photoactivation studies of motile cells have proposed that
incorporation of actin monomers occur predominantly near the leading edge
(258,262,263). Here actin filaments are short, branched, and have their fast-growing
barbed ends oriented towards the membrane (182,264). The currently popular
models propose that free barbed ends arise by either: (a) uncapping of barbed ends,
(b) severing of noncovalent bonds in actin filaments to produce short filaments with
free barbed ends, or (c) de novo nucleation of filaments from a nucleation template
(240). Although the predominant actin filament orientation is with the barbed end
toward the leading edge, the polarity is not uniform (264). A fraction of the
filaments in growth cone lamellipodia rather seems to orientate the pointed end
towards the membrane or even run parallel to the leading edge.
When a protrusion forms it is gradually filled with cortical cytoplasm, due to gel-tosol transitions (166,265). The molecular basis of these gel-to-sol transformations is
thought to include the reversible assembly of monomeric actin into linear polymers
and the organization of these filaments into membrane-bound three-dimensional
networks (266). This actin network stabilizes (gels) the cell periphery and the
attached plasma membrane. Protrusions from the cell surface of motile cells thus
arise from destruction (solation) and reconstruction (gelation) of the actin filaments
constituting this network (266). However, actin filament behavior is likely to be
quite different in various protrusions, and may well vary even among protrusions of
the same general type in different cells (168).
The discussion regarding gel-to-sol transitions has its origin in the first decades of
the twentieth century when Hyman proposed that the cell cortex (ectoplasm) of freeliving amoebae is an elastic tensile gel, which exerts tension upon a more fluid
central endoplasm (cited in Refs. 67,71). Hyman anticipated that the cytoplasm had
the capacity to shift between gelation and liquefaction, i.e. solation (71). In 1946
McCutcheon summarized his thoughts about the mechanisms of movement (cited in
Refs. 12,25). McCutcheon basically accepted the hypothesis formed by Hyman in
1917. Thus amoebic motion of leukocytes was considered to be the result of
reversible gel-to-sol transformation of the cytoplasm. The forward end of the cell
could be regarded as chiefly in the sol-state, which could be transformed into a gel at
the surface as the cell moved. The gel-state in a resting cell is usually defined as an
organelle free viscous medium in the cell periphery and the sol-state represent the
more soluble interior of the cell. Hence, conventionally gel-to-sol transitions have
been proposed to be responsible for cell locomotion and although gelation does not
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provide enough efficient mechano-chemical transduction, it still can generate
enormous motive force.
A fascinating feature of cell locomotion is that net actin polymerization and
depolymerization occur simultaneously at different locations in the cytoplasm, while
the total concentration of polymerized actin remains roughly constant (227).
Monomeric actin polymerizes preferentially at or near the membrane of the extreme
leading edge. The actin filaments are then transported backwards toward the cell
nucleus at a speed of about 1 µm/min (267-270). According to Theriot (168,271),
the rate of centripetal flux of actin relative to the substrate does not correlate with
the rate of lamellipodial protrusion. In some large cells, or at high magnification, the
solated or liquefied actin gel can be seen to flow vigorously locally in the cell, a
process called cytoplasmic streaming or cortical flow. Cortical flow is a process
whereby material in the cell cortex (the outer ~1–5 µm of the cell) is translocated
parallel to the plane of the plasma membrane and it is thought to constitute a basic
cellular motility process (272). MTs are thought to contribute somehow in directing
cortical flow, but whether they do so by stimulating or inhibiting contraction of the
cortical actin cytoskeleton is subject to debate (273).
Compared to other cytoskeletal components, such as IFs and MTs, a characteristic
trait of actin filaments is their intimate interaction with plasma membranes (251).
Thus, many signal transduction events relate significantly to actin filament
dynamics. Agonists of the environment that elicit cell shape changes, concomitantly
increase the proportion of filamentous actin even four-fold (166). Cytoskeletal
rearrangements also occur in response to phorbol esters and the ionophore A23187,
albeit at a slower rate and to less an extent than chemotactic peptides (274,275). As
mentioned earlier, various actin-binding proteins assist the binding and the nonproteolytic severing of actin filaments, and help to sequester monomeric actin. It has
been suggested that Ca2+-concentrations greater than 0.2 µM liquefy the actin gel by
activating proteins such as gelsolin. However, fluxes of Ca2+ have rather been given
a modulatory role, occurring in neutrophils during adhesion and phagocytosis. Actin
polymerization is not influenced by changes in [Ca2+]i, by contrast to the subsequent
depolymerization (276).
In broad terms, three distinct processes can be identified in the crawling movements
of animal cells. These are: (a) protrusion, in which lamellipodia and microspikes (or
filopodia) are extended from the front of the cell; (b) attachment, where the actin
cytoskeleton makes a reversible connection with the substratum; and (c) traction,
where the body of the cell moves forward. To pull on the extracellular matrix or
another cell, a bundle of actin filaments must be strongly anchored in the plasma
membrane at the appropriate site (180,277). These attachments are mediated by
transmembrane linker glycoproteins, such as the integrins. Although little is known
about the mechanisms of adhesion (278) even less is known about the intracellular
events preceding the formation of a cellular extension.
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THE PLASMA MEMBRANE
Through various plasma membrane receptors, a cell recognizes exogenous signals
and conducts the interaction to the interior of the cell. The plasma membrane defines
the cell, constitutes a barrier, and regulates the transport of proteins and other
nutrients. The dynamic, fluid nature of the plasma membrane permits motility and
variability of shape. Via abundant proteins and glycoconjugates in the plasma
membrane, the cell is able to adhere to the substratum. The plasma membrane also
constitutes a reservoir of lipid signaling molecules, e.g. second inositol messengers,
which direct the cellular response to various stimuli. Furthermore, many vital
biochemical processes take place in or on membrane surfaces.
Descriptive Background
The plasma membrane is a thin, approx. 5 nm thick, bilayer of lipids, carbohydrates,
and proteins, held together mainly by non-covalent interactions. Cell membranes are
dynamic, fluid structures, and most of the molecules are able to move about in the
plane of the membrane. The fluidity is characterized by the ability of individual
lipid molecules to diffuse laterally and rotate within the lipid bilayer. This ability
serves several purposes in addition to being a solvent for membrane proteins. The
lipids act as second messengers, modulators of membrane protein activity and
interaction. The fluid nature of the bilayers allows membranes to be flexible (279).
Lipid molecules constitute some 50% of the mass of most animal cell membranes.
The external face of the plasma membrane is very asymmetrical and contains
specific lipid domains, or rafts, differing in composition from each other and
between cells (280,281). These domains can be relatively small and may constitute a
diffusion barrier system for enclosed proteins. The two major techniques that have
been utilized to investigate the movement of lipids and membrane proteins are
fluorescence recovery after photobleaching (FRAP; 282-285) and single particle
tracking (SPT; 286-290). Using SPT, Sako and Kusumi (289) have suggested that
the plasma membrane is compartmentalized into many small domains of 0.01-0.25
µm 2. The function(s) of these lipid rafts in biological membranes is currently a hot
topic (291,292).

Models of Membrane Movement
A key to understanding the molecular basis of cell locomotion is a coherent
description of the dynamics of membrane and cytoskeletal molecules during cell
movement (293). Several research groups have accordingly tried to unveil how lipid
molecules, membrane proteins, and adhered particles flow relative to the cell during
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locomotion (279,281,288,289,293-298). Three different hypothetical models have
been set up to describe movement in and of membrane. The models are: the
retrograde lipid flow model (299); the tank-track model (300); and the unit
movement of membrane model (293). For a broader review on membrane flow, see
Heath and Holifield (65).

The Retrograde Lipid Flow Model
The retrograde lipid flow model proposes that a rearward flow of membrane is
generated, both dorsally and ventrally, by the insertion of membrane lipids at the
leading edge together with endocytosis by randomly distributed coated pits over the
remaining cell surface (299,301). On a motile cell, the sites of endocytosis
(randomly located on the cell) and those of membrane return (located at the front of
the cell) do not coincide (299). The model predicts that the flow sweeps slowly
diffusing membrane particles or receptors rearward, away from the front of the cell.
A natural consequence of this fluid nature of membranes is that any large aggregate
will be involved in capping of the posterior regions of the cell (299). Since the flow
of membrane occurs on both surfaces of a cell, there will be a rearward thrust of the
ventral membrane against the substratum that serve to propel the cell forward (65).
However, a lipid flow correlate has so far not been detected in cell locomotion.

The Tank-Track Model
The second model, i.e. the tank-track, suggests that the lipid flow dorsally is directed
forward, at twice the velocity of the advancing cell, while the ventral lipids remain
stationary (300). A crude mechanical analogy compares the cell with a tank, the
lower tread is the plasma membrane with feet attached to the substratum, the upper
tread being membrane cycled towards the leading front (301). In support of this
model, markers of membrane diffusion such as gold particles bound to lipid (280) or
protein ligands (302) move forward, suggesting that the source for membrane at the
front is not the insertion of vesicles but rather recruitment from rearward positions
(76).

The Unit Movement of Membrane Model
In a study by Lee and colleagues (293) an alternative, third model was postulated to
describe the lipid flow of motile cells. The unit movement of membrane model was
stated after photobleaching experiments. By bleaching a line across the leading
lamella of a motile cell, the lipid flow could be followed using sensitive imaging
equipment. The unit movement of membrane model suggests that during cell
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locomotion the membrane flow is directed forward, both dorsally and ventrally, and
moves at the same rate as the cell advances (293). The model can be illustrated with
a particle attached to the membrane: if not influenced by active cytoskeletal forces
the particle would simply move along with the cell because the membrane is just
passively moving forward with the lamellipodium (302).

Movement of the Cytoskeleton and Membrane Receptors
The observation that membrane receptors move rearward on the dorsal surface of
motile cells (303) has long been thought to reflect a distinct mechanism for
locomotion (304). An attractive idea has been that if membrane receptors were
immobilized on the substratum, an opposing reaction force would push the cell
forwards (304). The major theory explaining the retrograde motion of particles,
surface ruffles (305,306) and membrane receptors (303) is that actin filaments move
rearwards with respect to the cell edge in motile cells (267,270).
Two models have been put forward to explain the retrograde actin flux. The first
suggest that the flux arises from treadmilling of actin filaments, i.e. actin addition to
filaments at the leading edge is counterbalanced by a net loss of actin monomers
from filaments at the base of the lamellipodium (304). The other model includes
myosin motors that actively pull the actin meshwork rearward together with linked
membrane receptors and particles (270,307). It is not clear to what extent a
retrograde actin flux is involved in cell locomotion (304). The rate of actin flux
does, however, not correlate with the rate of leading edge extension in a range of
cell types (258,263,308).
Although lipids, according to the unit movement of membrane model, moves
forward the particles adhered to the plasma membrane appear to move rearward. It
has been reported that con A-coated particles on the cell surface glycoproteins were
able to move rapidly forward or backward (286,302,309), in a manner distinct from
the movements of either membrane or actin (263). By using single 40 nm diameter
con A-coated gold particles Kucik and colleagues (286,309) observed how
membrane attached particles displayed three different types of motion. The described
motions were (a) random diffusion; (b) rapid, directed movement towards the front
of the cell; and (c) rearward transport. They suggested that particle transport to a
large extent depends on the site of application. The observations do have
implications for the process of cell migration. If the leading edge of the lamella can
cross-link membrane proteins to the cytoskeleton then an attachment site would
result in forward movement of the cell depending on a rearward force (286). Cherry
and colleagues (297) recently reviewed the mobility of cell surface receptors.
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The interpretation of the movements of gold-tagged molecules is, however,
complicated because the plasma membrane is not an isolated lipid bilayer with
embedded proteins but has an associated pericellular matrix or exomatrix (280,310).
The pericellular matrix, which also can be considered as the interface between the
plasma membrane and the ECM, constitute the site where the ectodomain of integral
membrane glycoproteins, proteoglycans, and glycolipids intermingle with
hyaluronan and a variety of other ECM glycoproteins and proteoglycans (311,312).
Recent studies on neutrophil migration in three-dimensional matrices (313) have
reinvigorated the question whether the mechanism of traction in three dimensions (3D) may differ from that in 2-D. If so, this would have implications on many
hypothesized mechanisms, such as adhesive forces being dependent on, e.g. integrins
(313). The cell may be satisfied with a weaker adhesion if it can anchor itself by
means of morphological projections instead. Indeed, every fibroblast or macrophage
cultured on a patterned substrate seemingly align itself along a ridge or groove, or
will crawl into a circular pit. In cell motility, the biomechanics of cells in 3-D
matrices are largely an unexplored frontier of enormous biological relevance to
understanding cell behavior in vivo.
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THE EXTRACELLULAR SURFACE MOLECULES
Descriptive Background
Each cell is a living system equipped with thousands of surface molecules, which
allow a cell to sense a great multiplicity of external stimuli. Stimuli do not
exclusively constitute soluble chemical substances, but also particles, shear stress,
electrical fields, surface chemistry, and surface topography. Hence, it is crucial for a
motile cell, like the neutrophil, to sense encountered information and to translate
them into both intra- as well as extracellular action. Generally, cell signal-generating
receptors on cell surfaces are divided into three classes based on their mechanism of
action. These are: (a) ion-channel-linked receptors; (b) G protein-coupled receptors
(GPCRs); and (c) enzyme-linked receptors. But although this division might seem
quite manageable the interior of the cell includes huge cascades of biochemical
reaction pathways, which can be switched on or off.
In blood and lymph, neutrophils are in a resting state. Blood can be considered as a
mere transport system for the cells. Active neutrophils, on the other hand, are
dependent on a surface and, hence, dependent on exposed adhesion receptors. Many
signaling pathways are activated by cell adhesion to specific extracellular molecules.
The signal transduction events primarily connected to cell adhesion are protein
tyrosine phosphorylations, activation of mitogen-activated protein (MAP) kinase,
Ca2+ influx, pH alterations, and inositol lipid turnover (314).
The receptors exposed on the plasma membrane of neutrophils can be divided into
three distinct groups according to their function and corresponding stimulus. These
mediate: (a) chemotaxis, e.g. C5a, LTB 4, and IL-8; (b) adhesion, e.g. fibronectin
and laminin; and (c) phagocytosis, e.g. C3b and IgG. Remarkably, some specific
receptors can be used for various functions. One such receptor is the ß2-integrin
CD11b/CD18 (also called CR3 and Mac-1), which mediates multiple adhesive
functions including homo- and heterotypic aggregation, cell matrix adhesion,
diapedesis, and phagocytosis of opsonized particles (reviewed in Ref. 315). The ß2integrins might be regarded as the single most important receptor group in
neutrophils.

The Extracellular Matrix
Generally speaking the development and normal function of all cell types in an
organism depend upon interactions with molecules in their environment (316,317).
Cells in tissues are usually in contact with a complex network of secreted
extracellular macromolecules referred to as the extracellular matrix (ECM). The
ECM is a relatively stable and complex structural matrix that underlies epithelia and
endothelia and surrounds cells of the connective tissue (318). It composes an
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intricate network of macromolecules, i.e. glycosaminoglycans and fibrous proteins.
Variations in the relative amounts of the different types of matrix macromolecules
and the way these are organized in the ECM give rise to an amazing diversity of
forms, each adapted to the functional requirements of the particular tissue.
The ECM is more than a scaffold that fills the extracellular space. The ECM also
influences cell shape, adhesion, and migration. In many instances the capacity of a
cell to proliferate, differentiate, and to express specialized functions intimately
depends on the presence and maintenance of an intact ECM. While the overall
phenomenology of ECM-mediated effects on cell behavior is well known, the
biochemical and molecular bases for these effects have remained elusive.
Many classes of cell surface molecules are believed to function as receptors for ECM
constituents. The cell-binding domain of adhesive proteins is a common motif that
has been isolated. It consists of a sequence composed of arginine-glycine-aspartic
acid, denoted RGD by single letter abbreviations (316,319-321). This motif
promotes cell migration by helping the cells to attach to the matrix. However, it
should be emphasized that the adhesive effect must be delicately balanced so that the
migrating cells can grip the matrix without becoming immobilized on it (322).

Cell Adhesion Molecules
A multicellular organism contains a variety of cell-surface receptors that enables
each cell to respond specifically to a complementary assortment of soluble chemical
signals, e.g. hormones and growth factors. So does each cell in a tissue have a
particular combination and concentration of specific cell-surface receptors, i.e. cell
adhesion molecules, that enables it to bind in its own characteristic way to other cells
and to the ECM. The major families of adhesion-mediating receptors in neutrophils
are integrins, selectins, and proteins belonging to the immunoglobulin gene
superfamily (Fig. 5; 323-327).
Several distinct cell adhesion molecules are often expressed simultaneously in one
and the same cell type. This apparent redundancy might be part of a fail-safe system
that guarantees proper cellular organization even if one component fails. A perhaps
more likely situation is that it is the various combinations of different cell adhesion
molecules confer tissue-specific, adhesive properties.
Many neutrophil functions are strongly enhanced by adhesion. Interestingly,
adhesion receptors transfer information rather than ions or molecules across the
membrane. The signals generated include tyrosine kinase activity and intracellular
Ca2+ transients (328). Cell adhesion requires multivalent interactions, for which the
cytoplasmic association with the cytoskeleton is of cardinal importance. However,
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very little is known about how adhesion affects the cytoskeletal structure and the
cytoplasmic signaling systems.
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Fig. 5. Schematic illustration of the major cell adhesion molecules involved in
neutrophilic activation and locomotion: (A) selectins; (B) integrins; and (C) proteins
belonging to the immunoglobulin superfamily. White boxes indicate disulfide bonds.

The Integrins
Integrins are transmembrane glycoprotein complexes, heterodimers of a noncovalently linked α and ß subunits. They are named integrins because the family
provides structural integrity to cells and tissue. They also help to integrate many
diverse signals that impinge on cells. In so doing, they determine many functions of
the cells (reviewed in Refs. 329,330). Integrins participate in numerous complex
biological processes that include cell migration, tissue organization, cell growth,
blood clotting, inflammation, target recognition by lymphocytes, and differentiation
of many cell types (331).
The integrin molecules constitute a family that can be further divided into several
subfamilies, defined by a common ß subunit (Fig. 6). In vertebrates, cDNAs
encoding nine distinct ß subunits and 14 distinct α subunits have been characterized
(317). This would, theoretically, provide the cells with 104 potential αß
heterodimers. Nevertheless, only about 20 different heterodimers have so far actually
been detected (Fig. 6; 332-335).
Each integrin subunit has a large extracellular domain, a single membrane-spanning
region, and usually a short cytoplasmic domain (332,336-338). The αß combination
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determines the ligand binding specificity of the integrins (Fig. 6; 316). They interact
with members of the immunoglobulin gene superfamily; these include intercellular
cell adhesion molecules (ICAM), e.g. ICAM-1 and ICAM-2, and vascular cell
adhesion molecule-1 (VCAM-1). They also interact with several ECM-proteins, e.g.
collagen, fibronectin, laminin, thrombospondin, vitronectin, von Willebrand factor,
and fibrinogen, fragments of the complement system, coagulation factors, as well as
with ligands on endothelial cells (reviewed in Refs. 316,318,325,339). In fact,
virtually all ECM glycoproteins have been shown to interact with integrins; agrin
and tenascin may be exceptions (317).
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Fig. 6. The common scheme of integrin αß heterodimers and the major ligands
associated to each receptor. Ligands have not yet been identified for every integrin.
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COL, collagen; FG, fibrinogen; VWF, von Willebrand factor; VN, vitronectin; VCAM,
vascular cell adhesion molecule; ICAM, intercellular cell adhesion molecules; C3bi,
complement cleavage factor. Slightly modified from (317).
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The α subunit has binding sites for divalent cations, which are required for ligand
binding (340-342). The type of divalent cation present (343), the lipid environment
(344), and yet unknown cell-type specific factors (317) modifies the ligand
specificity of different integrins.
Generally, it is thought that the ß1-subfamily consists of receptors that bind to ECM
components. The ß2-integrins are referred to as the ”leukocyte” integrins and
participate primarily in cell-to-cell interaction (335,338). The ß3-subfamily consists
of the platelet glycoprotein IIb/IIIa and the vitronectin receptor (326). The
remaining ß-subfamilies are less common and will not be reviewed here. Some
integrin heterodimers are distributed on nearly all cell types, e.g. those containing
ß1, ß3 and ß 5, with the exception of red blood cells (317). Whereas others display a
restricted distribution, such as αIIbß3, appearing only on platelets.
Although primary adhesion-related functions of integrins are to mediate movement,
shape, and polarity of cells there are additional adhesive functions (345). Integrins
are, for example, exploited as receptors for cell entry by pathogenic bacteria, e.g.
Yersinia pseudotuberculosis (346) and Bordatella pertussis (347), eukaryotic viruses,
e.g. adenovirus (348), and probably by sperms (349). Furthermore, transformation
of mammary epithelial cells into invasive carcinoma results in alterations in their
integrin-mediated responses to the ECM, including a loss of normal epithelial
polarization and differentiation, and a switch to a more motile, invasive phenotype
(156).
The ß2-family (CD18) is the most abundant integrin on neutrophils (reviewed in
Refs. 123,317,350,351). Neutrophils also express ß 1 integrins, primarily α 3ß 1, α 5ß1,
α 4ß 1, and α 6ß1 (352,353), which also participate in neutrophil adhesion, migration,
phagocytosis, and binding to subendothelial ECM (354,355). A large fraction of the
ß2-integrins CD11b/CD18 (Mac-1) and CD11c/CD18 (P150,95) are sequestered in
intracellular vesicles (356). These integrins play a critical role in immune cell
adherence and inflammation. Physiological stimuli induce exocytosis, which leads to
an increased integrin expression on the cell surface, preferentially at leading edges of
motile cells (357). Especially CD11b/CD18 and CD11a/CD18 (lymphocyte function
associated antigen-1; LFA-1), have been widely studied and characterized (317,358).
Both these ß2-integrins mediate adhesion to ICAM-1 (359-361). The integrin
CD11b/CD18 has been isolated from neutrophils, monocytes, and natural killer cells
(326). It mediates phagocytosis of C3bi-coated surfaces and also plays a key role in
neutrophil aggregation (326).
The RGD-sequence is, as mentioned above, the specified cell-attachment site on
several ECM components (321,326). Although the RGD-recognition sequence is
similar on various adhesive proteins, the integrins can recognize these proteins
individually due to neighboring amino acids (326).
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It is well established that the attachment of a cell to a substrate does not occur
uniformly over its ventral surface, but at specific, focal sites of adhesion. After
initial adhesion, many integrins are concentrated at sites of close proximity between
cell and substrate. These highly organized, multimolecular sites, termed focal
adhesions or focal contacts (180,256,362,363), are also sites of end-on insertion of
actin filaments into the plasma membrane. The aggregates meet bundles of actin
filaments, i.e. stress fibers (364), characteristic of stationary or slowly migrating
cells such as fibroblasts. Even though bundles are thought to be contractile they are
probably more important for static attachment of cells than for locomotion (69).
Indeed, it has been shown that cell motility is inversely related to the number of
focal adhesions (257). Highly motile cells develop few if any focal adhesions
(300,362). Focal contacts are smaller integrin clusters that occur at the tips of
filopodia or lamellipodia (363,364). In contrast to focal adhesions, which remain
stationary with respect to the substratum during cell movement, focal contacts appear
to advance in concert with the extending cell edge (365). At these sites certain
cytoskeletal and signaling molecules have been observed to concentrate (255,331).
Changes in receptor conformation and affinity can be induced by cytoplasmic events
as well as through the ECM, indicating that the focal adhesions are controlled from
both sides of the plasma membrane (331,335).
Integrins differ from cell-surface receptors for hormones and other soluble signaling
molecules in that they bind their ligand with relatively low affinity and are usually
present at about 10–100-fold higher concentration on the cell surface. This may
make sense, since too tight binding to the surface could inhibit motility. This is
avoided by multiple weak adhesions collectively generating a relatively strong force
(330).
Moving fibroblasts leave a major fraction of their ß1-integrins on the substratum as
they move forward. This has been designated as membrane ripping (366).
Molecules linking the adhesion receptors to the cytoskeleton, such as talin and
vinculin, are not present in these membrane remnants. The linker-molecules rather
tend to accumulate at the rear of the retracted cell (61). Although it is an important
mechanism for fibroblast release, it has not yet been as elaborately described in other
cell types (61).

Integrins and Cell Signaling
Conformational changes in the integrin heterodimer transduce information
bidirectionally. Integrins are, thus, also involved in transducing biochemical signals
(reviewed in Refs. 327,364,367-369). Integrin ligation and clustering can activate
cytoplasmic tyrosine kinases and serine/threonine kinases, induce ionic transients,
and stimulate lipid metabolism. Proteins found within the membrane, the
cytoskeleton, or in direct association with integrins mediate the transmission of
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signals into (370,371) and out of cells (123,328,372-374). The cytoplasmic domains
of integrins interact with several structural and signaling proteins and, can as a
consequence participate in the regulation of cell shape, motility, growth, and
differentiation. The binding to ECM-proteins has been shown to regulate leukocyte
activation and the secretion of inflammatory mediators (318,375-377).
Integrins not bound to the ECM are generally distributed diffusely over the cell
surface and appear not to be linked to the actin cytoskeleton (364). Association with
the actin cytoskeleton is induced first upon binding of ECM ligands (378-380).
Proteins suggested to participate in linking the integrins to the cytoskeleton are talin,
α-actinin, paxillin, tensin, zyxin, and vinculin (180,253,381,382). The cytoplasmic
domain of the integrin ß-subunit is thought to regulate the association (317). The
cytoskeletal association is also determined by intracellular signals, e.g. by the action
of protein kinases (317). Protein phosphorylations are among the earliest events in
response to integrin stimulation (367). Tyrosine phosphorylation has been shown to
be a ubiquitous response to integrin engagement in many cell types, including
fibroblasts, carcinoma cells, and leukocytes (316,328,335,383). Serine-threonine
kinase families such as PKC and MAP kinases are also activated upon integrin
stimulation (367). Inhibitors of PKC block cell attachment and spreading in certain
cell systems (384-386). Integrin cross-linking has, furthermore, been shown to be
involved in increased phosphoinositide turnover (317,387,388) and Ca2+-fluxes
(316,328,389,390).
The exact mechanisms by which integrins organize the cytoskeleton and induce
signaling are not known in detail (314), but the Rho family of Ras-related GTPases
is important (156,368,369,374,391). Recent studies have also demonstrated that
integrin-mediated adhesion to the ECM regulates the activity of these small GTPbinding proteins (392-396). The challenge is to determine how these signaling
cascades interact to influence complex cell behavior such as cell motility.
The lack of a functional ß2-subunit in human causes leukocyte adhesion deficiency
(LAD), in which proper inflammatory responses are severely impaired. LADpatients usually die at an early age due to repeated life-threatening infections
(83,330,397).

The Selectins
The selectins constitute a family of cell-cell adhesion molecules, involved in
leukocyte-endothelial interactions (for further reading see Refs. 317,326,398-400).
They mediate functions unique to the vasculature, e.g. the tethering of flowing
leukocytes to the vessel wall, and the formation of labile adhesions with the wall that
permits leukocytes subsequently to roll in the direction of flow (59). The selectins,
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also named lectin cell adhesion molecules (LEC-CAMs), are found on leukocytes,
platelets, and endothelial cells.
The members of this family are divided into E- (CD62E), P- (CD62P), and Lselectins (CD62L; 10,401,402). The E-selectins, also called endothelial leukocyte
adhesion molecule-1 (ELAM-1), are expressed on endothelial cells several hours
after stimulation with inflammatory mediators such as interleukin-1 (IL-1), tumor
necrosis factor (TNF), and bacterial lipopolysaccharide (LPS). They function as
weak adhesion receptors for neutrophils (403,404). The P-selectins, i.e. the granular
membrane protein-140 (GMP-140) is also known as platelet activation dependent
granule-external membrane protein (PADGEM). They are found preformed in
secretory granules (α-granules) of platelets and in the Weibel-Palade bodies of
endothelial cells (59,317). Expression of P-selectin on the endothelial surface is
transient, peaking after 3 min and declining to basal levels within 20 min
(317,405,406). The L-selectins were first defined as lymphocyte homing receptors
(407), targeting lymphocytes to the parenchyma of lymph nodes through the
specialized endothelium of high endothelial venules (HEV; 317). L-selectins also are
found on neutrophil surfaces. In response to various chemotactic factors and phorbol
esters, neutrophils rapidly downregulate L-selectins by shedding (408).
All selectins appear to recognize a sialyted carbohydrate determinant on their
counter-receptors (401,402). E- and P-selectin recognize carbohydrate structures that
are closely related to the tetrasaccharide sialyl Lewis x and its isomer sialyl Lewis a
(59,409). The selectins initiate many critical interactions among blood cells (409).
For example, E- and P-selectin mediate binding of PMNL to the vessel endothelia
and participate in platelet interactions (reviewed in Refs. 324,400). Selectins can
mediate tethering of a flowing cell in the span of a millisecond. Other adhesion
receptors require min to develop similar adhesive strength and do not mediate rolling
(410,411). Selectins are ideally suited to this tethering role since they have a long
molecular structure that extends above the surrounding glycocalyx and allows them
to capture passing leukocytes expressing the appropriate receptor (401).

The Immunoglobulin Gene Superfamily
The immunoglobulin gene superfamily is probably the largest and most diverse
adhesion molecule family (412). It constitutes a group of molecules sharing
immunoglobulin-like domains forming 90-100 amino acids long sequences, arranged
as a sandwich of two sheets of anti-parallel ß-strands (323). Different members of
the superfamily have varying numbers of immunoglobulin-like domains (Fig. 5).
Some of these adhesion molecules are constitutively present on endothelial cell
surfaces (325). At the site of inflammation, endothelial cells express ICAM-1
(413,414), which is induced by soluble inflammatory mediators such as IL-1, TNF,
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and LPS (326). Both ICAM-1 and the related membrane protein ICAM-2 interact
with CD11a/CD18 and CD11b/CD18 on leukocytes.
To this group also belong VCAM-1 (415,416) and the platelet-endothelial cell
adhesion molecule-1 (PECAM-1; CD31; 417-419). VCAM-1 is present on
endothelial cells that have been stimulated with pro-inflammatory substances and is
probably involved in recruiting lymphocytic and monocytic cells from the
bloodstream to sites of infection and/or inflammation (317). PECAM-1 is distributed
on the surface of human platelets, in certain white cell subclasses and at the
intercellular junctions of endothelial cells (317,420). Although PECAM-1 is likely
to mediate a number of adhesive interactions such as transendothelial migration of
vascular cells, its definite role in the inflammatory process is yet unknown.

Receptor Recycling and Intracellular Transport
Once adhered to a substrate molecule a membrane receptor is stationary meanwhile
the cell body moves over it. Eventually the receptor has to detach or else the cell
remains irreversibly bound to the surface. Sheetz et al. (421) recently reviewed the
mechanisms of release. Hence, when loose the receptor is subjected to recycling that
transports the receptor to the cell front again (Fig. 7; 422).

Recycling
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Fig. 7. The integrin dynamics in cell locomotion. During migration most cells move
forward over the adhesion complexes. Intracellular signals allow the complexes to
dissociate and the adhesion receptors are subsequently involved in a recycling event
towards the front of the cell. Newly synthesized or recycled integrins may be inserted
into the plasma membrane behind the leading lamella, then transported to the edge by
diffusion and directed transport. Encircled P indicates phosphate groups and bold αß
heterodimers are integrins.
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The recycling of vesicles along cytoskeletal components is also important in the
trafficking of lipids and proteins between intracellular organelles (423).
Chemoattractant and adhesion receptors are preferentially internalized near the
junction of the lamella and the cell body (69). MTs that terminate near focal contact
sites contribute to the polarity of receptor trafficking (69). Various motor proteins
that hydrolyze ATP or GTP generate the movement of internalized vesicles along
cytoskeletal filaments (reviewed in Refs. 69,138,424).
Although the mechanisms of intracellular transport are not fully clarified
investigations indicate that phosphatidylinositol-3-kinases (PI3K) play an important
role in vesicle transport (423,425). Recent observations of intracellular pathogens,
such as Listeria, Shigella, and some viruses have shown that the microbial movement
is based on the cytoskeleton of the host cell (212,258,426-429). The pathogens
express proteins on their surface, which recruit actin filament nucleation-factors
from the host cell (reviewed in Refs. 212,430). The result is a polarized burst of
actin polymerization from one pole of the pathogen that propels it through the cell at
the front of a characteristic comet tail structure. This model of cytoplasmic
movement has recently been suggested to also apply to movement of endocytic
vesicles away from the plasma membrane (429,431,432), and to the generation of
membrane extensions (433).
The selective process of receptor endocytosis via coated pits involves clathrin
molecules. These are structural units forming an outer polyhedral cage on the
cytoplasmic surface over the coated pits, and allow the formation of coated vesicles.
The function is to provide a means to concentrate receptors in the membrane of the
vesicle, which is then budded into the cytoplasm (434). The clathrin coat detaches
from the vesicle once the vesicle is internalized and the coat molecules return to the
plasma membrane. The non-coated vesicle delivers its content to target membrane
compartments by fusion (138). According to Bretscher (435), coated pits can
internalize about 2% of the cell surface per min.
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ACTIVATION OF NEUTROPHILS
Inflammation is a defense response towards microorganisms and cancer cells and it is
an intricate interplay between host cell factors, and injurious agents. When an
inflammation is appearing in the extravascular tissue, a cocktail of biochemical
compounds is released to the surroundings.

From Vascular Compartments to Extravascular Tissue
Many of the compounds released during an infection and inflammation, such as
fMLF, IL-8 (previously known as NAF or NAP-1), fragments of the complement
system, and some matrix macromolecules, are chemotactic for neutrophils. These
arrive in minutes at sites of infection or inflammation. Leukocyte transendothelial
migration into inflammatory sites is a multistep process mediated by a series of
sequential but partially overlapping interactions with the local endothelium (Fig. 8;
59,416,436).
Selectins
Ig
Integrins
Attachment
Rolling

Activation
Firm adhesion

Transendothelial
migration

Phagocytosis
Chemotaxis

Fig. 8. Neutrophil adhesive events. The different stages are described in the text.

The magnitude of the response and its temporal characteristics are tightly controlled.
The number of leukocytes that accumulate and the duration of their binding to the
endothelial surface vary with the nature and strength of the inflammatory stimulus
(437).
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Unactivated endothelial cells demonstrate little ability to recognize circulating
neutrophils. However, by displaying specific signals, the endothelium becomes a
most active player in controlling leukocyte traffic (59). Before leaving the vascular
compartment the leukocytes have to be slowed down in the vivid bloodstream. This
is achieved by tethering to the adhesion molecules expressed on the vessel wall
(59,83). The initial adhesion is crucial, transient, and an early step in mounting an
effective inflammatory response and it leads to the phenomenon called rolling
(reviewed in Refs. 83,350,437,438). During rolling both leukocytes and the
endothelial cells exhibit adhesion molecules belonging to the selectin family (Fig. 8;
437,439,440).
The endothelial cells upregulate P-selectin in response to inflammatory mediators
(323,405,406,441). These have affinity for carbohydrates on neutrophil plasma
membranes. The upregulation of P-selectin is a rapid response, as it is stored in
intracellular granules. Neutrophils, on the other hand, constitutively express Lselectin during their inactive state. The L-selectins are shed by proteolytic cleavage
from the cell surface upon cell activation, which is assumed to occur immediately
after rolling has begun (407,408,416,442). Hence, levels of soluble adhesion
molecules may be useful monitors of disease activity, and they may have distinct,
unknown physiological effects (443). The endothelial counter-receptor that interacts
with L-selectin during rolling has not yet been identified.
According to the present hypothesis, selectins do not mediate firm adhesion and
transendothelial migration unless another set of adhesion molecules are engaged, i.e.
the members of the integrin family (325). The initial cell-cell contact allows the ß2integrins, e.g. CD11b/CD18, enough time to upregulate in response to neutrophil
stimulation (326). Following rolling the neutrophils adhere to the vessel wall and
change shape from spherical to flattened (325). Preformed CD11b/CD18 is stored in
three separate neutrophil compartments: secretory vesicles, specific granules, and
gelatinase granules (43,444). As such, CD11b/CD18 can be rapidly mobilized to the
neutrophil surface after exposure to a degranulation stimulus such as fMLF (436).
Adherence is promoted by this quantitative integrin upregulation, but already
expressed integrins seem to require a functional upregulation (437) in order to
mediate firm adhesion.
During binding neutrophils become slightly activated, which is manifested as a
secretion of proteolytic enzymes (445). These enzymes are suggested to participate
in the degradation of ECM and in the weakening of interendothelial junctions
(reviewed in Ref. 6). However, no major breakdown of basement membrane
components has been observed during chemotactic migration (446). Egress of
neutrophils occurs preferentially at tricellular junctions (447) of high endothelial
venules. Although the mechanism of extravasation is not perfectly understood, it is
clear that selectin involvement is downregulated at this time. The expression of the
immunoglobulin gene superfamily-type adhesion molecule PECAM-1 (CD31) now
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becomes critical for the transmigratory process (420,448,449). It can serve as its
own ligand and form homodimers with molecules on opposing cells (436). PECAM1 is evenly distributed over the surface of circulating neutrophils and is concentrated
at intercellular junctions of unstimulated endothelial cells (420). Interestingly, the
electrical resistance over a monolayer of endothelial cells during leukocyte
diapedesis does not exhibit fluctuations (450) supporting the notion that
extravasation of leukocytes is not a general cell degenerating process. It has been
hypothesized that the interendothelial PECAM-1 molecules cross-links PECAM-1
molecules on leukocytes (420) generating a tight zipper-mechanism.
Besides the adhesion molecules already described, an additional number of receptors
and ligands are involved in granulocyte adhesion, such as the VCAM-1, ELAM-1,
and endothelin (13).

Signal Transduction
Engagement of externally displayed membrane receptors for chemotactic factors,
adhesion molecules, and opsonins rapidly lead to protrusive activity and net actin
assembly (190). There is, however, a significant complexity in the intracellular
signaling cascade. The intracellular biochemical events have been attributed mainly
to increases in [Ca2+]i, generation of cyclic nucleotides, changes in cytoplasmic pH,
phosphorylation/dephosphorylations, active turnover of membrane phospholipids,
formation of nitrogen monoxide (NO) and activation of the Rho subfamily of
GTPases (90,109,328,451-457). These responses are transient but reoccur with each
increase in receptor occupancy (106). The different signaling pathways are not
isolated from each other, but linked into a complex network.

Heterotrimeric G proteins
Leukocyte chemoattractant receptors have multiple functions. They not only direct
migration, but also activate integrin adhesiveness, and stimulate degranulation, actin
polymerization, shape change, and the respiratory burst. The ligand-receptor
interaction usually involves signal-coupling proteins, e.g. G protein-coupled
receptors (GPCRs; 458), which carry signals from activated membrane surface
receptors to effector enzymes and/or ion-channels (reviewed in Refs. 90,453,459463). The α- and ßγ-subunits of heterotrimeric GTP-binding proteins can affect a
multiplicity of effector enzymes, thereby eliciting the first step in an amplification
chain event. Multiple second messengers are generated within sec of receptor
stimulation and these effectors can either converge or diverge to trigger the
individual functional responses in the neutrophil (464). The majority of neutrophil
responses induced by chemoattractants, such as fMLF, PAF, LTB 4, and complement
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cleavage factor C5a, can be irreversibly inhibited by pertussis toxin (462,464),
which ADP-ribosylates, and thereby blocks the interaction of G i proteins with
receptors.
The GPCRs are the largest family of cell-surface receptors and they regulate cellular
responses to an enormous diversity of signaling molecules, including hormones,
neurotransmitters, and local mediators, which are as varied in structure as they are in
function (465). Two generally important intracellular messengers are cyclic
nucleotides and Ca2+.
A common feature among GPCRs is that they all are transmembrane proteins that
span the membrane seven times, such as the fMLF-receptor in neutrophils, which
recognizes short N-formylated oligopeptides of bacterial or mitochondrial origin
(95,466,467). Generally, GPCR activation rapidly leads to loss of responsiveness
termed desensitization, which in turn is followed by a period of recovery or
resensitization. Three distinct processes have been identified as important in the loss
of responsiveness: (a) rapid phosphorylation and desensitization by uncoupling of the
receptor from the G protein; (b) internalization and recycling; and (c)
downregulation and degradation (468). The mechanisms that govern the fate of
internalized GPCRs and segregates recycling receptors from downregulated receptors
in the endosome are currently being explored (469). Desensitization has been
proposed to result from a rapid association of the agonist-occupied receptor with
cytoskeletal elements (470), and a lateral segregation of receptors and G proteins
into different plasma membrane domains (452,471).

Cyclic Nucleotides
Although the cyclic nucleotides, such as cyclic adenosine 3',5'-monophosphate
(cAMP) and cyclic guanosine 3',5'-monophosphate (cGMP), have been studied
extensively for more than 25 years the exact means whereby they alter neutrophil
functions remain obscure (472). cAMP is an important component in various
physiological processes such as gene transcription, various neuronal functions,
cardiac muscle contraction, vascular relaxation, cell proliferation and a host of other
functions (473).
It is known that physiologically important signaling molecules such as nitric oxide
(NO) and natriuretic peptides produce their effects in part through elevations in
intracellular cGMP levels (474). Unlike cAMP, cGMP interacts with several
different intracellular receptor proteins including protein kinases, cyclic nucleotide
phosphodiesterases, and ion channels (474). In neutrophils the presence of a cGMPdependent protein kinase (G-kinase; PKG) has been demonstrated (475). It has,
furthermore, been suggested that G-kinase promotes changes in morphology during
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cellular movement by catalyzing the phosphorylation of cytoskeletal proteins such as
vimentin (474,476).

Cyclic Nucleotides and Motility
While a variety of agents that increase the levels of cAMP have been reported to
reduce neutrophil chemotactic responses (477-481), increases in cGMP have been
suggested to enhance cell motility (478,481-483). Incidentally, inhibition of the
cGMP forming enzyme guanylate cyclase with LY83583, blocks fMLF-induced
chemotaxis (484). The mechanisms by which cGMP exerts its effects are largely
unknown.
Also the levels of cAMP increase upon chemoattractant stimulation (472,485-487).
Although these observations support an association of also cAMP in chemotaxis, it is
thought that the stimulation of cAMP by fMLF is not relevant to its biological
actions (481).

The Phosphoinositide Pathway
Increased inositol phospholipid turnover is one of the most well documented
intracellular biochemical events upon extracellular receptor activation (reviewed in
Ref. 488). The signaling pathway depends on a minor phospholipid in the cell
membrane, viz. phosphatidylinositol (PI). Although PI represents only a small
percentage (5–8%) of total cellular phospholipids it plays a crucial role in signal
transduction as the precursor of several second-messenger molecules (464,489).
PI is unique among phospholipids in that its head group can be phosphorylated at
multiple free hydroxyls (489). The phosphorylated derivatives of PI, collectively
termed phosphoinositides, include phosphatidylinositol-4-monophosphate (PIP),
phosphatidylinositol-4,5-bisphosphate (PIP 2), and phosphatidylinositol-3,4,5trisphosphate (PIP3; 489,490). The specific cellular functions of the individual
phosphoinositides have been described in several recent reviews (388,491-493).
In the neutrophil, many GPCRs stimulate the activation of phospholipases (384,464).
The hydrolysis of different phospholipids lead to a release of important second
messengers involved in the regulation of diverse cellular processes, including
proliferation, survival, cytoskeletal organization, vesicle trafficking, glucose
transport, and platelet function (489). Three types of phospholipases are involved at
different levels of neutrophil activation: (a) phospholipase A 2 (PLA2); (b)
phospholipase C (PLC); and (c) phospholipase D (PLD; 384,464,494).
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Fig. 9. Intracellular release of Ca2+. Abbreviations used: PLC, phospholipase C; PKC,
protein kinase C; DG, 1,2-diacylglycerol; IP3, inositol-1,4,5-trisphosphate; PIP2,
phosphatidylinositol-4,5-bisphosphate.

Following GPCR stimulation, PLC seem to be the first phospholipase to be activated
(464). When PLCß is stimulated by subunits of heterotrimeric G proteins, it catalyses
the hydrolysis of membrane associated PIP and PIP 2 yielding the second messenger
products inositol-1,4,5-trisphosphate (IP 3) and 1,2-diacylglycerol (DG; 495-499).
The water-soluble IP 3 stimulates the transient release of intracellular free calcium
from internal stores via IP3-gated Ca2+ release channels in the vesicle membranes
(Fig. 9). Using Ca2+ ionophores, such as A23187 or ionomycin the effects of IP 3 can
be mimicked by allowing Ca2+ to move into the cytosol from the extracellular fluid.
The lipid DG, activates serine/threonine protein kinases, e.g. protein kinase C
(PKC). There are several isoforms of PKC of which some are Ca2+/phospholipiddependent enzymes with central roles in neutrophil signal transduction
(453,460,500-503).
The inositol phospholipids also have been found to have other signaling roles that do
not require their hydrolysis. Through defined basic residues within their sequences,
gelsolin, profilin, and other key regulators of the actin cytoskeleton associate with
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PIP2 (242,504,505). Owing to the overlap of the PIP 2- and G-actin-binding sites on
profilin, PIP2 participates in a mechanism releasing G-actin from profilin (242).
Recent results also reveal a role for PIP 2 in binding and activating proteins that
connect the plasma membrane to the actin cytoskeleton (490).
Initial contact of fibroblasts and endothelial and tumor cells with surfaces coated
with ECM proteins induces a number of signaling events that include activation of
PLA2 (506). The PLA2-mediated hydrolysis of phospholipids liberates arachidonic
acid and a lysophospholipid, which acts as a detergent in the membrane until
reacylated. The former is the precursor for the biosynthesis of prostaglandins and
leukotrienes that also function as intracellular signaling molecules (464). LTB4 is a
proinflammatory derivative of arachidonic acid metabolism (507) that upregulates
the integrin CD11b (508). PLD, in turn, acts primarily on phosphatidyl-choline and
generates phosphatidic acid, a potential second messenger that seems to be involved
in the activation of the NADPH-oxidase (509-512). Phosphatidic acid is further
cleaved to yield DG, the major PKC-activator (384). DG production via PLD is
slow, but prolonged, compared to that derived from PLCß (513), and may be
responsible for sustained PKC activity during phagocytosis (514).

Phosphoinositides and Cell Motility
Phosphoinositides have been implicated in the regulation of actin cytoskeleton
assembly at several levels. Polyphosphoinositides regulate the polymerization of
actin subunits, by lowering the affinity between actin-binding proteins and actin
(69,515). They also are suggested in the regulation of actin polymerization at the
membrane (167,209,516). PIP 2 can, for example, potentiate both the release of
assembly-competent actin monomer from a complex with profilin and the
uncovering of barbed filament ends blocked by gelsolin or other filament capping
proteins (257). The formation of new actin nucleation sites at the membrane is
furthermore triggered by DG (257). Thus, membrane phosphoinositide interaction
with actin-binding proteins and sequestering proteins has been postulated to lead to
dissociation of free actin monomers, which can then reassemble into a new array of
filamentous actin (reviewed in Refs. 166,190). It is thought that calcium, protons,
and hydrolysis of polyphosphoinositides switch off actin assembly and rather
promote disassembly by including capping of actin filament barbed ends and
monomer sequestration (69).
The enzyme activities of PI3Ks (492,493,517,518) and the major product PIP3 have
gained a lot of attention due to the apparent effects on cell morphology. Many
signaling pathways converge on and regulate PI3K enzymes and their lipid targets.
In human neutrophils, the activity of PI3Ks is rapidly stimulated by chemoattractants
(519-521), and PIP 3 has been shown to polarize towards the site of chemoattractant
stimulation
(106,112,113,522).
Addition
of
wortmannin,
a
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metabolite that inhibits PI3Ks in the nanomolar range (523,524), blocks platelet
derived growth factor (PDGF) receptor-induced membrane ruffling and actin
assembly in endothelial cells and fibroblasts (525,526). Inhibition of PI3Ks has,
furthermore, been found to prevent maximal pseudopodium extension in
macrophages (527), and to reduce chemoattractant stimulated neutrophil
accumulation in peritoneal cavities (528). As the block in pseudopodium extension
coincides with a decrease in exocytic insertion of membrane, PI3Ks have been
suggested to be required for coordinating these events. Extensive connections
between phosphoinositides and the Rho subfamily of GTP-binding proteins, which
mediate extracellular signal regulation of cytoskeletal rearrangements, have recently
been identified (529). Nevertheless, a direct role for PI3K in neutrophil motility
remains to be defined since specific inhibitors of this enzyme appear not to block
actin polymerization or chemotaxis (530,531). A major effect of PI3K inhibition
seems to be blockade of chemoattractant stimulation of the NADPH oxidase
(523,524,531).

Phosphorylation/Dephosphorylation
Protein phosphorylations play a key role in intracellular signaling. In neutrophils,
fMLF stimulation induces protein phosphorylation of serine, threonine and tyrosine
residues, thereby altering the charge or conformation of the substrate proteins (95).
In phagocytes, fMLF-stimulated phosphorylation correlates closely with many
important cellular functions (95). Activation of the appropriate kinase or
phosphatase in the cells is believed to be a critical feature of the activation sequence
(451,501).

Phosphorylation and Cell Motility
Phosphorylations have been implicated in many cell motility-related processes (91).
Activation of the serine/threonine kinase PKC with the synthetic diacylglycerolanalogue PMA, a phorbol ester, has been observed to increase integrin-mediated
adhesion (532-534), and to regulate actin rearrangements in neutrophils (reviewed in
Refs. 535,536). Exposure of leukocytes to phorbol esters induces characteristic
membrane ruffling, which reflect changes in the underlying actin filaments
(274,275,537-540). The predominant isoform of PKC (reviewed in Refs. 503,541)
present in neutrophils is PKCß, which is known to be sensitive to conventional
inhibitors of PKC, including staurosporine and H7 (535,542). PKC isoforms have
also been localized to focal adhesions and in the phagosomes of macrophages (536).
Neutrophil responses to chemoattractants can be blocked with inhibitors of tyrosine
phosphorylation, indicating that the protein tyrosine kinases play an important role
in chemoattractant signaling (543-547), including adhesion (548-551), chemotaxis
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(552), priming (553-555), oxidative burst activity (543,544,556-559), and
degranulation (551,559). Covalent modification of proteins by tyrosine
phosphorylation is strongly implicated in the formation of adhesive structures
(61,552). Upon adhesion to a substratum or the extension of a filopodia, a group of
cytoskeleton-associated proteins are phosphorylated on tyrosine (61). Paxillin, FAK,
and tensin are among the most prominent and best characterized of these
phosphoproteins of the adhesive complexes (252,560-564). Inhibitors of tyrosine
phosphorylation can hinder phosphorylation of associated proteins and
correspondingly diminish cell migration and cell spreading (277,552). In many cell
types FAK appears to play a central role in integrin-mediated signal transduction
(367,561,565). Several lines of indirect evidence suggest that FAK is involved in
pathways that regulate cell motility and cytoskeletal organization (277,566-571).
However, it is not clear to what extent FAK plays a role in neutrophils, which form
few, if any, focal adhesions (363).
Activation of receptor tyrosine kinases also release IP 3 by activating PLCγ in
nonexcitable cells (572). In general though, tyrosine kinase-activated PLCγs increase
Ca2+ more slowly and for longer durations than do GPCR-mediated PLCßs.
Although the ß2-integrins themselves do not exert kinase activity or phosphatase
activity, they have to be phosphorylated to display their characteristic properties
(573). The adhesion molecules also lack the usual docking sites by which typical
signal-transducing molecules attach to one another (330). How integrins help
signaling molecules to come into contact with one another remains to be elucidated
(330).
Some of the actin binding proteins also are regulated by phosphorylations, e.g. the
ADF/cofilin family where phosphorylation inhibits the filament severing activity
(574,575). Likewise several members of the gelsolin family, e.g. CapG (576),
profilin (577), and fragmin (578), are phosphorylated in vitro and/or in vivo by
different protein kinases. Hence, phosphorylation/dephosphorylation constitutes
important signal transduction pathways that affects changes in the cytoskeleton and
thereby cell motility.

Intracellular Free Calcium
Free calcium ions (Ca2+) are involved in nearly all signal transduction pathways in
cells and play a major role in the coordination of a wide range of cellular processes
in virtually all organisms (572,579). It is probably the cellular signal that we know
most about. Since there is a high concentration (≈ 1 mM) of free Ca2+ in the
extracellular pool as compared to the intracellular milieu (≈ 100 µM), a very large
electrochemical force acts on Ca2+. This makes it particularly convenient as an
intracellular regulator, since even minor changes in the permeability of the plasma
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membrane to Ca2+ induced by physiological stimuli will produce very significant
fluctuations in the cytosolic concentration (580). Ca2+ is an important modulator of
PLCß, adenylyl cyclase, nitric oxide synthase, phospholipases, and calmodulin
(CaM) kinases (572).
Preceding activation of resting neutrophils, rapid, biphasic and spatially localized
calcium transients can be observed (581). Since the resting membrane potential of
neutrophils is highly negative, the membrane is more or less impermeable to Ca2+.
But if the plasma membrane is opened up enough to allow calcium influx the rise in
cytosolic free calcium ([Ca2+]i) will be rapid and steep. A main general messenger
after receptor activation is the membrane phosphoinositol lipid metabolite IP3, which
acts on intracellular calcium stores (582,583). Following stimulation, [Ca2+]i
increase from a basal level at around 100 nM up to 1 µM (Fig. 10; 580). The initial
Ca2+ mobilization is due to a release from intracellular Ca2+-storing organelles (584).
These organelles contain the Ca2+-sequestering proteins calsequestrin and
calreticulin, which bind Ca2+ in the absence of receptor stimulus. The release of Ca2+
from internal stores is followed by an influx of extracellular Ca2+ through plasma
membrane channels (453). By removal of extracellular Ca2+ it has been shown that
the secondary, slower Ca2+-transient phase is abolished. Whether the Ca2+ influx
from the extracellular space is regulated by IP3, (585), intracellular Ca2+ itself (586),
depletion of the Ca2+-storing organelle (585), or by inositol-1,3,4,5tetrakisphosphate (IP4; 586,587) has been debated (26,588,589). Recently it was
shown that fish epithelial keratocyte motility is regulated by Ca2+ transients that arise
from the activation of stretch-activated Ca2+ channels, which trigger an influx of
extracellular Ca2+ (590). Whether neutrophils contain similar stretch-activated
channels remain to be elucidated.
Ca2+ cannot be metabolized like other second-messenger molecules, so cells tightly
regulate intracellular levels through numerous binding and specialized carrier
proteins (572). One of the key events following Ca2+-release is the binding of the
ions by calmodulin. Calmodulin is an abundant protein and constitute as much as 1%
of the total protein mass of the cell (591). The Ca2+/calmodulin complex has no
enzymatic activity itself but acts by binding to other proteins, thereby altering their
activity. It can modulate functions of numerous intracellular proteins, several of
which are serine/threonine protein kinases (592). In many cells Ca2+/calmodulin
binds to and activates the plasma membrane Ca2+-adenosinetriphosphatase (ATPase)
that pump Ca2+ out of the cell (591). However, most of the Ca2+/calmodulin
generated effects are more indirect and mediated by Ca2+/calmodulin-dependent
protein kinases (CaM-kinases; 592,593). The complex provides a cross-road between
different signaling pathways by acting, for example on enzymes that catalyze
breaking down or making cAMP, i.e. cAMP phosphodiesterase and adenylyl cyclase,
respectively (473,592). Conversely, cAMP-dependent protein kinases can
phosphorylate some Ca2+ channels and pumps, thereby altering their activity (473).
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Fig. 10. A rise in cytoplasmic Ca2+ correlates, in general, with neutrophil activation.
Addition of stimuli (arrow) leads to a rapid increase in [Ca2+]i followed by changes in
cell shape. Here the change in neutrophil [Ca2+]i upon activation also is shown as
variations in color, where the hue of the color corresponds to [Ca2+]i.

The neutrophil regulates its intracellular Ca2+ levels by means of the plasma
membrane- and Ca2+-storing organelle-bound Ca2+-ATPases, which helps maintain
the cytosolic Ca2+-concentration at submicromolar levels (594-596). Ca2+ may also
be imported into mitochondria when [Ca2+]i levels become dangerously high, or as a
result of cell damage. In general, a rise in cytoplasmic Ca2+ correlates with
neutrophil activation (Fig. 10; 597). The primary function affected by Ca2+
transients in neutrophils has been proposed to be degranulation (26,27,598,599).
However, lately Ca2+ has been attributed with a triggering role in degranulation
(41,600). Extracellular Ca2+ also was recently demonstrated to regulate the
production of superoxide through the activation of the respiratory burst (601). Ca2+
may modulate chemotaxis and phagocytosis, although it has not been convincingly
shown to act as an absolute prerequisite in any of these functions (27,453,501,602).

Ca2+-transients and Motility
In motile cells, Ca2+ has been suggested to be involved in the regulation of
locomotion, via the actin cytoskeleton. The structure and dynamics of the latter
determines the cell shape and motility, and is regulated by actin-binding proteins,
many of which are Ca2+-dependent (166,191,603,604). In general, it has been
hypothesized that Ca2+ activates proteins that leads to disruption of actin networks by
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filament fragmentation. By contrast Ca2+ (reviewed in Ref. 604) inhibits crosslinking proteins.
Gradients of free [Ca2+]i on the order of 1 nM/µm, and increasing from front to rear,
have been observed in Amoeba proteus (605), newt eosinophils (606), fish
keratocytes (607), and fibroblasts in late stages of wound healing (608). These
gradients have been suggested to exist also in neutrophils (608). As neutrophils,
averaging ~10 µm in diameter, are tiny compared to these cell types it is possible
that the gradient is not easily detectable (609). These studies do not, however, rule
out that [Ca2+]i upon chemoattractant stimulation anteriorly, very temporally, reach a
higher level than in posterior regions. The diffusion of Ca2+ in cytoplasmic extracts
is assumed to be greatly constrained and its effective range, before it binds to some
targets, is only around 100 nm (610). Furthermore, intracellular Ca2+ fluorescent
probes may not properly detect Ca2+ concentrations at the narrow interface between
the chemoattractant-activated receptor and the underling cytoplasm. Moreover, the
set up for detection of the signal from the probe may not have fast enough temporal
resolution to distinguish the spatially defined Ca2+ transients. These “restrictions”
reinforces the concept that signaling by Ca2+ may relate more to spatial gradients and
transients of [Ca2+]i in cytoplasmic subcompartments than to its bulk appearance and
concentration (606). The state of intracellular processes important in cell motility
may thus not be simply predicted from average [Ca2+]i, equally important are the
time course of the [Ca2+]i change, the spatial distribution and the nature of other
signaling pathways that are activated in concert with the Ca2+ flux (604).
Investigations on neutrophil migration performed by Maxfield and colleagues
(72,328,340,611) do support that localized Ca2+-transients are required for the
migration of human neutrophils. The increases were not necessary for the generation
of force to move forward, but rather to allow the cell to release itself from previous
sites of attachment. Transients in [Ca2+]i are very rare in non-polarized stationary
neutrophils. On the contrary, in polarized neutrophils during chemokinesis,
chemotaxis, and phagocytosis the transients in [Ca2+]i are distinct (72). In
neutrophils, transients in [Ca2+]i have been observed to precede extension of
pseudopodia and just prior to a turn or change in direction during chemokinesis
(611). However, as neutrophils depleted in [Ca2+]i and in the absence of extracellular
Ca2+ are capable of spreading on a surface, assuming a polarized morphology, and
repeatedly extending their plasma membrane, these processes are suggested to be
largely independent of cytosolic Ca2+ elevations (72,612).
Apparently Ca2+-transients partly account for a series of coordinated attachments to,
and detachments from physiologic substrates (340). Detachment from strongly
adhesive substrates such as vitronectin and fibronectin could be due to activation of
protein phosphatase 2B (calcineurin; 613,614), which is a Ca2+/calmodulin-regulated
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serine/threonine protein phosphatase (615). Activation of serine/threonine protein
kinases, such as PKC, has been observed to enhance integrin-mediated adhesion
(538). Presumably phosphatase activity helps to break up and impair strong adhesion
(372,611).
Calreticulin is another Ca2+-binding protein that has been implicated in the
regulation of adhesion (616-624). Calreticulin is a ubiquitous and highly conserved,
high capacity Ca2+-binding protein that plays a major role in Ca2+ storage within
intracellular organelles (625-628). Calreticulin functions via regulation of vinculin
expression (629). Vinculin is a cytoskeletal protein essential for cell-substratum and
cell-cell attachments (630). Both vinculin protein and mRNA levels are increased in
cells overexpressing calreticulin and downregulated in cells having reduced levels of
calreticulin (629). Furthermore, upregulation of calreticulin in fibroblasts have been
found to affect the cell locomotion, which decreases, and cell spreading, which
increases (629).
A third Ca2+-dependent protease implicated in locomotion is calpain. Calpain
localizes to focal adhesions (631), regulates cell locomotion and rear retraction in
CHO cells migrating on fibronectin or fibrinogen by destabilizing cytoskeletal
linkages (632). In vitro, calpain cleaves the cytoplasmic domain of the ß subunit of
integrins as well as other cytoskeleton-associated molecules, including FAK and talin
(633-635). It was recently shown that calpain inhibition diminishes rear detachment
rate and causes fewer integrins to be released from the rear of migrating cells. These
observations suggest that the fracture occurs mainly at an intra- rather than an
extracellular locus (636).
Despite the pivotal role of Ca2+ in motile processes, it is not clear how Ca2+ regulates
overall cell movement. As described above alterations in [Ca2+]i are important in
several processes regulating neutrophil motility. However, chemoattractants will
stimulate neutrophil locomotion even when the extracellular and cytoplasmic Ca2+
stores have been depleted with EGTA and ionophores (612,637). But these Ca2+buffered cells move slower than unbuffered cells (609), and, moreover, Ca2+depleted cells stop moving after a few minutes (72). These latter findings support a
potentiating role for [Ca2+]i transients in the efficiency of neutrophil motility.
Active locomotion of neutrophils is assumed to be due to changes in cytosolic gel-tosol transformations and configurational changes of the cytoskeleton. Indeed, it has
been reported that fibroblasts transfected with the Ca2+-regulated actin severing and
capping protein, gelsolin, exhibits increased rates of motility (199). Furthermore,
actin cross-linking proteins such as fodrin (638) and MARCKS (639) exhibit
decreased cross-linking activity in the presence of high [Ca2+]i. The net effect of
increased [Ca2+]i would hence be to favor motility by creating a low viscosity state
and by providing a source of G-actin for polymerization (609). Although activation
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of gelsolin by calcium is involved in receptor-mediated reorganization of the actin
cytoskeleton, it has been suggested that also cytoskeletal reorganization can occur in
cells with intracellular calcium clamped at nanomolar levels (202). It has, however,
been found that the calcium-dependence of gelsolin may be regulated by pHi. At pHlevels below 6.0 gelsolin no longer requires calcium for activation (202). In contrast
to these observations the gelsolin homolog villin maintained calcium-regulated
severing activity at low pH (244,640-642).
Recently published investigations do indeed speak for a discernible relationship
between calcium levels and membrane protrusive activity (643,644). Pettit and
Hallet (643) recently demonstrated that the release of caged cytosolic Ca2+ triggers
rapid spreading of neutrophils. The triggering was, furthermore, dependent on
integrin-engaging surfaces. Cross-linking of or adhesion via integrins has been
shown to induce Ca2+ (331) with characteristics similar to IP3-mediated Ca2+
transients in other systems (461). In neuronal growth cones local photolysis of caged
Ca2+ compounds has been shown to induce filopodia formation (644). These
observations emphasize that further studies are required to establish the definite role
of Ca2+ in motility.

Nitric Oxide
Nitric oxide (NO) is recognized as a physiological messenger molecule and functions
as a regulator for a large number of cells and tissues (reviewed in Refs. 645-648).
NO is synthesized from the amino acid L-arginine by NO synthase (645,647). Most
NO actions can be mimicked experimentally by lipophilic cGMP analogs,
diminished by inhibitors of guanylyl cyclase, and augmented by cGMPphosphodiesterase inhibition (647,649,650). Activation of cGMP-dependent protein
kinases is a cardinal mechanism of the signal transduction pathway of NO (Fig. 11;
647).
Also cGMP-independent effects have been demonstrated (651). Accordingly, NO
modifies SH-groups of proteins in a cGMP-independent fashion (652), involving Snitrosylation and ADP-ribosylation (653). ADP-ribosylation of actin by NO has
been described in human neutrophils (654). In low quantities, NO relaxes smooth
muscles, inhibits platelet aggregation, impairs the NADPH-oxidase in neutrophils,
and modulates neuronal activity (645,650,655,656).
Although the biological significance of NO production by neutrophils remains to be
further elucidated, the presence of a cytosolic, Ca2+-independent NO synthase has
been documented (657,658). The synthesis of NO by neutrophils is enhanced by
stimulation with chemotactic agents such as fMLF and LTB4 (55). Lander and
colleagues (659,660) have recently identified Ras as a common signaling target via
which NO transmits signals.
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Fig. 11. Signaling pathways involving N-formyl peptide receptor activation. A cardinal
mechanism of the NO signal transduction pathway is activation of cGMP-dependent
protein kinases. The signs + and – indicate activation and inactivation, respectively.

NO and Cell Motility
Is NO part of an overall motility cycle? Goligorsky and co-workers (661) recently
reviewed the hypothesized functions of NO in cell migration. It has been suggested
that NO indirectly sustains a gradient of Ca2+ by inhibiting the formation of IP 3 via
the action of cGMP activated G-kinase (662), thereby favoring the action of Ca2+dependent release of attachments at the trailing end. Actually, inhibitors of NO
synthesis have been reported to inhibit neutrophil chemotaxis (663-665). The
proposed effect of NO on migration is thus to reduce the adhesion of neutrophils
(666,667).
Endogenous NO release has been shown to play a role in the regulation of Pselectin-dependent leukocyte rolling in postcapillary venules (668). Inhibition of NO
release was demonstrated to increase adhesion and to induce leukocyte rolling (669).
As motility is inversely related to attachment strength, a NO-mediated decrease in
adhesion should then lead to increased motility following extravasation. However,
opposing motility data has also been reported. It was recently shown that exogenous
NO elicit chemotaxis (670) and in a concentration-dependent manner random
migration (476) of neutrophils.
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These effects of NO are Ca2+-dependent (476). Potential targets affected by NO are
suggested to be the integrins and the actin-binding proteins found in focal contacts
(661). However, as both stimulatory and inhibitory effects of NO (476,665) on
neutrophils are observed, the regulatory roles of NO on cell locomotion remain to be
further clarified.

The Rho Family GTPases
In the early 1990s, members of the Rho family of small G proteins were found to
cause distinct morphological changes in the actin cytoskeleton upon injection into
cultured cells (109,671,672). There are over 50 members of the monomeric GTPbinding proteins in the Ras superfamily. These are now known to modulate a wide
spectrum of intracellular activities important for normal cell function (673,674).
While many of these proteins are present in leukocytes, there is little exact
knowledge on the role of the majority of these in white blood cell function (673).
Master regulators of actin organization have been identified within the Rho
subfamily GTPases Rho, Rac, and Cdc42 (154,529).
Three major classes of proteins regulate the GTPases: guanine nucleotide exchange
factors (GEFs), GTPase activating proteins (GAPs), and GDP dissociation inhibitors
(GDIs; 455). GEFs function is to promote the release of GDP and the binding of
GTP to the RhoGTPases (675). GAPs stimulate the intrinsic GTPase activity of
RhoGTPases so that GTP is hydrolyzed to GDP and the G protein attains the
inactive conformation. It is presumed that incoming signals activate a Rho family
protein by increasing the level of protein bound to GTP, or by re-localization of the
proteins (676).
The mammalian Rho subfamily of small GTPases can be grouped into six different
classes consisting of the following members: Rho (RhoA, RhoB, RhoC), Rac (Rac1,
Rac2, Rac3, RhoG), Cdc42 (Cdc42Hs, G25K, TC10), Rnd (RhoE/Rnd3,
Rnd1/Rho6, Rnd2/Rho7), RhoD, and TTF (677,678). Once activated, Rho family
proteins can interact with downstream target proteins, stimulating signaling pathways
that lead to the observed cellular responses. The members of the Rho family of small
GTPases, Cdc42, Rac, and Rho, have been implicated in actin filament formation in
filopodia, ruffled membranes, and stress fibers, respectively (Fig. 12; 109). These
also cooperate with integrins in the assembly of adhesions (679). Rho mediates the
formation of focal adhesions, while Rac and Cdc42 induce the formation of smaller
adhesion sites to the ECM, located in lamellipodia and at the bases of filopodia
(109,672). In leukocytes, the Rac GTPase has been shown to be a critical regulator
of the NADPH oxidase by triggering cluster formation of the multi-protein complex
(673,674,680).
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Fig. 12. A generally recognized sequence of events in RhoGTPase activation following
cell activation.

Bacterial toxins, which block these GTPases also inhibit actin assembly in
neutrophils (681). Because of their central role in signal transduction, a great deal of
interest has focused on the identification of downstream pathways that link these G
proteins to the actin cytoskeleton (223,529). The biochemical mechanisms by which
Rho, Rac and Cdc42 control actin polymerization are not known in detail, but Rho
and Rac have been shown to activate phosphatidylinositol-5-kinase (PI5K) activity in
fibroblasts and platelets, respectively, leading to increased levels of PIP2 (682,683).
As the interaction of actin with a number of proteins such as profilin and gelsolin
can be regulated by PIP 2, the observations suggest a possible biochemical link
between the GTPases and the actin assembly process (69,684,685). The downstream
targets of the small GTPases (455-457) are poorly understood, but active RhoA
binds to and activates several serine/threonine kinases such as the Rho-associated
kinase ROCKII (686). ROCKII phosphorylates and inhibits myosin phosphatase,
resulting in elevated myosin light chain (MLC) phosphorylation (686).
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In turn, MLC phosphorylation promotes both myosin filament assembly and actinactivated myosin ATPase activity (253). The result is bundling of filamentous actin
(364). A recently suggested signaling pathway for Rho includes the inactivation of
the actin-depolymerizing factor cofilin (232) via the LIM-kinase, which is activated
by ROCK, downstream of Rho (687). Schoenwaelder and Burridge (364) have
recently reviewed the effects of Rho family GTPases on focal adhesions and focal
contacts.
Numerous effectors of Rac and Cdc42, which mediate some of the described cellular
activities, have been identified. The targets of Rac and Cdc42 have been suggested to
be PI5K (683), PAK family serine/threonine kinases (394,688), PI3K (156), and
Wiskott-Aldrich syndrome protein (WASP; 689-692). In vitro, WASP peptides
stimulate the actin filament nucleation activity of the Arp2/3 complex (222,225).
Mullins (693) recently reviewed the interaction between WASP-family proteins and
the Arp2/3 complex. It is not clear whether PI3K functions upstream or downstream
of Rac as it have also been implicated in the activation of Rac (525).
Rac is normally found in the cytosol but translocates to the plasma membrane upon
cell activation (694). The chemoattractant fMLF has been shown to increase the
amount of RacGTP in the neutrophils through a pertussis toxin-sensitive
heterotrimeric G protein (Gi; 695,696). The fMLF-induced activation of Rac in
leukocytes is, furthermore, PI3K-sensitive (696).
Gelsolin has been suggested to be a downstream effector of Rac (195,201). Support
for such a Rac-gelsolin signaling pathway comes from studies where signaling from
Rac to gelsolin was demonstrated in neutrophil extracts (697). Release of actin from
1:1 gelsolin-actin complexes occurred independently of PI3K and cellular
phosphoinositides. A number of studies furthermore propose that the linkage
between Rac and gelsolin activation/inactivation is mediated through PI5K, the
major enzyme that synthesize PIP 2 (reviewed in Refs. 489,698). In neutrophils the
GTPase Rac2 represents more than 95% of total Rac (699).
Another suggested pathway for the cytoskeletal rearrangements is that
polyphosphoinositides recruit Cdc42, localize and activate WASP-family proteins,
and thus the Arp2/3 complex and actin nucleation, near the plasma membrane (223).
Then additional activation may be gained by Arp2/3 complex binding to the sides of
actin filaments and promote branch formation (212).
RhoGTPases and Cell Motility
The Rho subfamily of GTPases is well suited to control cell motility and
morphology in response to extracellular stimuli (700-702). Activation of Rho in
Swiss 3T3 fibroblasts results, for example, in the assembly of stress fibers and
maturation of focal adhesions (672,703), while activation of Rac causes extension of
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peripheral lamellipodia and assembly of small focal complexes (109,671,703). The
third member of the Rho subfamily of small GTPases, Cdc42, regulates the
formation of peripheral filopodial extensions (109). In fibroblasts the activities of
these three proteins are linked to each other in a hierarchical fashion (Fig. 12).
Cdc42 can rapidly activate Rac, leading to the intimate association of filopodia and
lamellipodia. Rac stimulate Rho, and thus the formation of new sites of focal
adhesions and contractile filament assembly within an advancing lamellipodium
(reviewed in Refs. 109,256,457). Although much of the early work on regulation of
the actin cytoskeleton and of integrin complexes has been carried out with Swiss 3T3
fibroblasts, Rho, Rac and Cdc42 are supposed to have similar roles in other cell
types (679).
In neutrophils, ADP-ribosylation of RhoGTPases by the C3 exoenzyme impairs
chemotaxis (704). This toxin induces a round morphology in HL-60 cells and
inhibits asymmetric recruitment of cytosolic signal transduction proteins needed for
cell polarization (113). Furthermore, the dominant negative versions of Rac inhibit
cell motility (457). This is observed for motility induced by HGF/SF in epithelial
cells, by PDGF in fibroblasts, and by CSF-1 in macrophages (110,154,705,706). It
appears that Rac catalyzes the protrusive activity needed to drive movement (457). A
suggested regulatory role of Rac is inactivation of the actin depolymerizing factor
cofilin (237). This transient inactivation of cofilin at the leading edge could allow
adjacent actin filaments to grow. These findings also are in line with findings that
inhibition of Rac1 and Cdc42 functions severely inhibits particle internalization
(707). The major role of Cdc42, on the other hand, is not in the migratory process
per se, but in establishing cell polarity to ensure that migration occurs in a specific
direction (110,154,676). Thus Rac and Cdc42 are suggested to work cooperatively to
promote a spatially defined protrusive activity (457). Additionally, activation of Rac
and Cdc42 stimulates integrin-mediated migration and invasion across collagen
matrices (156), as well as cell spreading (394). Price et al (394) have suggested that
the initial contact with ECM proteins activates Cdc42 and induces the extension of
filopodial processes. Subsequently there is activation of Rac and formation of
lamellipodia, which extend between the filopodia. Schwartz and Shattil (391)
recently reviewed the intimate interplay between integrins and Rho family GTPases.
The role of Rho appears to be more complicated (457). In rat embryo fibroblasts, a
basal Rho activity is required for the generation of adhesive force, but excessive Rho
activity inhibited migration probably through the formation of strong focal
adhesions (457). Correspondingly, partial inhibition of Rho has been shown to speed
up cell migration in fibroblast wound healing assays, but complete Rho inhibition
causes cell detachment (154). In cells plated on fibronectin Rho GTP loading was
initially found to decrease during the phase of active spreading, when Rac and Cdc42
activity are high and the actin cytoskeleton is highly dynamic (395). When
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spreading approached completion, Rho activity increased markedly, reaching a
maximum as focal adhesion and stress fibers were assembled, and then slowly
returning to baseline. It has further been suggested that Rho might be targeted to the
cell rear where it is required for generation of retraction force (148).
Cox et al. (708) recently published an investigation where they suggested that
integrin-mediated adhesion regulates cell polarity and membrane protrusion through
the Rho family of GTPases. In the study it was shown that Rac1 activity may
downregulate Cdc42 activity and promote the formation of stabilized rather than
transient protrusion. They also suggested that expression of RhoA downregulates
Cdc42 and Rac1 activity, providing a mechanism whereby RhoA may inhibit cell
polarization and protrusion.
It is clear that the activity of Cdc42, Rac, Rho, and probably other small GTPases
must be regulated appropriately for the cell to attain migratory behavior in response
to an extracellular signal (457). It is, furthermore, possible that RhoGTPases have an
asymmetric spatial distribution such that they are activated at the leading edge,
regulating the actin polymerization required for cell advance, and inactivated in the
posterior pole, inducing uropodium formation (91).
Although the small GTPases of the Rho subfamily have been implicated in the
regulation of membrane ruffling and cell motility the exact biochemical details
remain to be clarified. It is, however, clear that continuous activation (457) and
inhibition (457,709) of the Rho family GTPases may both inhibit chemotaxis.

The Aquaporin Family of Water Channel Proteins
All living cells must be able to deal with osmotic and hydrostatic pressure changes in
the environment (710). However, the mechanisms cells employ to transport water
and maintain turgor were largely unknown until the discovery of particular
membrane proteins serving as channels specific for water and other small nonionic
molecules (710). In general, passage of water across cell membranes is accomplished
by two distinct mechanisms: (a) simple diffusion of water through the phospholipid
bilayer, and (b) rapid transit of water through specialized membrane-spanning waterselective transport proteins known as aquaporins (AQPs; 711-713). In macrophages,
the glucose transporter has also been found to be a water channel (714).
The aquaporins permit water to cross the plasma membranes of a wide variety of
human tissues and cell types. It was recently shown that the water flux through
aquaporins is bidirectional (715). However, rather little is known concerning water
channel physiology in tissues other than red blood cells and kidney (716). The
fundamental importance of the water-selective aquaporin channels is suggested by
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their conservation from bacteria through plants to mammals (717). They are
abundant and the diversity of isoforms indicates multiple roles in cells and tissues.
So far efforts have led to the recognition of at least 10 mammalian aquaporins, each
with a distinct tissue distribution (717,718).
The structure of aquaporins is unique. Hydropathy analysis of the majority of
sequences in the AQP family suggests six transmembrane segments (719,720)
forming an hourglass conformation (721). It is still not entirely elucidated how the
passage of ions is prevented, especially protons, which are able to tunnel through the
matrix of hydrogen bonds in water (722). Recently a model was forwarded to
explain this extreme selectivity in AQP1. The shape of the AQP1 pore has a
constriction in the center of the membrane and wide openings at the membrane
surfaces. This constriction results in a high dielectric barrier that repels ions, while
allowing penetration of neutral solutes (723). Most AQP water channels, except
AQP4 and AQP7, are inhibited by mercurial compounds such as HgCl2 (724), and it
has been suggested that the potassium ion channel blocker tetraethyl ammonium
(TEA) also interact with the AQP pores and inhibit AQP function(s) (725). Major
questions regarding aquaporins is how they are regulated; are they always open when
inserted in the membrane, or can they be gated?
Correlation of sequences and functional properties has shown that this protein family
is comprised of two subgroups: water-selective homologs (aquaporins) and other
homologs that are permeated by water, glycerol, and other small molecules
(aquaglyceroporins; 718). The structural explanation for how aquaglyceroporins may
permit transport of water and glycerol is not agreed upon.
For a more thorough review on water and its role in biological processes, see
Wiggins (726).

AQP and Cell Motility
In peripheral blood leukocytes the water-selective channel AQP9 is abundantly
expressed (727). It has been suggested that leukocytes depend on these specialized
water and urea transporters to resist the sudden change in osmolarity during
circulation through the kidney medulla (727). Although the function(s) of AQP9 in
neutrophil membranes is still highly speculative, there are some findings that
implicate a mechanistic role for water influxes in neutrophil motility. Zimmermann
and colleagues (728) showed, for instance, that heavy water (D2O) induces
neutrophil shape changes to non-polar and reduces the chemotactic response to
fMLF. The described effects were, however, given a microfilament-based
explanation. In line with hypotheses connecting water fluxes to motility, cells have
been observed to cease all protrusive activity when placed in hypertonic media
(729). These investigations were not related to the function(s) of AQP pores.
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Indirect support for AQPs in cell motility comes from experiments using the known
AQP inhibitor Hg2+. It has been shown that mercury salts had a major impact on
several of the major neutrophil functions (730,731). In cells treated with
environmentally relevant concentrations of Hg2+, adherence, polarization, superoxide
anion formation, phagocytosis, and chemotaxis were dose-dependently and
negatively affected. No mechanism of action for the Hg2+-mediated effects has,
however, been forwarded.
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FORMATION OF PROTRUSIONS
Locomotion of a cell across substrata involves a complex and dynamic interplay
between protrusion/retraction and adhesion/detachment of the cells. The most
actively extending region of a moving cell is the lamellipodium, which contains all
of the necessary machinery for directed movement. This was demonstrated by the
finding that pseudopods that have been detached from the rest of the cell retain
ability to migrate towards chemoattractant (732). In general, actin polymerization is
the earliest event following cell stimulation and correlates both spatially and
temporally with pseudopodial extension (173,733). The cortical actin gel of
eukaryotic cells is postulated to control cell surface activity (734). Although actin
assembly and disassembly determine cellular locomotion the mechanisms of force
transduction, movement, and the dynamic behavior of actin is still not fully known
(68,69,263). Even the protrusive activities at the leading edge pose a formidable
challenge because of the great complexity of the processes involved. It is not
immediately obvious how actin assembly from subunits induces protrusion of
pseudopodia during spreading, locomotion, and other functions (68,185,190,258).
Actin dynamics is influenced by dozens of actin-binding proteins, which alter rate
constants for actin polymerization. The chemical environment is thus
inhomogeneous both temporally and spatially (271).
During protrusion of the leading lamella the plasma membrane bilayer must detach
transiently from its many submembraneous actin filament connections. Otherwise,
membrane-bound actin filaments must loosen from their neighbors by localized
solation of the actin network (69). If adhesion to the substratum is lost at any part of
the cell margin, the protrusion will retract. Thus, pseudopodium extension is not
always followed by cell migration.
Several hypothetical models for the formation of membrane protrusions have been
described. Many of the plausible models are mutually non-exclusive, and it is thus
likely that cells use various means depending on the circumstances to effect
membrane protrusion (190).

The Lipid Flow Hypothesis
In 1970 Abercrombie and coworkers proposed the first general hypothesis of the
mechanism of fibroblast locomotion (305,306,735). They stated that new membrane
was inserted at the leading edge and flowed rearward to reach a sink at the back of
the lamella, where it was internalized and recycled (65). The model was further
refined by Bretscher in 1976 (736), who stated that both the centripetal movement of
surface structures and the forward locomotion of the cell were brought about not by
a contractile process involving the cytoskeleton, but requires a directed recycling of
membrane lipids through the cell (Fig. 13; 435,736,737).
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Fig. 13. Membrane protrusion as generated according to the lipid flow model. A
polarized endocytic cycle generates a lipid flow in the plasma membrane. This flow
pushes on the substratum attachment sites, providing a fluid driving force to advance the
lamellipodium of the cell (435).

A support of Bretscher’s model is the finding that cells constitutively internalize cell
surface lipids into coated vesicles via receptor-mediated endocytosis. They can
engulf the equivalent of their whole surface area each hour (65), or about 2% of the
cell surface per min (435). The model proposes that the endocytosed lipids and
recycling proteins are returned to the cell surface in a directed manner at the leading
edge of a motile cell. This produces a net flux of lipid, rather than bulk membrane,
from the front of the cell to the rear (65). Cell surface proteins and receptors that are
not endocytosed maintain a surface distribution determined by their individual lateral
diffusion coefficients and the rate of rearward flow (65).
Support for a net flux of lipids comes from estimates of plasmalemmal area by
measurement of electrical capacitance (738). These results revealed that, rather than
decreasing, the cell surface often increases during the course of phagocytosis. It
further has been suggested that targeted delivery of recycling vesicle membrane
contributes to the elongation of pseudopodia involved in phagocytosis (739).
Interestingly, the model finds no necessity to invoke any involvement of the
cytoskeleton in this mechanism of cell locomotion and phagocytosis.
Bretscher also has proposed that only cells that are in a locomotory mode cap surface
antigens. Since stationary cells do not form these caps, capping is assumed to be
closely related to cell locomotion (435). Bretscher’s model, furthermore, nicely
explains the capping of cross-linked receptors. Large molecular aggregates have
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lower diffusion coefficients and thus, unable to make progress against the flow, will
be swept to the rear of the cell and capped (65). If the cross-linking molecules
happen to be attached to the substrate, the cell itself will move forward as crosslinked patches move rearward (435). However, a corresponding flow has so far not
been detected in cell locomotion. In contrast, according to the unit movement of
membrane model the membrane flow is directed forward, both dorsally and
ventrally, and moves at the same rate as the cell advances (293). Furthermore, in the
region of the leading edge itself, no evidence of vesicle fusion was found (76).
These observations speak against a continuous retrograde membrane flow model.

Hydrostatic Force and Tail Contraction
The tail contraction hypothesis was proposed by Mast in 1926 (cited in Refs.
67,740). It was the first testable hypothesis of pseudopodium extension and proposes
that a volumetric contraction in the rear of the cell could generate enough
hydrostatic pressure to push fluid cytoplasm (endoplasm) forward through
weaknesses in the cortical gel, or ectoplasm, to generate a pseudopodium (740).
Indeed it has been suggested that intracellular pressure, created by contraction of the
cortical layer, is a force for cell motion in Amoeba proteus (741) and fibroblasts
(742). In vitro models of tail contraction and cytoplasmic streaming (743), as well as
the presence of myosin II in the tail of Dictyostelium amoebae, have further
supported the tail contraction mechanism (744,745).

Deletion of myosin II function (746,747) resulted, however, in D. discoideum cells
that were capable of normal pseudopodium extension, although the rate and extent of
pseudopodium extension were smaller in the transformed cells (748). Furthermore,
compression of the cell body with a blunted microneedle from above did not
enhance the lamellipodium protrusion rate. It is therefore unlikely that hydrostatic
mechanisms and contractions of the cell body provide the driving force behind
protrusion (749).
Finally, an early observation by Keller and Bessis (732) was that neutrophils heated
to 40°C release lamellipodia from their cell bodies, and these “cytokineplasts”
maintain in a rudimentary form of movement and even exhibit chemotaxis and
phagocytosis of small particles. Thus, the motor of neutrophils seems to reside in the
cell periphery, and there is no necessity for cell body contraction for membrane
extension (750,751).
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ATPase Myosin Motors
Since actin microfilaments interact with the mechano-chemical enzyme myosin
(752) the motor proteins are included in many models explaining protrusive activity.
Hydrolysis of ATP by myosin is well known to produce the forces for many types of
cellular movements, including muscle contraction, cytokinesis, and cytoplasmic
streaming. It also has been suggested to participate in amoebic motion (61,66,753).
In motor-based models, a barbed end-directed ATPase motor, e.g. a myosin
(754,755), transduces ATP-hydrolysis energy directly into force, pushing the
membrane tip forward (Fig. 14; 66). It is assumed that the actin network, during cell
migration, is stably linked to surface receptors interacting with the substratum.
Myosin-based contraction of this network is suggested to pull the cell to move
forward, concomitantly driving the adhesion receptors towards the uropodium (91).

Cortical actin
ATPase motor
push filaments
toward the
membrane
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Fig. 14. The ATPase motor model. Here a motor protein, e.g. myosin I (black knees),
drives forward movement of the membrane tip by moving toward barbed filament ends.
ATP hydrolysis channels energy directly into force, pushing the membrane tip forward
(66). Myosin I also is required to create a gap between the filament ends and the
membrane to allow insertion of actin monomers. Polymerization then fills in the
resulting gap.

The kinetics of filopodial protrusion has been argued to favor a motor-driven model
(756). It is thus generally agreed that there is sufficient force generated by the crossbridge sliding interaction of actin and myosin to cause membrane protrusion (757).
Among remaining issues to be addressed are whether myosin is present in the right
location at the right time in the cell to generate protrusive force, and whether actin
filaments in that location have a polarity that can support protrusion by a sliding
filament mechanism (68).
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The protrusive lamellipodia of motile cells have, indeed, been shown to include nonfilamentous myosin I (758-761). But Dictyostelium amoebae that have been
genetically engineered to, more or less, eliminate the expression of functional,
filament-forming myosin molecules move almost as well as wild-type cells
(746,747). In migrating amoebae (175) and fibroblasts (762), conventional myosins,
i.e. myosin II, characteristically takes up a position in the rear of the cell. Myosins
have therefore been suggested to function in the release of substrate contacts (175).
They could play a role also in other aspects of migration, such as directed transport
of adhesion receptors to enhance formation of attachments (76). In D. discoideum
myosin IB has been shown to take part in the recycling of plasma membrane
components from endosomes back to the cell surface (763).
As already mentioned, knockout of myosin II in D. discoideum has been
demonstrated to result in a decrease in the rate of cell locomotion, but not
pseudopodium extension (748,764,765). It is, therefore, reasonable to consider that
actin-dependent motor proteins actively contribute to the translocation of the cell
body. However, it is not obvious whether myosin II participates in the actual
formation of protrusions, as it is excluded from new lamellipodia (766). Recent
observations on myosin II dynamics rather support a role in rear retraction (767).
Svitkina and colleagues (182) argues that myosin clusters were not likely to
contribute to cell locomotion for a number of reasons: (a) the clusters do not move
forward themselves; (b) actin filaments appear stationary with respect to the
substratum (263), indicating that there is no relative translocation of actin and
myosin in the lamellipodia; and (c) the myosin clusters unlikely exert any forwarddirected force on the cell body through actin filaments because the polarity of actin
filaments in lamellipodia is consistent with backward rather than forward
translocation of actin.
A major function of myosin II-based contraction in migrating cells may be to help
break adhesive interactions by direct application of physical stress (768). Addition of
ATP to a permeabilized cell system results in focal adhesions breakdown in a
myosin-dependent manner (769).

The Nucleation Release Model
Actin filaments in lamellipodia are all similarly polarized, with their fast growing
barbed ends oriented towards the leading membrane edge (770). Actin monomers are
exclusively incorporated at the cell front and a centripetal flux, or treadmilling,
move the filaments through the lamellipodium at rates of up to 5 µm/min or more
(270,771).
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After microinjection of a photoactivatable actin probe (772) Theriot and Mitchison
(263) showed that the actin cytoskeleton in keratocytes remains stationary, relative to
the substrate, as cells move rapidly forward; this indicates that the rate of actin
polymerization equals the rate of protrusion. However, these authors did not favor a
treadmilling model since it failed to explain additional data. First, the filament
density across the lamellipodium, as judged by phalloidin fluorescence, appeared to
be constant from front to back of the lamellipodium. Second, the laser-excited
fluorescent band in living cells decreased in intensity by 50% or more as it moved
from the cell front to the perinuclear region (773). These findings led Theriot and
Mitchison to propose a “nucleation release model”, which suggest that actin
filaments are nucleated at the cell front but then dissociate from the leading
membrane and continue to polymerize, randomly oriented in the lamellipodium
(Fig. 15; 263).
It argues that actin filaments, fills newly extended lamellipodia by polymerization
and not by filament sliding, which negates a direct role for myosin-mediated
interfilament sliding in lamellar protrusion. In all lamellipodia actin filaments move
backwards relative to the leading edge of the cell, and an actin filament born at the
leading edge will eventually reach the rear of the lamellipodium (168). The
nucleation release model further predicts that the average filament lengths near the
leading edge are short, less than 0.5 µm, compared with the dimensions of the
lamellipodium (263).
The protrusive force generated in the nucleation release model is assumed to be
similar the force that propels the bacterium Listeria monocytogenes forward in
infected cells (258,426). The dynamics of actin polymerization is probably more
complicated than simple polymerization at the leading edge and depolymerization at
the rear of the lamellipodia (76).

The Unified Treadmilling-like Model
The ultrastructure of the keratocyte lamellipodium, as revealed by Small and
colleagues (181,770) is inconsistent with the nucleation release model in several
ways. The filaments in the lamellipodium are highly ordered and very long
(181,770). There is furthermore a gradient of filament density across the
lamellipodium, with a decline of around 50% towards the perinuclear region (773),
which is consistent with the findings by Theriot and Mitchison (263). Small and
colleagues further suggest that myosin-I facilitates the polymerization of actin by
creating a gap at the actin filament-membrane interface (Fig. 15). This allows actin
monomers to be inserted (770). In this unified treadmilling-like model of
lamellipodium protrusion, membrane-bound myosin-I molecules move along F-actin
at the same rate as actin polymerizes and transports actin monomers anteriorly (770).
The model suggests that new growth occurs as an elongation of pre-existing
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filaments. Whether or not a type I myosin plays an active role in protrusion remains
however to be confirmed. In the unified treadmilling model growth of filaments is
determined by the concentration of available subunits. A problem is that, in a steadystate process, mass balance requires that growth at the barbed end will ultimately be
limited by dissociation of subunits from the pointed end; this process for pure actin
is slow (433). Thus, additional components are needed to accelerate the pointed-end
dissociation of monomeric actin.
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Fig. 15. The nucleation release model and the unified treadmilling model. Here actin
filaments are nucleated at the cell front but then dissociate from the leading membrane
and continue to polymerize, randomly oriented in the lamellipodium (263). The actin
cytoskeleton remains stationary, relative to the substrate, as cells move rapidly forward,
indicating that the rate of actin polymerization equals the rate of protrusion. The models
negate a direct role for myosin-mediated interfilament sliding in lamellar protrusion.
Rather myosin I (knees) is presumed to act in transporting actin monomers anteriorly.

The Dendritic Nucleation Model
When studying actin in keratocyte lamellipodia, Svitkina and colleagues (182)
demonstrated that: (a) free barbed ends of actin filaments are abundant in the distal
1-µm zone, but they are almost absent farther away from the leading edge; (b)
filaments are oriented over a wide range of angles, but the barbed ends are generally
directed toward the leading edge; and (c) the pointed ends of filaments are rarely
observed free; throughout the lamellipodium, they usually terminate on other
filaments, making approx. 70° junctions. These observations led the authors to favor
a treadmilling mechanism, although their model slightly differs from the unified
treadmilling-like model proposed by Small and coworkers (770). The presence of
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numerous Y-junctions between short and long filaments at the leading edge suggests
that new filaments are nucleated at the membrane and become anchored to
preexisting filaments immediately after nucleation, or that these sites are anchored to
a preexisting actin lattice (182). They further proposed that an advantage of tight
coupling between nucleation and Y-junction formation would be that new filaments,
being anchored to an extensive actin network, could immediately push against the
membrane and thus provide the basis for polymerization-driven protrusion. The
molecules suggested capable of supporting actin Y-junctions are ABP-280 (774),
which has been demonstrated as essential for the formation of protrusions (266), and
the Arp2/3 complex (218). The latter imitate the barbed end of an actin filament and
thus form a nucleation site for actin polymerization (220).
The discovery of the Arp2/3 complex, and that the WASP/Scar proteins are involved
in regulation of this complex, provides a mechanism for the assembly and
disassembly of actin filaments in the leading edge of motile cells. It is called the
dendritic nucleation model (218), which involves treadmilling of a branched actin
array instead of treadmilling of individual filaments. The model predicts that
external stimuli, acting through receptors and multiple signal transduction pathways,
activate WASP family proteins, which activate the Arp2/3 complex (193). Activated
Arp2/3 creates new barbed filament ends, which grow rapidly and push the
membrane forward (Fig. 16; 193). After a while, capping terminates growth of
barbed ends.
In cells, the WASP family proteins have been suggested in targeting the motility
machinery to the proper site (433) and it was recently reported that chemoattractantstimulated neutrophils dynamically redistribute Arp2/3 complexes to the region
receiving maximal chemotactic stimulation (221). In the dendritic nucleation model
(Fig. 16), the Arp2/3 complex and ADF/cofilin have antagonistic activities to speed
up treadmilling (775). Constitutive ATP hydrolysis within actin filaments and
dissociation of phosphate trigger severing and depolymerization of older filaments
by ADF/cofilins at a rate that is controlled by some of the signals that can also
stimulate assembly (193,776). Subsequent, nucleotide exchange catalyzed by profilin
recycles ADP-actin subunits back to the ATP-actin monomer pool.
A potentially weak point in the dendritic nucleation model is that the intrinsic
nucleating activity of the Arp2/3 complex is low (777).
The dendritic nucleation model suggests that actin polymerization in conjunction
with a small number of proteins is sufficient for the generation of protrusion (433).
The finding that the molecules involved in the rocket-like motility of Listeria
monocytogenes in the cytoplasm of infected cells (258,426,427,778) also are
involved in lamellipodial and filopodial protrusion has been considered as a major
support for the model. As relatively simple actin polymerization machinery is
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sufficient to drive the bacterial rocket it suggests that no myosin motor is required
for protrusion (779).
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Further support for this idea comes from nematode sperm motility, which is
dependent solely on the actin analogue major sperm protein (MSP; 780). The
Ascaris sperm motility assumes a simple push-pull mechanism for locomotion and
does not involve the action of myosin motors.
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Fig. 16. The dendritic nucleation hypothesis. Here profilin (black dots) maintains a pool
of ATP-actin monomers (lighter gray). Chemoattractant stimulation activates Rho
family GTPases and the Arp2/3 complex through WASP family proteins. Arp2/3
initiates the growth of a new actin filament as a branch on the side of an older filament.
As the filament grows it pushes the membrane forward. Polymerization stops when
capping proteins (cross) bind to the barbed end. ATP-actin filaments then hydrolyze to
ADP-actin (darker gray) and activate ADF/cofilin (arrow heads) for dissociation of older
filaments. Profilin catalyzes the exchange of ADP to ATP on actin monomers. From
Pollard et al. (193) slightly modified.
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Brownian Ratchet
The question how actin monomers push themselves between the filament end and the
membrane led Peskin and colleagues (781) to put forward a Brownian ratchet model.
In this model, actin monomers are proposed to insert on filament ends as the
membrane fluctuates forward, creating a space between actin bundles and the plasma
membrane. Such a space could be created by thermal vibration of the membrane.
Polymerization of the actin bundles passively fills in the space between the end of
the growing bundles and the membrane (740), thereby stabilizing the extension.
Thus, each time the membrane is displaced a distance sufficient to permit addition of
an actin monomer the return of the membrane to its original position is prevented
(68). The model assumes that the actin filament is infinitely stiff and consequently
predicts that velocity depends on the size of the load through its diffusion
coefficient.
However, other findings that actin networks at the leading edge of lamellipodium are
organized into an approximately orthogonal network (181) cast some doubt on this
mechanism. As the model only explains co-linear filament growth, it was later on
refined to include the elasticity of the filaments (782). The refined Brownian ratchet
model envisages the actin filament as a spring-like wire that is constantly bending
back and forth because of thermal energy (782). When a filament is bent away from
the surface, actin monomers can squeeze in, thereby lengthening the wire. The
restoring force of the wire, straightening against the surface, actually delivers the
propulsive force. It was concluded that if membrane fluctuations are insufficient to
permit polymerization, fluctuations in a network of cross-linked fibers could easily
accommodate monomer intercalation and thus drive protrusion (782).

Severing, Elongation and Crosslinking Models
As described above, it has been suggested that treadmilling controls actin
polymerization events in the formation of protrusions and spatially segregates barbed
and pointed filament ends (182,770). However, actin monomer-binding proteins and
membrane phospholipids offer an additional possibility of control of actin
polymerization by spatially providing high concentrations of polymerization
competent actin near the plasma membrane (68).
Three related models, dependent on a liquefaction of the actin filament cortex, have
been put forward. These are all based on actin filament severing, elongation and
crosslinking in the generation of membrane protrusions. The models share the view
that expansion of an initially severed actin filament network provides the force for
directed lamellipodium formation.
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Osmotic Pressure
Oster and Perelson (757) argued that an actin subunit cannot forcibly intervene
between the end of a filament and a membrane. The filament end must be free for
polymerization to occur, and therefore it cannot per se produce force. Instead, they
propose that a localized and directional osmotic pressure produces protrusion, and
then actin polymerizes and fills the gap (Fig. 17; 757,783). For the availability of
necessary osmotically active particles, they refer to findings of Lassing and Lindberg
(515), Yin (207) and others, who have correlated actin polymerization with interplay
between profilin-actin and gelsolin-actin complexes and polyphosphoinositides.
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Fig. 17. The sequence of events accompanying cell protrusion according to Oster and
Perelson (757). Chemoattractant stimulation elevates intracellular Ca2+ leading to actin
filament severing and liquefaction (solation). This generates an osmotic pressure, which
drives water influx. Solation allows the actin network to expand and also triggers vesicle
fusion to supply membrane to the protrusion site. Upon actin filament polymerization
(gelation) the membrane extension is stabilized.

Oster and Perelson additionally suggest a collaborative effort between profilin and
gelsolin at the cell front. Chemical and physical agents, which are able to free Ca2+
in the cortex from its bound state, may cause a liquefaction of the cortex (604).
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Oster and Perelson propose that this localized solation of the cortical actin gel, by
actin severing, is necessary to allow osmotic expansion of the network to provide the
force for protrusion, in combination with the osmotic effects of profilin-actin
dissociations.
The osmotic pressure of a gel, which determines whether the gel tends to shrink or
expand, is the sum of three components: (a) the elasticity, (b) the polymer-polymer
affinity, and (c) the hydrogen-ion pressure (784). Thus, a hydrostatic pressure is
supposed to cause a focal membrane bleb as the membrane detaches locally from the
underlying cytoskeleton (757). Obvious questions to ask, are whether there are water
fluxes associated with the variations in osmotic pressure, and what type of channels
are involved?
There is some evidence for the mechanism involving osmotic pressure. It has been
shown that placing cells in hypertonic media suppresses all protrusive activity (785787). Moreover, putting PMNL in solutions of increasing osmolarity inhibited cell
locomotion (788) and pseudopodium extension (789).

Gel-to-Sol Transitions
The osmotic model described above has been further refined in the gel-to-sol model,
which emphasizes the effects of actin filament severing, elongation and crosslinking.
According to the gel-to-sol (and vice versa) transitions, osmotic swelling of an actin
gel is facilitated when its association with the plasmalemma is disrupted (190). The
swelling of filamentous actin and other polymer gels is balanced by mechanical
restraints imposed by the cross-links between filaments in the gel. The release of
these restraints allows the gel to swell further (784). Thus, osmotic swelling might
lift away the membrane from the underlying filament matrix, which exposes barbed
actin filament ends and permits monomer addition. It has further been suggested that
molecules of actin binding protein (ABP-280) cross-link the incipient filaments into
an orthogonal gel, which stabilizes the osmotically extruded pseudopodium
(190,266,734). By the ABP-280 mediated gelation of the actin microfilament,
osmotic forces are spatially defined thereby hindering a rapid osmotic equilibration
throughout the cell (790).
There is strong evidence for an important role of ABP-280 in creating an orthogonal
actin network of leukocyte peripheral cytoplasm. It emerges from ultrastructural
immunohistochemical identification of filamin molecules residing at junctions
between actin filaments in leukocytes (774). Incidentally, a human malignant
melanoma cell line failed to express ABP-280 mRNA or protein (190). ABP-280
was found necessary for the cortical stability of the cells, since cells deficient in
ABP-280 displayed impaired locomotion and circumferential blebbing of the plasma
membrane (266). Blebs are spherical pouches of the plasma membrane that may
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appear at the periphery of eukaryotic cells as they spread on a substrate (791-793),
or at the leading edge of moving cells (794-796). The expected function of ABP-280
in the formation of membrane protrusions is to cross-link filaments into an
orthogonal elastic gel (69), thereby stabilizing an extruded pseudopodium (190,734).
In Walker carcinosarcoma cells bleb-forming activity has, indeed, been correlated
with protrusive activity at the front and cell locomotion (797).
Hydrodynamic forces have long been thought to drive the formation of blebs
(786,798,799). Cunningham (734) postulated that blebs occur when the fluid-driven
expansion of the cell membrane is more rapid than the local rate of actin
polymerization. In the model the rate of intracellular solvent flow driving the
expansion decreases as cortical gelation occurs (734). The blebs alternate with, and
are ultimately replaced by, wave-like flat ruffles or small lamellipodia
(794,800,801). The rate of bleb extension is too fast to be caused by actin
polymerization, and cytochalasins, drugs that cap filament barbed ends, promote
bleb formation, and completely prevent the return of these protrusions back to the
cell body (190).
Stossel and coworkers have accumulated evidence suggesting that actin filaments
become uncapped by chemoattractant stimulation. The gelsolin family is an
attractive candidate for this regulation of actin nucleation sites, because it promotes
both severing and uncapping of actin filaments (69). Accordingly, it was recently
suggested that gelsolin is a potential downstream target for Rac-mediated
cytoskeletal changes (195,201), and formation of lamellipodia (109,671,703). It has
been shown that overexpression of gelsolin in fibroblasts causes them to migrate
faster into a wound (199). This observation further supports a role for gelsolin in
cell motility (802).

The Cortical Expansion Model
In this model, the lamellipodium protrusion is due to the expansion of a performed
actin gel (740,803), without necessarily involving a directed water influx over the
membrane. Cycles of brief and localized swelling in a transiently disrupted actin
filament gel at the leading edge, powers an outward expansion of the membrane
(69). In neutrophils, there is an increase in the total number of cortical actin
filaments following chemosensory stimulation, without significantly altering the
distribution of filament lengths (185). This observation implies either that most
increased polymerization occurs from new nucleation sites, or that severing and
uncapping occur concomitantly in a coordinated fashion (61).
As described by Condeelis (740) the cortical expansion model consist of three steps:
(a) a focused chemotactic stimulus result in the sudden appearance of uncapped
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barbed ends of actin filaments, i.e. polymerization-competent actin; (b) actin crosslinking proteins become activated and generate orthogonal arrays; and (c) expansion
of the volume of the cross-linked filament arrays occurs due to further
polymerization and cross-linking and, perhaps, due to osmotic swelling, when
filaments are severed. The force of expansion is directed outwards against the plasma
membrane by the underlying cortical actin gel. A network of actin filaments may
thus protrude a lamellipodium by gel swelling (740). Proteins that decrease the
elastic modulus of the gel can enhance swelling due to osmotic force (68). As in the
gel-to-sol model, actin filament cross-linking is a key feature because only crosslinked filaments can be used to push against the membrane to form protrusions, or to
form a cortical gel that resists deformation of cell shape by surface tension (68,803).
Condeelis has further suggested that myosin I within the filament network can
contract the network, thereby decreasing its volume. Depending on whether the
pseudopodium has formed a stable attachment to the substrate, contraction will cause
either forward locomotion or pseudopodium retraction (68).
It has been disputed whether polymerization of actin can produce force, and whether
that force is enough to cause outward deformation of the plasma membrane (802).
Theoretical analyses argue that local actin polymerization is in itself an adequate
energy source for extension against the mechanical resistance provided by the cell
membrane (68,230). Experiments demonstrate that deformation of lipid vesicles
occurs following induction of actin polymerization within the vesicle interior
(804,805).

Summary of Mechanisms for the Generation of Protrusions
Cell locomotion is among the most challenging phenomena to explain at the
molecular level. Different parts of the cell change at the same time, and there is not
a single, easily identifiable locomotory organelle. A complete account would have to
give a molecular explanation for a multiplicity of transformations of variable
strength. It should explain how the transformations are coordinated both spatially
and temporally, and also account for important biophysical parameters such as the
development of tension in the cell cortex and the formation of adhesions between
cell and supporting substratum.
It is possible that formation of different extensions is generated by different
mechanisms. Lamellipodial extension may have an osmotic component, while
filopodial extension may involve mechanisms that operate independently of osmotic
force, such as actin polymerization and myosin-mediated filament sliding (68).
Apparently, evolution has brought about a major diversity in the activities preceding
cell locomotion.
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TRANSLOCATION AND RETRACTION
A crawling cell has not only to extend but also to contract. It needs to develop a
force that pulls the rest of the cell behind its actively protruding margin. Notably,
this traction, resulting in cell body translocation, is perhaps the most puzzling part of
cell locomotion and refers to the movement of the cell body. Thus, to understand
cell locomotion it is important to localize where and how the force for cell body
translocation is generated. The process of tail retraction is proposed to be the ratelimiting step in cell migration (806).
For any locomoting cell, contacts with the substratum and the contractility of the
actin cytoskeleton are required for the development of traction forces and cell
movement (Fig. 18; 322). Force has been postulated to be generated near the front
of the cell, then the nucleus and bulk cytoplasm are dragged forward passively
(65,69,300). However, the force generation can be viewed in different ways. The
leading part of the cell might actively contract like a muscle fiber, which pulls on
the back of the cell. Alternatively, polymerization of actin filaments at the front of
the cell extends the actin cortex forward; contractile force of the resulting cortical
tension then carries the rear of the cell forward (65,69,300).
Translocation
Detachment

Protrusion
Net force
Net force

Net force

Lamellipodia

Substratum
Actin cortex
Fig. 18. Illustration of forces involved in cell locomotion. Retraction of the cell rear is
suggested to be driven both by elastic recoil of the cell edge and by active actomyosindependent contraction.

Interestingly, the processes of protrusion, traction and retraction seem to occur
simultaneously in fish scale keratocytes, so that the cell glides across the substratum
with nearly constant shape (322,807). In contrast, the phases of the locomotory
cycles in a neutrophil are temporally very distinct. Retraction of the cell margin also
generates folds on the dorsal surface. These folds are suggested to provide a
reservoir of surface utilized in the subsequent extension step (322).

79
Retraction of the rear margin must occur in parallel to extension of the leading edge
for continued locomotion (Fig. 18). When a cell is unable to detach, it will not
succeed to move. The detachment of the cell rear involves disruption of cellsubstratum attachments, and consists of at least two components. An elastic recoil in
which potential energy stored, e.g. in lamellar extension, is released, and an active,
ATP-driven actomyosin-dependent contraction of the lamella, pulling on the
adhesion complexes (64).
As mentioned earlier, myosin II motors seem to be concentrated predominantly in
posterior regions of the cell (768,808). The function of myosin II-based contraction
in locomoting cells may thus be to break adhesive interactions simply by application
of physical stress (768). It is also suggested that [Ca2+]i, which has been shown to
exist in higher concentrations in the uropodium than in the lamellipodia (605,606),
may regulate the retractive activity. Indeed, the main function of increased [Ca2+]i
seems to be initiation of the detachment process (328).
Impaired adhesion at the rear, most likely results from a combination of several,
possibly unrelated, mechanisms (61). These include cytoskeletal contraction, and
signaling events involving RhoGTPases (708,809), calcineurin (72), and tyrosine
kinases (561). Further experiments are needed to establish what forces induce the
cells to release the matrix connections at the rear.
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AIMS OF THE INVESTIGATION
The purpose of the investigations presented in this thesis has been to elucidate some
basic mechanistic properties of amoebic cell motility. The specific aims were to:

• Characterize the effects of nitrogen monoxide (NO) on neutrophil [Ca2+]i
signaling, while simultaneously imaging motility-related parameters such as
cell morphology.
• Analyze precisely how the membrane receptors for N-formyl peptide
chemoattractants distribute on the surface of motile neutrophils, in regard to
filamentous actin.
• Investigate the role of water influx and water-selective channels (aquaporins)
in neutrophil cell motility. Especially, we wanted to clarify whether or not the
formation of membrane extensions is facilitated by water fluxes in the leading
edge of motile neutrophils.
• Visualize the spatial relationship of GTPases of the Rho subfamily (RhoA,
Rac2, and Cdc42) and filamentous actin, and N-formyl peptide receptors in
motile neutrophils.
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METHODS
Further detailed descriptions of the different experimental procedures can be
obtained from the “Materials and Methods” sections of Papers I-IV.

Isolation of Neutrophils
Human neutrophils were isolated from venous blood obtained from healthy adult
volunteers, essentially as described by Böyum (810). Briefly, heparinized whole
blood was allowed to equilibrate to room temperature and then separated on
Polymorphprep dextran gradients (Axis-Shield PoC AS, Oslo, Norway) or
Neutrophil Isolation Medium (NIM; Cardinal Associates Inc., Santa Fe, NM).
Remaining erythrocytes were lysed by a 30s hypotonic treatment with deionized
water. The granulocytes were washed twice with calcium-free Krebs-Ringer
phosphate buffer supplemented with 10 mM glucose and 1.5 mM Mg2+ (KRG; pH
7.3), resuspended in KRG (107 cells/ml) and then stored on melting ice until use.
Granulocyte concentration was determined with a Coulter counter ZM Channelyser
256 (Coulter-Electronics Ltd., Luton, UK). The cell suspension contained at least
95% neutrophils, with the remaining cells being predominantly eosinophils.

Loading Cells with Fluorophores
Isolated neutrophils (107 cells/ml) were loaded with the acetoxymethyl (AM) ester
derivatives of the fluorescent calcium indicator 1-[2-(5-carboxyoxazol-2-yl)-6aminobenzofuran-5-oxyl]-2-(2'-amino-5'-methylphenoxy)-ethane-N,N,N,N',N'-tetraacetic acid (fura-2), the fluorescent pH indicator 2',7'-bis-(2-carboxyethyl)-5-(and6)-carboxyfluorescein (BCECF), the relatively inert live-dead probe N,N'-((3',6'dihydroxy-3-oxospiro
(isobenzofuran-1 (3H),9'-(9H)xanthene)-2,7-diyl)
bis
(methylene)) bis (N-carboxymethyl) (calcein) according to the manufacturer
(Molecular Probes Inc., Eugene, OR). Briefly, the fluorophore was dissolved to a
concentration of 1 mM in dimethyl sulfoxide (DMSO; Sigma Chemical Co., St
Louis, MO) and divided into smaller portions, which were stored at -20°C. Before
use, Pluronic F-127TM (Molecular Probes Inc.) was added to enhance the solubility
of the fluorophore. Occasionally, 2.5% heat inactivated human plasma or serum was
added to the loading solution in order to further improve solubilization of the AMderivative in aqueous buffers. Then KRG or KRG supplemented with 1 mM CaCl2
(calcium-containing medium, CCM; pH 7.3) was added drop-wise to the mixture
while performing Vortex mixing to achieve a loading concentration of 2–10 µM.
Neutrophils were resuspended in the loading solution and incubated for 10–90 min at
37°C. Thereafter the cells were rinsed three times in KRG, resuspended in KRG, and
kept on melting ice until used.
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Cells loaded with BCECF were used to either probe intracellular pH during cell
motility or in loading cells to self-quenching concentrations when studying water
influx at cell edges. BCECF calibration curves were obtained by incubating cells in
115 mM K+ buffers of known pH in the presence of 10 mM nigericin (811).
Cells loaded with fluorescent indicators and then kept on ice for varying lengths of
time did not display significant variations in fluorescence, indicating only minimal
differences in the extent to which the probes were excreted or hydrolyzed.
Subsequent fluorescence microscopy showed a homogenous intracellular labeling in
cells labeled for shorter time periods.

Labeling of the Cell Membrane
Neutrophils were first isolated as described above. Then 1,1'-dihexadecyl-3,3,3',3'tetramethylindocarbocyanine perchlorate (DiIC16(3); Molecular Probes Inc.; 1
mg/ml in DMSO) or 1,1'-dioctadecyl-3,3,3',3'- tetramethylindodicarbocyanine
perchlorate (DiD; Molecular Probes Inc.; 2.5 mg/ml in DMSO) was added to the cell
suspension (in KRG) to a final concentration of 5.5 µg/ml or 2.5 µg/ml,
respectively. After gentle mixing the cell suspension was incubated for 20 min at
37°C and 14°C, respectively. The cells were washed three times with KRG and kept
protected from illumination, on melting ice until used. Samples were withdrawn
from the cell suspension and transferred to coverslip bottomed experimental wells.
The neutrophils were allowed to adhere for 5–10 min to the glass surface at room
temperature in CCM. Images were captured at room temperature, directly following
adherence and after 15 min.

Ratio Imaging
[Ca2+]i and pHi Imaging Equipment
A microscope system for fluorescence ratio imaging was utilized to simultaneously
measure [Ca2+]i or pHi and examine morphological features in single cells (812814). Briefly, the system was based on an Axiovert 35 (Zeiss, Oberkochen,
Germany) inverted microscope equipped for epifluorescence with a 75 W xenon arc
lamp and a 100x glycerol-immersion, Neofluar objective (1.3 NA). Ratio imaging
was achieved by alternately exciting the sample at 340 and 380 nm (fura-2) or 440
and 495 nm (BCECF) using a computer-controlled filter wheel (Sutter Instruments
Co., Novato, CA) equipped with 10-nm bandpass filters. The emitted fluorescence
was passed through a 510 nm (fura-2) or 530 nm (BCECF) bandpass filter, to
remove residual light and nonspecific fluorescence, to a micro-channel plate image
intensifier (Hamamatsu Nightviewer C-2100, Hamamatsu Photonics K.K.
Hamamatsu City, Japan). Differential interference contrast (DIC) microscopy images
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and fluorescence images were obtained simultaneously using a 650-nm longpass
filter in front of the halogen lamp to avoid transmission light in the fluorescence
channel. A Newvicon video camera (Hamamatsu C-2400) was employed to obtain
differential interference contrast (DIC) images, which were then captured and
digitized using a frame grabber (IV AB, Linköping, Sweden) attached to an IBMcompatible personal computer (PC). One image pair (excitation 340/380 nm, or
495/440 nm) and a single DIC image, obtained within 2s, were captured every
5–10s. Each image was calculated as the mean value of 4–12 successive video
frames. The image sequences, including timing information, were stored in digital
format on the hard disk for later evaluation. Parts of the evaluation program for
[Ca2+]i have been described elsewhere (815). The necessary software for
determination of pHi (811,812,816) was developed in our department by modifying
an existing program for [Ca2+]i measurements (815).
Ratio imaging of fura-2 loaded cells was also done using a ratio fluorescence
imaging system from Photon Technology International (Monmouth Junction, NJ)
based on a Zeiss Axiovert 100M. Subsequent images were taken every 6s and
represented the mean of 8 successive video frames. Bright field images were
captured simultaneously by inserting a 700 nm bandpass filter in front of the
transmission light source.

Determination of [Ca2+]i
Approximately 1–2 x 105 fura-2-loaded neutrophils were added to coverslipbottomed wells containing CCM and, at the stage drive, allowed to equilibrate to
37°C for approximately 5 min, in a standardized fashion. Thereafter, ten successive
image pairs of an adherent and seemingly healthy neutrophil were captured.
Stimulus was added to the well and then images were recorded continuously. In all,
each experiment lasted approximately 10–15 min. To minimize the number of
constituents affecting neutrophil locomotion, all experiments were performed at
physiological concentrations of Ca2+, i.e. around 1 mM.
The fluorescence signals at excitation wavelengths were corrected for background on
a pixel-by-pixel basis, and the mean ratios obtained were plotted in Excel (Microsoft
Corporation) using a Power Macintosh computer. Autofluorescence induced by UV
excitation was non-significant.

Calibration of Ratio Imaging and Optimizing the Ratio Signal
Calibration of the system and calculation of [Ca2+]i were performed according to
Grynkiewicz et al. (817). Briefly, 3 µM fura-2 pentapotassium salt (Molecular
Probes Inc.) was added to 1 ml of buffer containing 115 mM KCl, 20 mM NaCl, 10
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mM Hepes and 1 mM MgCl2 (pH 7.05). The solution was divided into two aliquots
and poured into coverslip-bottomed test tubes. Thereafter 100 µl 0.5 M EGTA (pH
7.05) was added to one fraction, and 100 µl of 0.5 M CaCl2 (pH 7.05) was added to
the other. The test tubes were placed on the glycerol-immersion 100x objective and
subsequently ratio imaged. The necessary constants were calculated according to
Grynkiewicz et al. (817).
To achieve optimal sensitivity in the system the following requirement was fulfilled
(814):
F 380++F 380-=F 340++F 340where the subscripts + and - indicate fluorescence under saturated calcium-ion
conditions and under calcium-free conditions, respectively. The requirement was met
by inserting a set of neutral density filters behind the 380-nm excitation filter, as
prescribed by Gustafson and Magnusson (814).

BCECF and Fluorescence Spectrometer
BCECF-derived fluorescence was also measured with a fluorescence spectrometer
(LS-3B, Perkin-Elmer Ltd., Beaconsfield, Buckinghamshire, UK) after 0.1 ml
Triton X-100 (Sigma Chemical Co.) had been added to 105 cells in 2 ml. The
fluorescence was read at 540 nm after excitation at 440 nm, at this wavelength the
pH-independent molecule-population of BCECF is detected.

Fluorescent Labeling
F-actin Labeling
The content and distribution of filamentous actin in human neutrophils exposed to
various stimuli was studied by fluorescently labeling the actin microfilaments. In
short, isolated human neutrophils were allowed to equilibrate for 5 min in CCM on
protein- or non-coated coverslips at 37 °C. Then stimulus was added and the cells
were incubated for an additional 2–3 min. The cells were fixed with fresh, 4%
paraformaldehyde (PFA; Sigma Chemical Co.) in PBS (pH 7.3) for 20 min at 37°C
or 60 min at 8°C. The samples were then rinsed in a filtered PBS-solution (pH 7.3)
supplemented with 1% bovine serum albumin (BSA; Boehringer Mannheim GmbH,
Mannheim, Germany) and thereafter permeabilized with 0.1% Triton X-100 in PBS
(pH 7.3) for 3 min at room temperature. To reduce unspecific labeling the samples
were incubated in PBS/BSA for 30 min at room temperature. Filamentous actin was
labeled by incubating for 20 min with 5U of BODIPY FL-phalloidin (Molecular
Probes Inc.), 0.5 µM tetra methyl rhodamine isothiocyanate (TRITC)-labeled
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phallacidin (Sigma Chemical Co.), or 5U Alexa 594 phalloidin (Molecular Probes
Inc.) in PBS (pH 7.3). The coverslips were finally mounted in ProLong Antifade
(Molecular Probes Inc.). When estimating the total content of filamentous actin in
neutrophils mean intensity was multiplied with cell area.

Antibodies
The primary antibodies used in this thesis were as follows. Rabbit anti-human
aquaporin (AQP)-9 antibodies were from Chemicon International Inc. (Temecula,
CA). Affinity-purified rabbit polyclonal IgG antibodies raised against human RhoA,
Rac2 and Cdc42 were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA). Monoclonal mouse (IgG1, clone 5Fl) anti-human formyl-methionyl-leucylphenylalanine (fMLF)-receptor antibodies were bought from PharMingen (San
Diego, CA). Rabbit anti-nitrotyrosine polyclonal antibody (Upstate Biotechnology,
Lake Placid, NY)
The fluorescently conjugated secondary antibodies were as follows. Alexa Fluor
594-conjugated goat anti-mouse and Alexa Fluor 594-conjugated goat anti-rabbit
IgG antibodies were from Molecular Probes Inc. Fluorescein isothiocyanate (FITC)
conjugated swine anti-rabbit IgG antibodies, were from Dako A/S (Copenhagen,
Denmark). FITC-conjugated goat anti-mouse IgG antibodies (Fc specific) were
purchased from Sigma Chemical Co. (St Louis, MO). Horseradish peroxidase-linked
goat-anti-rabbit antibodies were from Dakopatts AB (Älvsjö, Sweden).
Primary antibodies used as controls of unspecific binding were: Monoclonal mouse
antibodies to human epithelial membrane antigen (EMA; Dako A/S), and affinitypurified rabbit anti-occludin (Zymed, San Francisco, CA).

Immunostaining
Isolated human neutrophils (105/preparation) were allowed to adhere to protein- or
non-coated coverslips for 5 min at room temperature and then for 5 min at 37°C.
Subsequently 10 nM fMLF (Sigma Chemical Co.) was added to initiate motility.
After additional 2-min incubation, the cells were fixed as described above. The
neutrophils were washed with PBS/BSA and prior to labeling intracellular structures
the cells were permeabilized with Triton X-100, as described above. After additional
rinsing the cells were incubated in blocking buffer, i.e. PBS/BSA with 10% normal
serum from secondary antibody species and 1 mM ethylene glycol-O, O'-bis (2aminoethyl) N,N,N',N'-tetraacetic acid (EGTA; Fluka Chemie AG, Buchs, Germany)
for 30 min at 37°C. The coverslips were transferred to the solution containing
primary antibody (10 µg/ml) in blocking buffer for 60 min at 37°C. After thorough
washing in PBS/BSA the cells were incubated with the secondary fluorescently
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conjugated antibody (15 µg/ml) in blocking buffer, for 30 min at 37°C. After
washing the coverslips were mounted in ProLong antifade and allowed to
polymerize at room temperature. Controls treated with blocking buffer instead of
primary antibodies, or primary antibodies directed against epitopes not expressed by
neutrophils were used to determine the extent of autofluorescence and unspecific
labeling.
Occasionally double labeling of two different structures was performed. In these
samples the most faintly stained structure or filamentous actin was usually labeled
secondarily to the more intensely labeled frameworks.

Treatment with Fluorescent N-formyl Receptor Ligands
Isolated neutrophils were allowed to sediment and adhere to protein- or non-coated
glass coverslip bottomed wells for 10 min. Then fluoresceinated N-formyl peptide
receptor agonist, i.e. formyl-Nle-Leu-Phe-Nle-Tyr-Lys (fnLLFnLYK; 10 nM), or
antagonist, i.e. tert-butyl-oxycarbonyl-Phe-(D)-Leu-Phe-(D)-Leu-Phe-OH (BocFLFLF; 50 nM), was added to the experimental well; both agonist and antagonist
were obtained from Sigma Chemical Co. and conjugated to FITC by Molecular
Probes Inc. Images were captured 1–2 min after addition of the fluorescent ligand.
To reduce receptor-ligand internalization, the experiments with fnLLFnLYK were
performed at temperatures below 14°C (818,819). Experiments with Boc-FLFLF
were done at room temperature as the probe has been shown to internalize very little
on binding to the receptor (471). When double labeling neutrophil N-formyl peptide
receptors with antibodies and fluorescent peptides, 10–50 nM fnLLFnLYK was
added before mounting the coverslips in mounting medium. No washing was
performed following addition of the fluorescent peptide.

Fluorescence Microscopy
A Zeiss Axiovert 135M (Oberkochen, Germany) microscope equipped for
epifluorescence with a 100 W HBO mercury arc lamp and a 100x oil-immersion
Neofluar objective (1.3 NA) was used to study the fluorescent samples. Images of
the fluorophores in the FITC-spectra were obtained using a 470 ± 20 nm band-pass
filter for excitation, and a 540 ± 25 nm band-pass filter for emission. The cells
labeled with fluorophores in the Texas Red compatible spectra were excited with a
546 ± 12 nm band-pass filter and the emission was selected with a 590 nm longpass
filter. All filters were obtained from Zeiss. When possible a 95% neutral density
filter was inserted in front of the excitation beam to reduce photobleaching.
To further magnify images an intermediate factor of 1.6 in the microscope
magnification changer was utilized occasionally. Images were captured using either a
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water-cooled TE4 Astromed 4200 slow-scan CCD-camera (LSR Ltd., Cambridge,
UK) controlled by PixCel software (LSR Ltd.) or a CCD video camera (XC-75CE,
Sony Corporation, Tokyo, Japan) controlled by an real-time image processor
(Argus-20, Hamamatsu Photonics K.K.). All images were stored on an IBMcompatible personal computer. Assembly of figures was accomplished using Adobe
PhotoShop 5.5 and Adobe Illustrator 8.0.1 (Adobe Systems Inc., Tokyo, Japan) on a
Power Macintosh computer.
Both instant images and time-lapse sequences were recorded. All digitized images
were stored on an IBM-compatible personal computer. Occasionally sequences were
recorded on videocassettes. The extent of bleed-over from the Texas Red-channel to
the FITC-channel, and vice versa, was examined for all fluorophores used.
Images of labeled cells were transferred to and analyzed in Optimas 6.0 (Optimas
Corp., Washington, DC), where data on mean intensity, standard deviation of the
intensity and cell area were measured.

Confocal Laser Scanning Microscopy
Confocal laser scanning microscopy (CLSM) was performed to determine the extent
of excimers formed by BODIPY FL phallacidin (Molecular Probes Inc.) and to
determine the extent of N-formyl peptide receptor agonist internalization at 16°C
and 37°C. This was done on a Sarastro 2000 instrument (Molecular Dynamics,
Sunnyvale, CA) based on a Nikon Optiphot microscope equipped with a 60x oilimmersion objective (1.4 NA). A Silicon Graphics Indigo R4000 workstation
(Silicon Graphics, Mountainview, CA) with ImageSpace software (Molecular
Dynamics) was attached for handling of the CLSM. The CLSM of BODIPY FL was
optimized for the red region of the spectrum using an illumination setup comprising
514 nm excitation Argon laser wavelength, a 535 nm DRLP beam-splitter and, a 570
nm EFLP long-pass emission filter. The CLSM of fluorescently labeled N-formyl
receptors was optimized for the green region of the spectrum using an illumination
set-up comprising 488 nm excitation Argon laser wavelength, a 510 nm DRLP
beam-splitter and, a 510 nm EFLP long-pass emission filter. The cell fluorescence
was scanned within 0.5 s from the initial contact with fluorescent receptor ligand
(spherical, non-active cells) through more or less immediate activation of spreading
and motility.

Determination of Cell Motility
Neutrophil cell motility was measured using Transwell filters (Corning Costar Corp.,
Cambridge, MA) with 3-µm pores. The filters were first put in a flask with
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PBS and 1% BSA, kept under vacuum for 15 min to evaporate air bubbles from the
pores in the filter, and then used in the transmigration assay. To determine the
effects of various stimuli on neutrophil motility, calcein-loaded cells (10 µM, 20
min, 37°C) were added to the upper Transwell compartment. Then fMLF (10 nM)
was added to the lower compartment, except to the controls, to stimulate migration.
After 60–180 min (37°C), the upper compartment was removed and Triton X-100
(0.1%) was added to lyse transmigrated cells. The calcein concentration in each well
was measured with an LS-3B fluorescence spectrometer.
Statistics
When plotting data, differences were considered as significant when P<0.05,
according to a two-sided, type 3 Student’s t-test.
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RESULTS AND DISCUSSION
I. Nitric oxide induces dose-dependent Ca2+ transients and causes temporal
morphological hyperpolarization in human neutrophils.
Loitto, V. M., Nilsson, H., Sundqvist, T., and Magnusson, K. E.
Journal of Cellular Physiology 2000, 182: 402-413
The inorganic free radical nitric oxide (NO) is a biologically active compound that
has been implicated and proven to play a key role in many different physiological
and pathophysiological functions (646). To study the role(s) of NO in neutrophil cell
morphology and Ca2+ signaling, adherent cells were exposed to various NO-radical
donors, i.e. S-nitroso-N-acetylpenicillamine (SNAP), S-nitrosoglutathione (GSNO),
and sodium nitroprusside (SNP).
In parallel to video imaging cell morphology and motile behavior in neutrophils,
changes in [Ca2+]i were assessed by ratio imaging the Ca2+-sensitive fluorophore
fura-2. Neutrophil motility is morphologically a very dynamic process where
extension of the leading edge rapidly alternate with withdrawal of the membrane
protrusions. In the investigation NO induced a rapid and persistent morphological
change including polarization and increased cell area, i.e. hyperpolarization,
followed by migrational arrest that usually lasted throughout the experiments.
During this period the neutrophils appeared to have suddenly seized in movement,
remaining morphologically polarized in the direction of previous motility. However,
the effect seemed not to be related to any measurable toxicity, as the neutrophils
occasionally recovered the ability to move at a later stage. How the cells were able
to release from their migrational arrest is yet unknown. To further examine the
seizure in morphology alterations, kinetic studies of fluorescently labeled actin
cytoskeleton in neutrophils exposed to NO were performed. Although NO
profoundly increased cell area it simultaneously reduced the content of filamentous
actin.
An objective in Paper I also was to determine whether data regarding Ca2+ and NO in
endothelial cells from Volk et al. (651) applies to cells of hemopoietic origin.
Indeed, addition of NO caused a concentration-dependent elevation of [Ca2+]. This
was probably induced by NO itself, because no change in [Ca2+]i was observed after
treatment with by-products of the various NO donors, i.e. D-penicillamine,
glutathione, or potassium cyanide (KCN). It was found that increasing doses of NOdonor attenuated fMLF-induced Ca2+ responses. However, at high NO
concentrations, both NO- and fMLF-induced Ca2+ transients were abolished, which
might have been due to possible toxic effects.
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To understand the mechanisms underlying NO-induced alterations immunoblotting
was performed to investigate the formation of nitrotyrosine residues in cells exposed
to NO donors. Neutrophils treated with NO did not, however, reveal any distinct
pattern of nitrosylation, nor could the effects of NO be mimicked with the cell
permeant form of cGMP, i.e. 8-Br-cGMP. Hence, the observed seizure in motility
and the Ca2+ transients were probably not mediated by nitrosylations or cGMP as the
principal NO-targets.

Fig. 19. NO-donors increase the morphological response of neutrophils, most likely due
to a transient increase in [Ca2+]i. This will, hypothetically, activate gelsolin and other
actin filament severing proteins. Exposure to NO thus decreases the concentration of
filamentous actin. The incapability to turnover the actin filament network efficiently
blocks motile activity.

In summation, NO donors initially increased the morphological response of
neutrophils, presumably due to the transient increase in [Ca2+]i (Fig. 19). It is
suggested that the increase in [Ca2+]i activate gelsolin and other actin filament
severing proteins, which lead to solation of the cortical actin filament network. This
weakening is normally a prerequisite for morphological alteration, and alternates
with stabilization through polymerization of new actin filaments and adhesion to the
surface. However, the subsequent NO-induced inhibition of continuous cell shape
changes is, thus, indicative for an inability to renew polymerized actin at the cortex.
Hence, the cells hyperpolarize, i.e. increase their cell area, whilst the intracellular
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content of filamentous actin decreases. The investigation thus demonstrates that the
effects of NO are important for regulation of cellular signaling, i.e. Ca2+
homeostasis, and also affect cell migration, e.g. through effects on actin filament
turnover.

Future directions. To fully understand how NO affects neutrophil cell morphology it
will be necessary to further analyze how NO affects the molecules of the Rho family
GTPases. A natural consequence also would be to study how NO affects the
localization and function of specific actin filament severing proteins, e.g. gelsolin.
Since changes in morphology, as suggested in Paper III, are due to water fluxes
through water-selective channels the effects of various radicals on aquaporins also
represent a largely unexplored frontier of biological relevance to understanding cell
motility.

II. Assessment of neutrophil N-formyl peptide receptors by using antibodies
and fluorescent peptides.
Loitto, V. M., Rasmusson, B., and Magnusson, K. E.
Journal of Leukocyte Biology. Accepted Dec 20, 2000
Directional movement of neutrophils plays a fundamental role in the inflammatory
response. The receptors for N-formyl peptide chemoattractants, such as fMLF, are
structurally specific, surface molecules characterized by a seven transmembrane
domain, which mediate signal transduction through heterotrimeric G proteins (820822). Once the receptor is occupied, neutrophils undergo a still not completely
defined sequence of intracellular signaling events and morphological alterations
(84,91,92,118,462,823). Among these effects, are cytoskeletal rearrangements,
making N-formyl peptides potent inducers of neutrophil actin filament formation
(820,821). Neutrophils are capable of sensing differences in chemoattractant
concentrations as low as 1% over the length of the cell, i.e. over 10–20 µm (60).
How cells are able to compare and amplify such minute differences in concentrations
of extracellular attractants have, however, not been fully clarified. It also is
unknown how the receptor-ligand interaction is translated into directional
movement.
Enrichment of chemoattractant receptors on the neutrophil surface has been difficult
to assess primarily due to limitations in sensitivity of visualization. Thus, to
investigate the spatial-temporal relationships between N-formyl peptide receptor
distribution and directional motility of human neutrophils an ultra-sensitive cooled
CCD camera was used in the investigation. Live cells were labeled with fluorescent
receptor ligands, while fixed cells were labeled using either fluorescent peptides or
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monoclonal antibodies. Double labeling of receptors and filamentous actin was done
to investigate possible co-localization. On unstimulated cells the N-formyl peptide
receptors were found randomly distributed. However, on polarized neutrophils the
receptors accumulated non-uniformly toward regions involved in motility. In fixed
neutrophils, antibody-labeled receptors co-localized with the F-actin rich leading
edge, whereas peptide-labeled receptors lagged behind this region.
Assuming that the cells sense a surface-bound gradient of chemoattractant, the results
are in line with a spatial mechanism for directional sensing (108). This means that
the cell senses and responds to chemoattractant concentrations at locations with the
highest ligand density. The site with the highest fraction of occupied receptors will
generate the strongest signal(s), which initiate for instance remodeling of the
cytoskeleton and insertion of fresh receptors. Thus, the direction for subsequent
chemotaxis depends on recruitment of receptors both from other sites of the
membrane and on upregulation of receptors from intracellular stores. Assuming that
the insertion of fresh receptors into the region of initial stimulation does not
compensate for desensitization after the initial stimulation, the cells could spatially
respond and turn either left or right, thus moving in a zigzag fashion along the
gradient (Fig. 20). Should there be no gradient the cells would display stimulated
random locomotion. Thus, spatial sensing and the rates of receptor
desensitization/upregulation determine the temporal behavior of the cells. If there is
no substratum-associated ligand, but an instantaneous flux of ligand, spatial
inhomogeneity among randomly distributed receptors will probably translate into
stimulated, random locomotion.
To conclude, in Paper II it is suggested that neutrophils use an asymmetric receptor
distribution for directional sensing and sustained migration. A separation between
receptors labeled with peptides and antibodies most likely reflects two functionally
distinct receptor populations at the membrane of motile neutrophils. Furthermore, it
is suggested that temporal variation in the receptor distribution over the cell
membrane allows for spatial sensing, which is re-inforced when cells start to move
along a chemoattractant gradient.
Fig. 20. Next page. A cell senses and responds to chemoattractant concentrations at
locations with the highest ligand density. The site with the highest fraction of occupied
receptors will generate the strongest signal(s) (yellow arrow; step 1). Here the motile
cell size is indicated with a gray boundary circumfering the initially round cell.
Chemoattractant stimulation leads to morphological polarization (step 2). The direction
for subsequent chemotaxis depends on recruitment of receptors both from other sites of
the membrane and on upregulation of receptors from intracellular stores (step 3).
Assuming that the insertion of fresh receptors (red serpentines) into the region of initial
stimulation does not compensate for desensitization (blue serpentines) after the initial
stimulation, the cells could spatially respond and turn either left or right (step 4), thus
moving in a zigzag fashion along the gradient. Desensitized receptors are transported
rearward and cap the uropodium (step 5).
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Future directions. It is still not entirely defined how N-formyl peptide receptors
upon activation recruit cytosolic constituents to the leading edge of the cell. It also is
unclear where N-formyl peptide receptors are inserted at the membrane level
following upregulation. The lamellipodium of a cell is in its simplest model a dense
actin filament meshwork between two lipid bilayers. Such a compact organization of
the extreme leading edge would thereby exclude an active fusion of receptorcontaining transport vesicles, having a minimum radius of perhaps 20–50 nm.
Furthermore, in the region of the leading edge itself, there is no evidence of vesicle
fusion (76). Thus, fusion preferentially occurs at the base of the lamellae and the
receptors then probably move forward towards the leading edge due to lipid flux or
by diffusion.

III. Cell motility requires directed water influx.
Loitto, V. M., Forslund, T., Sundqvist, T., Magnusson, K. E., and Gustafsson, M.
Manuscript reviewed in depth by Science
When cells move on a substratum or in a matrix they repeatedly exert force to hold
on to the surroundings and to develop distinct membrane domains (lamellipodia), in
the direction of locomotion. The membrane extension moves the margin of the cell
forward. The association between actin polymerization and membrane protrusion is
well established (263,427,771,804), but the actual driving force for membrane
extension of the leading lamellae is yet unclear (69). Thus, in Paper III support for
models of motility based on osmotic influx of water at developing membrane
extensions is presented.
A prerequisite for water to play an effective role in the formation of membrane
protrusions is that the cells express regulated water-selective channels. Indeed,
aquaporins (AQP) are a family of membrane proteins that permit water to cross the
membranes of a wide variety of cell types. Although little is known about water
channel physiology in tissues other than red blood cells and kidney it has been shown
that leukocytes abundantly express AQPs. In Paper III, it is suggested that these
AQP water-selective channels provide a novel concept in the generation of cell
protrusions and in cell motility. It is shown that the distribution of AQPs,
specifically AQP9, in neutrophil membranes display a preferential localization
towards cell edges, which is in accordance with the hypothesized function in
motility. Inhibition of the physiological regulation of water influx by exposing cells
to HgCl2 (725,824) dose-dependently interfere with chemoattractant-induced
locomotion, as assessed with migration through porous filters. It also leads to
shrinkage of cells in solution. Similar inhibition was observed by exposing adherent
neutrophils to antibodies directed towards the aquaporin water channels.
Furthermore, chemoattractant stimulation of neutrophils incubated with the anti-
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AQP antibodies lead to formation of numerous miniscule blebs along the cell
periphery. This is indicative for a frustrated attempt to initiate motility. A similar
morphological phenotype could not be induced using other antibodies, e.g. antiCD18.
To further evaluate the effects of Hg2+ adherent, fura-2 loaded cells were exposed to
various concentrations of HgCl2 (Fig. 21). Following addition of Hg2+ the cells
responded much like NO-treated cells in Paper I, i.e. the neutrophils displayed a
rapid increase in [Ca2+]i and obtained a morphologically polarized shape but were
unable to move. In contrast to NO, the adherent Hg2+-treated cells seemed to shrink
somewhat before a complete motile seizure. After 5–6 min [Ca2+]i suddenly
increased. Then [Ca2+]i dropped rapidly, followed by disappearance of the
fluorescence. This was not due to quenching of the fluorescence by Hg2+, as assessed
by adding increasing concentrations of HgCl2 to solutions containing fura-2 salt.
This observation is in accordance with Marchi et al (825), who recently investigated
the effects of heavy metals on Ca2+-measurements.

Fig. 21. Addition of 10 µM Hg2+ (arrow) to fura-2 loaded cells leads to an initial Ca2+transient. Then 5–6 min later [Ca2+]i begin to increase. After the peak, [Ca2+]i drops
rapidly, followed by disappearance of the fluorescence. This was not due to quenching
of the fluorescence by Hg2+, as assessed by adding increasing concentrations of HgCl2 to
solutions containing fura-2 salt. The cells showed no signs of necrosis or further
morphological alterations as assessed with bright field microscopy.
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It is hypothesized that Hg2+, which is not a membrane disrupting agent, blocks the
regulation of water-selective channels leading to rapid influx of extracellular Ca2+.
However, as the effect of Hg2+ grows stronger the regulation of water flux through
AQPs becomes more or less unrestricted and the fluorescent marker leak out of the
cell. Surprisingly the cells showed no signs of necrosis or further morphological
alterations.
Loading cells with self-quenching concentrations of fluorophore can be used to
monitor minute water influxes at cell edges. That is, at high fluorophore
concentrations the fluorescent molecules will form dimers, which are incapable of
emitting fluorescence. However, if the concentration of fluorophores is diluted, the
complexes will split into excitable monomers, an effect that is detected as increased
fluorescence intensities at these specific locations. When neutrophils were loaded to a
dilution-sensitive, self-quenching concentration of fluorophores there was a positive
spatial correlation between increased fluorescence, due to dequenching, and
formation of membrane extensions. The most straightforward explanation for the
increased fluorescence at the cell periphery is a decrease in probe concentration due
to an elevated osmotic pressure, which drives water influx in the newly developed
protrusion.
Thus, the results in Paper III support hypotheses for chemoattractant-induced
volume changes in neutrophils. Pollard et al. have recently presented an excellent
model for how a motile cell is able to form a membrane protrusion, and although
thoroughly defined the model leaves a great deal to be desired. The observations
made in Paper III complete the model and also convene the major hypotheses
regarding generation of cell protrusions. By showing that cell motility is waterdependent a model is proposed where regulated water fluxes allow for gel-to-sol
transitions, osmotic forces and subsequent dendritic nucleation (Fig. 22) a series of
steps can be defined: When stimulated with chemoattractant (step 1) cells respond by
rapidly increasing [Ca2+]i (step 2), and subsequent depolymerization of actin
filaments (step 3). Depolymerization is induced by Ca2+ activation of gelsolin and
other severing proteins. The concerted increase in intracellular Ca2+ and monomeric
actin after depolymerization will enhance an osmotically driven H2O influx over the
membrane and through opened water-selective channels (step 4). Cell activation
generates PIP 2, which inhibit gelsolin activity and liberates polymerization
competent ATP-actin monomers (step 5). Chemoattractant stimulation also activates
members of the Rho family GTPases, preferentially Cdc42 and Rac2, which activate
WASP (step 6). WASP activates Arp2/3 complex to generate new barbed ends.
Under normal conditions the process of membrane extension is reversed when Ca2+
is either pumped out again or into stores of organelles, and monomeric actin is used
for actin filament polymerization, e.g. dendritic nucleation in advancing
lamellipodia of motile neutrophils (step 7). Constitutive ATP hydrolysis within actin
filaments trigger severing and depolymerization of older filaments by ADF/cofilins
(step 8). Profilin then catalyzes nucleotide exchange and recycles
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ADP-actin monomers back to the ATP-actin pool (step 9). Actin polymerization and
adherence relieves membrane tension leading to AQP closure (step 10). Since these
events are initiated at membrane sites of chemoattractant activation and that the
aquaporin channels and chemoattractant receptors co-localize at these sites, the
observations presented in Paper III also provide a general mechanism of directed
motility. However, the influx of water must be exquisitely delicately balanced to not
overly expand the volume of the protruding region. To achieve this finely tuned
balance only minute shifts in intracellular concentrations of osmotically active
elements can be allowed. The observations of fluid mechanics in cell motility
described in Paper III provide the first experimental role for AQPs and water influx
in developing lamellipodia.

(H2O)

4

H 2O

10

H 2O
1

H 2O H2O
H 2O
7
(H2O)

3

is
ys
rol
yd
Ph
AT

Ca2+

Gelsolin
–

5
PIP2
6

ATPactin/profilin

RhoGTPases

tin
f ac
n o ers
usio
Diff monom

?

2

ATPactin

9

PIP2
PIP2

8

ADPactin

ADF/cofilin
WASP

Arp2/3

Fig. 22. How aquaporins and water fluxes contribute to the formation of membrane
protrusions. The aquaporin model presented here is based on the dendritic–nucleation
hypothesis originally suggested by Mullins et al. (218). Here water influx is a
prerequisite in forming a gap between the filament barbed ends and the membrane. The
10 numbered steps are described in text.
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Future directions. To further evaluate the role(s) of AQPs in motility it would be
desirable to have access to additional inhibitors, being more specific than Hg2+.
Mercuric ions are reactive and will probably affect several components of the
motility machinery. It is largely unknown how the AQPs are regulated and therefore
the identification of intracellular messenger system is of great concern. Interestingly
the effects on cell locomotion by NO and Hg2+ are similar in that they both mediate
motile seizure after an initial increase in [Ca2+]i. What is the link between these two
reactive components? It also would be of great importance to better understand the
close interaction between AQP water channels and the fMLF receptor. How is
chemoattractant stimulation converted to opening of water-selective channels?

IV. The spatial distribution of RhoA, Rac2 and Cdc42 in human neutrophils
allows for sequential chemoattractant stimulation.
Loitto, V. M., and Magnusson, K. E.
Manuscript submitted to FEBS Letters
To further unravel the signaling pathways activated during cell motility, the Rho
family GTPases distribution in adherent, morphologically polarized neutrophils was
examined. The cytoskeletal rearrangements caused by activation of the RhoGTPases
RhoA, Rac2 and Cdc42 are suggested to play a key role in the process of motility. In
this study, the association of RhoA, Rac2 and Cdc42 with filamentous actin and
chemoattractant receptors in morphologically polarized neutrophils was examined
using double label immunofluorescence. It is shown that the GTPases localize in a
specific, function-associated manner with the actin network and the chemoattractant
receptor at regions involved in motility, while displaying a distinctive lateral
segregation relative to each other.
Cdc42, which has been suggested a role in the formation of thin, needle-like
membrane protrusions, i.e. filopodia (109), was found to localize as a peripheral
ring defining the cell edges. At the leading lamellae Cdc42 displayed a similar
distribution as filamentous actin. Usually there was a large gap almost completely
devoid of Cdc42, at the base of the lamellae. The distribution of Cdc42 also closely
matched the distribution of fMLF receptors decorating the cell edges with its, more
or less, patchy labeling. This observation implies a close relation between cell
activation through chemoattractant activated Cdc42 and also emphasizes the order of
activation events following cell stimulation. Indeed, Price et al (394) suggests that
integrin engagement activates Cdc42 and induces the extension of filopodial
processes. The activation of Cdc42 leads to the subsequent activation of Rac and the
formation of lamellipodia, which extend between the filopodia. Chemoattractant
binding may initiate Cdc42-induced cytoskeletal rearrangements by the formation of
polyphosphoinositides, which recruit Cdc42 and cause localization and activation of
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the WASP-family proteins (222-225), and Arp2/3 complex, which results in
concomitant actin nucleation near the plasma membrane (223). It has been suggested
that the major role of Cdc42 is not in the migratory process per se, but in
establishing cell polarity to ensure that cell migration occurs in a specific direction
(110,154). Thus Rac and Cdc42 are suggested to work cooperatively to promote a
spatially defined protrusive activity (457).

Fig. 23. A refined model of RhoGTPase activation and signaling. At the cell edges
Cdc42 is in an ideal position, close to chemoattractant receptors, where it receives
vectorial coordinates for motility. This initiates the motile response towards the highest
concentration of chemoattractant. The following morphological alterations will activate
and recruit first Rac2 and then RhoA, which act in lamellipodium formation and
stabilization, respectively. It also was recently shown that Rho can downregulate Rac
activity, which in turn downregulates Cdc42 (708).
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In Paper IV it is also shown that Rac2 preferentially co-localizes with F-actin rich
regions at the leading edge of motile cells. Occasionally Rac2 extend ahead of Factin at the cell front. This enrichment of peripheral Rac2 might be a prerequisite for
a spatially defined initiation of directed membrane protrusion. Although most RhoAlabeling in the study was diffuse throughout the cell body, the distribution of RhoA
closely mimicked the peripheral ring of Cdc42. However, an accumulation of RhoA
was consistently found at the cell rear.
It is proposed that the localization of Cdc42 at the cell periphery is helpful in its
function in being rapidly activated upon chemoattractant stimulation. At the cell
edges Cdc42 is in an ideal position to receive vectorial coordinates and to
subsequently initiate the motile response towards the highest concentration of
chemoattractant (Fig. 23). Cdcd42 activates WASP and Arp2/3 complex to fill gaps
mediated by water influx (Paper III). When the motility machinery has been started,
Rac2 activation and recruitment to the site of initial receptor engagement act as next
gear. Thus, Rac2 takes over and accelerates the formation of lamellipodia. In a
highly motile cell such as the neutrophil, RhoA presumably plays an important role
in adhesion. RhoA is activated via Rac2 through yet unknown signaling pathways
and aids in stabilizing the membrane extension through generation of numerous
temporal adhesions. Since RhoA probably stays associated to the sites of adhesion it
will eventually end up at the rear of the cell. Hence, the accumulation of labeled
RhoA at the uropodium.

Future directions. To further evaluate the dynamic relationships between
chemotactic receptors and different regulators of the F-actin cytoskeleton.
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CONCLUSIONS
The most important results in this thesis concerning neutrophil cell signaling and
motility can be summarized as follows:
• Nitric oxide (NO) stimulates the morphological response of neutrophils, most
likely due to the transient increase in [Ca2+]i, following addition of NOdonors. This will, in turn, activate gelsolin and other actin filament severing
proteins, leading to decreased amounts of filamentous actin. The incapability
to turnover the actin filament network efficiently, subsequently seizes all
motile activity.
• On polarized neutrophils N-formyl peptide receptors labeled with antibodies
or fluorescent peptides accumulate non-uniformly towards regions involved in
motility. Antibody-labeled receptors, furthermore, co-localize with the F-actin
rich leading edge, whereas peptide-labeled receptors lag behind this region. It
is suggested that neutrophils use the asymmetric receptor distribution for
directional sensing and sustained migration. The separation between receptors
labeled with peptides and antibodies most likely reflects the presence of two
functionally distinct receptor populations at the membrane of motile
neutrophils.
• The observations on water fluxes in motile neutrophils provide definite
experimental support for model(s) of cell motility, where water fluxes play a
pivotal role in lamellipodium extension upon chemoattractant stimulation.
Water fluxes contribute to the propulsive force for formation of various
membrane protrusions and thus cell motility. The opening and closing of
finely tuned water-selective channels provide different types of cells, like
neutrophils, macrophages, fibroblasts and keratocytes, with a general
mechanism for motility control.
•

In morphologically polarized neutrophils it is shown that Cdc42, Rac2 and
RhoA display spatially distinct distributions, which allows for sequential
chemoattractant stimulation of neutrophil motility. It is suggested that major
accumulations of the GTPases at regions involved in motility reflect the
distribution of active GTPases. The specific localizations of Rac2, Cdc42 and
RhoA relative to each other and F-actin and fMLF receptors support the
hypothesized order of activation and regulation of neutrophil cell motility.
The results also suggest that the signaling hierarchy between Cdc42, Rac2 and
RhoA is associated with distinct morphological events, including activation of
the motility machinery, extension of the leading edge and stabilization of the
lamellipodium.
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