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ABSTRACT 
Prerequisites for all modes of cell migration are cell-substratum interactions that require a 
sophisticated interplay of membrane dynamics and cytoskeletal rearrangement. Generally, a 
migrating cell is polarized with a distinct rear and front, from which it extends a wide and thin 
membrane protrusion- lamellipodium, small fingerlike projections- filopodia, and membrane 
blisters- blebs. The development of these structures is primarily driven by cytoskeletal 
contractions and actin polymerization, which are under regulation of several actin-binding 
proteins and the small GTPases Cdc42, Rac and Rho. Lamellipodia and filopodia are assumed 
to arise from polymerizing actin, pushing the membrane forward through a Brownian-ratchet 
mechanism. However, other models based on shifts in the local hydrostatic pressure have also 
been suggested since blebs are initially void of actin. Recently, fluxes of water through 
membrane-anchored water channels, aquaporins (AQPs), have been implicated in cell 
motility, while they appeared to localize to lamellipodia and facilitate cell locomotion. Indeed, 
expression of AQP9 was shown to induce filopodia in fibroblasts. Here, we have focused on 
the effects of AQP9 on cell morphology and motility. By using primarily live cell imaging of 
GFP-AQP9 and other cytoskeletal components we found that AQP9: (i) enhances cell 
polarization and migration in a Rac1 and serine11 phosphorylation-dependent manner in 
neutrophils, (ii) induces and accumulates in filopodia, before actin polymerization, (iii) 
locally deforms the membrane upon rapid reductions osmolarity, (iv) accumulates in the cell 
membrane underlying bleb development, (v) induces multiple protrusions and thereby impairs 
the intrinsic directionality, and (vi) facilitates epithelial wound closure through a mechanism 
involving swelling and expansion of the monolayer. Based on these findings, we have 
presented models for how water fluxes through AQPs aids actin polymerization in the 
formation of membrane protrusions. In summary, these models rely on localized accumulation 
of ion and water channels that control the influx of water and thereby the build-up of a 
hydrostatic pressure between the membrane and the cytoskeleton. Upon reaching a critical 
pressure, it will dislocate the membrane from the cytoskeleton and force it to protrude 
outwards. Moreover, this will promote a local cytoplasmic gel-to-sol transformation, which 
facilitates diffusion of cytoskeletal reactants. Hereby, we can furthermore assign to filopodia a 
role as osmo-sensors, protecting the cell from different osmotic loads. In addition, we have 
postulated a novel model for wound healing involving force generation by cell swelling. 
Taken together, this thesis provides the field of cell migration with solid evidence for pivotal 
roles of water fluxes through AQP9 in particular, but most likely AQPs in general, during cell 
locomotion and localized volume control.  
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POPULÄRVETENSKAPLIG 
SAMMANFATTNING 
Så påverkar vattenflöden över cellmembranet cellers 
rörelseförmåga 
Alla celler i den mänskliga kroppen har en inbyggd rörelseförmåga. Som tur är, används dock 
denna förmåga endast vid vissa tillfällen och av vissa celler. Cellrörelse är livsviktigt redan 
under fosterutvecklingen, då celler migrerar mot specifika destinationer för att bilda kroppens 
olika organ. Processen är också påtaglig när vita blodkroppar vandrar mot bakterier för att 
tillintetgöra dessa, eller då hudens celler rör sig mot varandra för att läka ett sår. Ironiskt nog 
är cellrörelse också involverat i flera sjukdomsalstrande tillstånd som kronisk inflammation 
eller cancerspridning, vilket faktiskt är den största orsaken till cancer-relaterade dödsfall. 
Således är en fördjupad kunskap om cellers rörelseförmåga av största vikt för framtida 
förbättrade behandlingar av dessa tillstånd. 

Olika typer av celler kan röra sig i olika mönster. Cancerceller kan också ofta växla 
uppträdande för att undgå anti-cancerbehandlingar, som är riktade mot en viss typ av 
migration. Dessutom kan celler röra sig både som enstaka celler, och multicellulära enheter. 
Generellt sett är en rörlig cell polariserad, vilket innebär att en tydlig framdel respektive 
bakdel kan urskiljas. I fronten skjuter cellen fram ett brett och tunt membranutskott, vilket 
definieras som en lamellipodie. Från detta utskott kan även små finger-lika 
membranprojektioner, s.k. filopodier sticka ut. Dessa tros fungera som cellulära antenner för 
att känna av omgivningen och har förmodligen särskilt stor betydelse vid riktad cellrörelse då 
cellerna vandrar mot ökande koncentrationer av ett stimulus, t.ex. en bakteriell produkt, ett 
skeende som kallas kemotaxi. Ibland kan även blebbar, vilka är små membranblåsor utgå från 
lamellipodien.  

För att en cell ska kunna förflytta sig krävs ett komplicerat samspel mellan cellmembranet och 
omlagring av dess cellskelett s.k. cytoskelett. En av de viktigaste cytoskelettkomponenterna 
vid cellrörelse är aktin, ett protein som har en unik förmåga att bilda dynamiska filament 
genom en process som kallas ”treadmilling”. Kort sammanfattat innebär detta att aktin 
filament (F-aktin), kan byggas på i ena änden genom tillströmning av globulärt G-aktin 
(polymerisering), medan G-aktin frigörs från andra änden (depolymerisering). Inuti celler sker 
detta inte spontant utan står under noggrann kontroll av ett stort antal aktin-bindande 
proteiner, som i sin tur är reglerade av s.k. små G-proteiner, framförallt Rac1och 2, Cdc42 
och RhoA Dessa fungerar som av- och på-knappar för bildandet av olika F-aktin-nätverk och 
därigenom olika membranutskott. Både lamellipodier och filopodier förmodas bildas genom 
att aktin polymeriseras mot membranet och därigenom trycker detta utåt. Det finns emellertid 
andra hypoteser för detta skeende, där samspel mellan aktin polymerisering och vätskeflöden 
inuti cellen eller genom dess membran möjliggör en utåtriktad forcering av membranet.  
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Vattenflöden över cellmembranet sker via en familj av membranförankrade vattenkanaler, 
som benämns aquaporiner (AQP). På senare år har det upptäckts att flera av dessa är 
närvarande i lamellipodien, och att en snabb cellulär rörelseförmåga ofta kan korreleras till 
höga nivåer av AQP. Uttrycket av ett specifikt AQP, AQP9, har bevisats främja bildandet av 
filopodier.  

Baserat på dessa fynd, var syftet med detta projekt att vidare utröna hur och varför AQP9 
påverkar cellers förmåga att förflytta sig och ändra form. Särskild vikt har lagts vid att studera 
samspelet mellan AQP9 och cytoskelettet. För att studera detta, har vi framför allt använt oss 
av olika mikroskopibaserade studier av levande celler, som uttrycker ett ”lysande protein” 
kopplat till AQP9 och andra cytoskelett-associerade protein. Vi har funnit att denna 
vattenkanal ökar vita blodkroppars rörelseförmåga genom att snabbt förflytta sig till 
lamellipodien via ett cellulärt signalsystem, som innefattar påslag av Rac1 och en förmodad 
aktivering av vattenkanalen. Vi har även funnit att AQP9 ansamlas i cellmembranet och 
därigenom främjar formation av membranutskott, t.ex. filopodier som under tillväxten verkar 
sakna aktin i dess toppar. Slutligen har vi med användning av en sårläkningsmodell visat att 
AQP9 främjar migration av multicellulära enheter och att detta till stor del förmodas bero på 
en förbättrad förmåga att svälla av snabba vattenflöden.  

Med ovannämnda resultat som grund, har vi utvecklat modeller för hur vattenflöden genom 
AQP9 kan påverka cellrörelse. Dessa modeller är sammanfattningsvis baserade på att ett 
lokalt ökat vattenflöde kommer att bygga upp ett tryck mellan cellmembranet och 
cytoskeletett vilket i sin tur kommer att rycka loss membranet från förankringspositioner i 
cytoskelettet och därmed trycka det utåt. En sådan effekt ger då utrymme för aktinet att 
polymerisera in i det bildande utskottet och stabilisera detta. Inflödet av vatten leder också till 
utspädning av den tidigare gel-lika cellen och kommer därför att underlätta förflyttningen av 
olika cytoskelett-komponenter till det polymeriserande aktinet. För att ytterligare förstärka 
effekten vid migrationen, kommer samspelet mellan AQP9 och olika signalvägar, associerade 
med cellrörelse, att positionera vattenflödet till de områden där membranutskotten ska bildas. 

Denna studie har introducerat nya rön, och belyst vikten av vattenkanalerna för cellernas 
rörelseförmåga och formförändringar. I ett framtida perspektiv kan vattenkanaler möjligtvis 
utgöra ett terapeutiskt mål för att reglera cellernas rörelseförmåga både stimulatoriskt och 
inhibitoriskt.  
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1 INTRODUCTION 

INTRODUCTION 
Cell migration; an overview  
Cell migration is an evolutionary conserved event and a prerequisite for human life. In a 
broad perspective, this process is vital shortly after conception and throughout the rest of our 
life. Ironically, it is also one of the major causes of disease.  

More specifically, already during early embryogenesis it is essential for the development in 
determining the fate of the fetal cells and in the full-grown human body, it is involved in 
numerous of events. For instance it enables: (i) white blood cells to migrate towards, and 
eliminate bacteria during an infection, (ii) wound healing where epithelial cells and fibroblasts 
migrate into a wounded area, (iii) epithelial cell layer renewal where cells from the basal 
layers in the skin or the crypts in the intestine migrate upwards, and (iv) angiogenesis where 
endothelial cells form new blood vessels. Although these are vital processes, cell migration 
also contributes to pathological conditions. In the context of cancer, it is a hallmark for 
development of metastasis. Here, cells from the primary tumors adapt a motile phenotype and 
migrate toward the blood stream for further spread into other tissues. Thus, a deeper 
understanding of the mechanisms behind this highly complex process will contribute to 
multiple fields of research. Furthermore, in a future perspective, specific therapeutical 
inhibition of cell migration might enable prevention of pathological events such as tumor 
metastasis or chronic inflammation.  

The concept of cell migration was described as a part of inflammation already in the 19th 
century. Here some of the most notable researchers were Julius Cohnheim and Elie 
Metchnikoff [1-3]. More than half a decade later, a series of publications by Abercrombie, 
Heaysman and Pegrum, characterized the pattern of cell migration as cycles of membrane 
protrusions and retractions [4-8]. They also defined the membrane extension that originates 
from the leading lamellae as a lamellipodium and described a filamentous network within this 
structure that today is known to consist of a meshwork of actin filaments. Moreover, credit 
should be given to those who developed the critical methodological assays, e.g. Boyden and 
Zigmond who invented the Boyden and Zigmond chamber, respectively and both of which 
have provided the field with a tremendous amount of valuable data [9,10]. Since then, the 
field of cell migration has expanded dramatically but is still very far from a complete 
description of the mechanism behind cell locomotion. Although it is generally accepted that 
actin is a key player in the motility machinery, its dynamics is assisted and under close 
surveillance by other motility-associated factors. Recently, fluxes of water across membrane-
anchored water channels were shown to have major impact on cell migration [11,12]. 
However, the mechanisms behind this effect still remained to be determined.  

This thesis will assess the role of water fluxes through cellular water channels on cell 
migration. Without intervening with already existing models, it will aid the field of cell 
motility with novel insight of how fluxes of water across the cell membrane may play pivotal 



 
2 WATER FLUXES AND CELL MIGRATION 

roles in this context. We believe that this issue is of great significance in the field of cell 
migration and will contribute towards a refined model thereof. 

Cell migration; at a glance 
In a simplified model, the process of cell migration follows a specific pattern of repetitive 
cycles of protrusion, adhesion and retraction. It is initiated with the development of a wide 
and thin membrane protrusion termed lamellipodium that extends from the leading edge of the 
cell. This structure will then adhere to the underlying substratum, followed by a subsequent 
retraction of the rear portion of the cell (Fig. 1). In this manner, the cell moves forward 
towards its destination. A migrating cell is highly polarized with a distinct front and rear, 
enabled by activation/inactivation of different sets of proteins at these sites. 

During directional migration, the cell is frequently guided by extracellular cues, e.g. a soluble 
gradient of a migration stimulatory compound; a process called chemotaxis. Depending on the 
cell type and potency of the specific compound, the cell can sense minute differences in 
concentration and migrate towards a higher concentration. To further augment the sensitivity 
it protrudes small finger-like projections, defined as filopodia, acting as gradient sensors for 
both soluble and substrate-bound attractants. These protrusions, typically originating from the 
lamellipodium, guide the cell towards the source of the gradient. 

In order to migrate the cell must be able to rapidly change shape. This is enabled by interplay 
of a highly dynamic plasma membrane and cytoskeleton. Within the membrane, receptors 
bind and respond to the chemotactic compound. This elicits a signaling cascade that triggers 

the cytoskeletal motility machinery in which 
the main component is a protein called actin. 
The latter exists as either monomeric (G-
actin) or filamentous (F-actin). Filamentous 
actin has the ability to treadmill, meaning that 
it can polymerize in one end and 
depolymerize in the other. By polymerizing 
into a membrane protrusion, the newly 
created rigid meshwork of actin will stabilize 
this structure and further acts as an anchoring 
site for adhesion proteins that links the 
cytoskeleton to the extracellular matrix 
(ECM). This enables the cell to exert a 
traction force on the newly created 
lamellipodial adhesions and thereby pull the 
cell forward, while simultaneously retracting 
its rear end through a series of cytoskeletal 
contractions. Thus, the actin-cytoskeleton is 
vital for the migratory cycle. However, it is 
also under tight regulation of other migration-
associated proteins. 

Figure 1. – The migrating cell 
The cell is polarized in the direction of 
migration. In the leading edge, it extends a 
wide and thin membrane protrusion, the 
lamellipodium from which small finger-like 
projections, the filopodia, originate. The 
migration is directed towards the higher 
concentration of a gradient originating from a 
chemotactic stimulus such as bacteria.  
 



 

 
 

3 INTRODUCTION 

Modes of migration 

Directional migration 
A cell can sense and react to extracellular cues and this phenomenon constitutes the basis for 
all modes of cell migration. As a response to these factors the cell initiates directional cell 
migration that has two sources called intrinsic directionality and external regulation [13]. The 
intrinsic directionality is triggered when the cells are subjected to a uniform stimulation of a 
migratory stimulus without giving the direction of migration, a process known as 
chemokinesis. External regulation, which includes a directed migratory response to an 
external gradient, triggers the cellular steering system and will guide the cell towards the 
higher concentration [13]. The cellular compass is extremely sensitive and can under certain 
circumstances sense a 1% difference in the gradient across the cell surface [14]. The 
definition of such a response is determined by the nature of the external cue; migration 
towards (i) a soluble gradient is defined as chemotaxis, (ii) a substrate-oriented gradient is 
characterized as haptotaxis [15], (iii) an electric field is called electrotaxis or galvanotaxis 
[16-18] and (iv) a response to mechanical properties, e.g. substrate rigidity is defined as 
durotaxis [19]. For an overview of these cellular responses see review by Wilkinson [20]. In 
its natural environment, the cell simultaneously encounters numerous stimuli that affect the 
direction of migration. At a given moment, the cell might encounter both soluble and 
substrate-attached gradients while migrating in a matrix with varying compliance.  

Migratory patterns 
Apart from reacting to various external cues, cells can utilize different migratory patterns. 
Explicitly, any given context triggers a unique migratory phenotype. However, in a simplified 
model these are narrowed down to a limited number of patterns depending on: (i) cell 
morphology, (ii) cell-ECM interactions and (iii) cytoskeletal organization. Moreover, cells 
can migrate both as single cells and as multicellular units.  

Single cell migration 
At the single cell level, two of the most described modes of migration are defined as 
amoeboid or mesenchymal, but definitions of these modes are, however, only two extremes of 
a continuum [21]. The term amoeboid migration is derived from the manner Amoeba proteus 
moves. Within the human body, fast-migrating cells such as leukocytes utilize this pattern, 
which is characterized by cell crawling and where the cells change shape by frequently 
deforming the membrane into extensions described as pseudopodia (Fig. 2). It is also believed 
to be dependent on fairly weak adhesive interactions with the surrounding matrix [22-26]. 
Albeit seen as a continuum, amoeboid migration exists as two modes called blebbing and 
gliding migration. The former is a contraction-based locomotory pattern characterized by 
formation of numerous membrane blisters called membrane blebs, while the latter more 
resembles polymerization-driven migration that results in a cellular phenotype that glides over 
the substrate [25]. In contrast, the mesenchymal migration mode that is utilized by e.g. 
fibroblasts follows the well-described multistep cycle of protrusion, adhesion and retraction. 
Furthermore, it is dependent on integrin-mediated adhesions and the migrating cells are highly 
elongated with distinct lamellipodia (Fig. 2). Incidentally, the traction forces exerted on the 
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focal and nascent adhesions present in mesenchymal migration are involved in pushing and 
pulling the cell forward [7,21,27,28].  

Much of what today is known about cell 
locomotion is based on observations of cells 
moving in two dimensions (2D). In this 
environment, cells can easily sense differences 
between the rigid underlying substrate and the 
surrounding fluid and hence, they polarize on the 
substrate. However, in vivo the cell regularly 
encounters an extracellular matrix in 3D and is 
thus subjected to more complex signaling events. 
Therefore, studies in the field are slowly shifting 
focus towards migration in 3D-matrices. In this 
context, amoeboid and mesenchymal cell 
phenotypes are different from 2D (Fig. 2). Here, 
cells utilizing the mesenchymal mode are 
characteristically spindle shaped cells with 
multiple pseudopods. Locomotion of these cells 
is associated with matrix degradation, e.g. by 
matrix metalloproteinases (MMPs) secreted from 
invasive pseudopods or invadopodia, while 
amoeboid migration more resembles cells 
squeezing through pores in the ECM rather than 
degrading it [26,29-31]. It has also been shown 
that some cell types can switch between modes 
of migration and such motility is proposed to be 
a mechanism for tumor cells to evade anti-
metastatic drug treatment with e.g. MMP 
inhibitors [29-34]. 

Multicellular migration 
Although cell motility can be described as single 
cell and multicellular migration, these modes are 
not always clearly separated, i.e. a collection of 
single cells can migrate in a well-organized 
fashion; a process called cell streaming and is 
observed in metastasizing breast cancer cells [35] 
and neural crest cells during embryonic 
development [30,31,36]. However, the most 
studied form of multicellular migration is called 
epithelial sheet migration and occurs in processes 
such as renewal and wound healing in epithelial 
cells in the skin and intestine [37,38]. Here, the 

Figure 2. – Modes of cell migration 
(Blue panel) The characteristic phenotypes of 
the three most frequently observed modes of 
single and multicellular migration in 2D. In 
3D (pink panel), the modes of single cell 
migration may vary between non-invasive 
amoeboid/blebbing migration, or invasive 
mesenchymal migration that is associated 
with matrix degradation.   
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cells move as a polarized monolayer with integral epithelial integrity and intact para-cellular 
junctions. The cells are, however, morphologically different throughout the migrating 
monolayer, where cells close to the margin usually are thinner and more spread on the 
substrate (Fig. 2). They furthermore extend distinct lamellipodia in the direction of migration 
and can be characterized by the activation of motility-related proteins [39]. Since this type of 
locomotion is highly influenced by surrounding cells, it adds another parameter in the 
complexity of cell migration and it is not known whether it is driven by: (i) cells close to the 
margin pulling the sheet, (ii) cells distant from the margin pushing the sheet or (iii) a 
combination of these processes. It has also been proposed that cells within the monolayer are 
assigned specific migratory roles as pioneers and followers, depending on their ability to 
respond to external cues [40]. In this environment, the pioneering cells guide the followers in 
the direction of migration.  

Taken together, there are many different modes of cell migration and they vary depending on 
cell type, number of cells, substrate composition, the presence and nature of external cues and 
cellular responsiveness to these. Thus, each context elicit a unique mode of migration that can 
be classified according to parameters and determinants that are based on what today is known 
about cell motility. In a future perspective, we will hopefully be able to more specifically 
identify and manipulate these modes and characterize novel key players crucial for switching 
between patterns of cell migration. 

The plasma membrane 
All living cells are enclosed by a lipid bilayer defined as the plasma membrane. This 
membrane is as such practically impermeable to water and other hydrophilic solutes and acts 
as a barrier separating the cell from its surrounding environment. The cell´s sensory and 
communicating machinery is therefore mainly controlled through intracellular signaling 
pathways that are triggered by membrane-anchored receptor-ligation. Here, two of the most- 
studied families of motility-related receptors are the G-protein coupled receptors (GPCRs) 
and the receptor tyrosine kinases (RTKs), both of which have at least one extracellular and an 
intracellular domain. The GPCRs, however, span the membrane seven times while RTKs only 
tend to pass the membrane once.  

Due to its impermeability to water and charged ions, the cell membrane can efficiently 
regulate the entry and egress of such molecules with the aid of membrane-bound channel 
proteins and transporters. For example the Na+/K+ ATPase is known to consume energy while 
transporting Na+ and K+ ions across the membrane [41] and aquaporins (AQPs) allow passage 
of water [42]. It is, however, worthwhile to mention that there are a variety of channel 
proteins and transporters present in each cell and this is further discussed on page 27-32. 

The lipid composition in the plasma membrane is a multifaceted mixture of lipids varying in 
head groups, acyl-chain lengths, saturation of tail groups and association with other lipids or 
proteins. The most common group of structural lipids in the plasma membrane is 
glycerophospholipids, e.g. phosphatidylinositol (PI) and phosphatidylcholine (PC) that 
accounts for more than 50% of the phospholipids in many eukaryotic membranes. The PCs 
adopt a cylindrical structure with their head groups facing outward and form a bilayer that is 
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disordered and very fluidic at room temperature [43]. Another abundant group of membrane-
associated lipids are the sphingolipids and among these are sphingomyelin (SM) and 
glycosphingolipids, like ganglioside GM1, which is the target-lipid for cholera toxin [44]. The 
SM lipids form a narrower cylindrical structure and pack more densely than PCs. They are 
usually defined as highly ordered and adopt a more solid gel-like phase at room temperature 
that move slower than the PC-enriched liquid-disordered phase. Furthermore, the membrane 
consists of sterols (predominantly cholesterol in mammals) that can mix with the bilayer-
forming lipids and thereby form a phase entitled the liquid-ordered phase. This phase has the 
order of a solid gel-phase but the mobility of a liquid disordered phase and is said to have a 
raft-like behavior in the plasma membrane. For detailed information about the lipids in the 
cell membrane, see review by van Meer et al. [43]. 

In 1972, Singer and Nicolson proposed a model for the cell membrane structure called the 
fluid mosaic model and described the membrane as a 2-dimensional viscous bilayer in which 
proteins float around [45]. However, the membrane was later shown to be asymmetric in 
terms of lipid composition and this was true for the inner and outer leaflet of the bilayer and 
the apical and basolateral side of epithelial cells [46]. Furthermore, new findings, i.e. protein 
confinement in the plasma membrane [47] suggested a more complex membrane-protein 
behavior than originally interpreted and this led to a revision of the model for cell membrane 
structure [48] and later, to the proposal of membrane micro-domains, such as lipid rafts [49]. 
Lipid rafts adopt a liquid-disordered phase that are rich in sphingolipids and cholesterol and 
are insoluble in the detergent Triton X-100 at 4°C. As a consequence of the specific lipid 
composition in the rafts, a distinct set of proteins are known to associate to these particular 
micro-domains, viz. glycosylphosphatidylinositol (GPI)-anchored proteins that are likely to 
associate with glycolipids. Thus, a lipid raft could serve as a signaling entity that assembles 
specific sets of proteins for further downstream signaling. The mobility and rigidity of these 
liquid-ordered structures could further augment membrane relocalization of such arrays. It 
should, however, be emphasized that the existence and structure of lipid rafts still are debated. 
Indeed, it has been suggested that they may even be artifacts of the detergent extraction of the 
membrane [50]. 

The membrane during migration 
Cell locomotion comprises closely integrated interactions between the membrane and the 
cytoskeleton. Thus, the interplay of the membrane and the cytoskeletal motility machinery is a 
prerequisite for the migratory cycle. In a similar fashion as proteins are unevenly distributed 
in a polarized cell, it also applies to lipids. In this context, phosphoinositides are unevenly 
distributed and their phosphorylation status is under tight regulation by the phosphatase and 
tensin homolog (PTEN) and phosphoinositide 3-kinase (PI3K) proteins [51]. In conjunction 
with forward movement of the lamellipodium a retrograde flow of adhesion molecules, such 
as integrins, can be observed along with continuous actin polymerization in the leading edge. 
Active recycling of such components is therefore required to supply the leading edge with 
new adhesions sites and how this is achieved needs to be further elucidated. For a detailed 
report of possible membrane-assisted mechanisms in this framework, please see the review by 
Keren et al. [52]. In brief, tracking of lipid-bound receptors and photobleaching experiments 
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has shown that the membrane moves along passively with the migrating cell, ruling out a 
forward transport due to membrane motion [53-55]. This suggests a motor-driven recycling, 
that might involve transport of endo- and exocytotic vesicles containing the respective 
protein.  

The majority of cell migration modes rely on shape changes, which usually are accompanied 
with fluctuations in the area of the plasma membrane. The latter can, however be regarded as 
relatively inelastic and can only be stretched less than 4% before rupturing [56]. Thus, the 
plasma membrane must buffer itself to account for dramatic shape changes and this 
mechanism involves regulation of membrane tensions and folding [57]. With the aid of an 
optical trap that can pull on the cell membrane and create membrane tethers, Raucher and 
Sheetz [58] showed that the membrane contains a reservoir that probably exists as membrane 
folds. Furthermore, they found that the latter slightly increased in hypotonic solutions 
indicating a feedback mechanism suggested to be regulated from an increase in membrane 
tension. Considering that the cell membrane is continuously interacting with the cytoskeleton, 
the cellular morphology is defined by: (i) the membrane area, (ii) the cell volume, and (iii) the 
attachment to and shape of the cytoskeleton and thus, the tensions in the membrane should be 
affected by all these factors. Yet, only minor differences were observed during volume-
regulatory stimuli such as osmolarity changes [59]. In addition to buffer the plasma 
membrane, the membrane folds have, together with contractions and dilatation of the cortical 
cytoskeleton, been shown to evoke oscillatory protrusions in cells by inflating or deflating the 
membrane folds and thereby promote cell migration [60]. In neutrophils, exposure to a 
uniform chemotactic stimulus has been shown to increase the plasma membrane tensions and 
to regulate protrusion and maintain polarity [61]. The mechanism behind this effect was 
suggested to rely on a global inhibition of protrusion by the increased membrane tension and 
could provide a link between mechanical and chemical cell signaling. In brief, the model 
suggests that increased membrane tension, is developed subsequently to the formation of the 
leading lamellum. In this manner, the lamellipodium overrides the inhibitory tension by 
establishment of chemical lamellipodial-promoting positive feedback loops. However, 
whether this model holds true for other cell types and in directional cell migration remains to 
be elucidated. Taken together, interplay of the membrane and the cytoskeleton is vital for cell 
migration but due to the complexity of both systems we are still very far from a 
comprehensive model.  

The cytoskeleton  
The cytoskeleton is a multifunctional platform that is indispensible for cell survival by 
regulating the cell shape, rigidity and by bidirectionally conveying mechanical and chemical 
signals between the cell exterior and interior. This network of filaments in conjunction with a 
variety of motor proteins is also responsible for transport of proteins intracellularly, in the 
membrane, to the cell exterior or between these compartments. The major filamentous 
components within the cytoskeletal network are entitled actin microfilaments (F-actin), 
intermediate filaments (IFs), and microtubules (MT), where F-actin are relatively thin fibers, 
approximately 5 nm in diameter, while IFs and MTs range from 7-14 nm and 22-25 nm, 
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respectively (Fig. 3). All of these filamentous systems are linked together through various 
interconnecting protein systems.  

The intermediate f i laments (IFs) 
The IFs differ from the other filamentous systems in that they are divided into six different 
types (called type I to VI), which in turn contain different sets of IF proteins. Moreover, the 
expression of IFs varies between different cell types, where: (i) keratins are found in epithelial 
cells, (ii) desmin is expressed in muscle cells, and (iii) vimentin can be observed in 
mesenchymal cells. Co-expression of IFs can, however, also occur resulting in an even further 
complex expression pattern. The various forms can moreover be distinguished in terms of 
subcellular localization where, for instance the lamins are associated with the inner nuclear 
membrane. For further reading about the structure, classification and function of different IFs 
please see [62]. In the context of cell migration, the IFs are the least studied of the filamentous 
molecules. Loss of vimentin has, however been shown to alter mesenchymal wound healing 
processes and lymphocyte adhesion and transmigration [63-65] through a mechanism 
suggested to involve integrin regulation and signal scaffolding [66,67]. Furthermore, keratin 
filaments were shown to extend into the leading edge of migrating cells [68] and to promote 
cell invasion [69]. Hence, how IFs are involved in the migratory process remains to be 
elucidated and the field is currently expanding.  

The microtubules (MTs) 
 Microtubules are polymers of the globular proteins α- and β-tubulin. Both these proteins bind 
and hydrolyze GTP and they are almost indistinguishable except they organize differently in 
the tubule with respect to the GTP-binding pocket. The microtubule is a hollow, polarized 
filament that is organized in a manner, where the α- and β-tubulin are added on top of each 
other. Thus, the tubule consist of an α- and β-tubulin end called the minus and plus end, 
respectively. In cells they emerge from a center termed the microtubule organization center 
(MTOC) and from there they grow in a dynamic instable manner with repetitive cycles of 
polymerization and depolymerization. In addition, MT stability and dynamics are under tight 
regulation of numerous of tubulin-associated proteins, e.g. the tau protein, which aids their 
assembly and katanin, that promotes tubulin severing. Furthermore, the filaments act as 
"cellular highways" for motor proteins where kinesin and dynein transport cargo to the plus 
and minus end, respectively. Early observations concerning microtubules and migration 
showed that these were necessary for proper fibroblast migration [70,71]. Surprisingly, it was 
later shown that epidermal fish keratocytes could migrate independently of MT [72]. 
Furthermore, inhibition of microtubule polymerization was shown to facilitate neutrophil 
migration [73]. However, glioblastoma cell motility was shown to completely depend on the 
microtubular network, while little effect was observed upon actin disruption [74]. One 
explanation for these observations could be that the microtubules regulate focal adhesions and 
thereby affect the contractility of the cytoskeleton [75]. Rapidly moving cells, such as fish 
keratocytes and neutrophils, are not dependent on focal adhesions and might therefore not be 
affected. Another suggestions is that MTs act as negative regulators of local cell morphology 
remodeling, where the dynamics of the MTs is more relevant than their presence or absence 
[76]. In brief, this model proposes that a static microtubular network in the trailing rear end of 
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the cell prevents it from forward movement and freezes the cell in its morphological state. It is 
furthermore recognized that a crosstalk occurs between the microtubular and actin 
cytoskeletal networks [77], where the latter undoubtedly is the most- studied motility-
associated component and is essential for virtually all steps in the migratory cycle. 

The actin f i laments 
The actin monomer is a globular protein, defined as G-actin, and has the ability to bind ATP 
and Ca2+. Although mammals express different isoforms of this protein, they are essentially 
indistinguishable and they all have the ability to polymerize actin monomers and subsequently 
form elongated filaments. If actin monomers are exposed to ATP, they spontaneously 
polymerize and the assembly of a few monomers into an oligomer initiates the 
polymerization. This process is called de novo actin nucleation and is the rate-limiting step in 
actin polymerization. After nucleation, G-actin will continue to add to the ends of the existing 
filaments until equilibrium is reached, resulting in a balance between association and 
dissociation of monomers to the filament. This is achieved when an adequate amount of G-
actin has been consumed from the buffer and is defined as the critical concentration (Cc). This 
concentration is, however different for the two ends of the filament resulting in a filament that 
polymerizes in one end while depolymerizing in the other. Thus, the filaments appear to move 
in a process called treadmilling, and the growing and shrinking end of the filament are termed 
barbed (+) and pointed (-) ends, respectively. Although actin can polymerize in the presence 
of ADP, ATP-bound G-actin facilitates polymerization and is continuously added to the 
barbed end [78]. However, further down the filament the ATP is hydrolyzed to ADP, which 
greatly increases the Cc of the pointed end with respect to the barbed end. In cellular systems, 
polymerization of actin is, however considerably more complicated and is tightly regulated by 
numerous proteins. This regulation, together with the involvement of actin in the process of 
cell migration will be further addressed below. 

Figure 3. – The cytoskeletal network 
C3H10T1/2 fibroblasts immunostained for tubulin (green) and actin (red) to visualize the 
distribution of the filamentous cytoskeleton. The merged image also contains the nuclear stain 
DAPI (blue). The images are maximum intensity projections of 3 confocal slices. Scalebar 10 µm. 



 
10 WATER FLUXES AND CELL MIGRATION 

The actin moti l i ty machinery 
The dynamical traits of actin filaments are influenced by several of proteins that interact, 
either directly or indirectly with actin filaments or monomers. The actin-binding proteins 
(ABPs) are in turn regulated by other upstream effectors, such as small GTPases within the 
Rho family, resulting in a highly flexible but complex signaling system. Here, this array of 
signaling molecules will be described based on their primary or secondary interaction with 
actin.  

Actin-binding proteins (ABPs)   
As implied by the name, ABPs are interacting with actin molecules. Presently, more than 150 
ABPs have been identified and this number is continuously increasing. This section will only 
review a selection of some the most studied ABPs and for an extensive review concerning this 
topic, see Ref [79]. Below, the ABPs are divided into groups based on their effect on actin 
polymerization, structure and stability, i.e. actin nucleators, regulators of filament dynamics, 
monomer binders, crosslinking proteins, and contractility regulators in a manner inspired by 
Winder and Ayscough [80]. For an overview of some of the ABPs and their function on actin, 
see Fig. 4. 

Actin nucleators 
Intracellularly, actin nucleation is promoted by several proteins that catalyze this energetically 
unfavorable event (Fig. 4B). One of the most studied actin nucleator is a complex termed 
actin-related protein (Arp) 2/3 that can bind and nucleate existing actin filaments from the 
side [81,82]. The angle of which the complex is attached to the preexisting filaments is always 
70°, resulting in a Y-branched filament [83]. However, Arp2/3 possesses little activity 
without assistance of other nucleation-promoting factors (NPFs) called class I and class II 
NPFs. The former includes proteins such as the Wiskott-Aldrich syndrome protein (WASP; 
and the closely related neural (N)-WASP) and the suppressor of cyclic AMP repressor 
(SCAR; also known as WASP-family verprolin-homologous protein (WAVE))[84,85]. These 
proteins all share a domain that binds G-actin and Arp2/3 [86], while the class II NPFs, such 
as cortactin, in contrast binds Arp2/3 and F-actin and are less potent activators in vitro [87-
89]. For further reading see [82,90,91].  

The second group of actin nucleators consists of the formins. These proteins nucleate actin 
filaments from the barbed ends while simultaneously protecting them from capping. In 
mammals, 15 different formins are known and these are divided into eight families, where the 
best characterized family is the Diaphanous (Dia) formins [92]. In general, formins are 
depicted as dimers and contains two key domains defined as formin homology (FH) 1 and 
FH2, where FH1 binds to profilin:actin complexes (see page 12 monomer-binding proteins) 
and the FH2 associates around the barbed ends of the filaments [93-97]. The dimer resembles 
a two-armed doughnut that embraces the barbed end of the filament while catching new 
profiling-bound monomers, promoting elongation. As a consequence of the attraction to 
barbed ends, the polymerization results in long, unbranched microfilaments. In contrast to 
Arp2/3, the formins can also be regarded as elongation factors. That is, in addition to 
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nucleation, they also move along with the polymerizing filament, thus shielding it from other 
proteins such as capping proteins. For more details, please see [92,98,99]. 

The third group is a relatively recently discovered family of nucleators, that are entitled 
WASP homology (WH2)-domain-containing actin nucleators and include the proteins 
Cordon-bleu (Cobl) [100], Leiomodin [101], Spire [102] and Adenomatous polyposis coli 
protein (APC) [103]. These proteins facilitate the assembly of an actin core that constitutes a 
polymerization nucleus. The specific mechanism for the actin nucleation also appears to vary 
between the proteins, but evidently it involves the WH2 domain, which acts as an actin-
binding motif. Nevertheless, other actin-binding domains may also be present. Furthermore, 
some of the WH2-domain proteins, e.g. Spire and APC, are known to act synergistically with 
formins [103,104]. However, not much is known about their role in cell migration. For recent 
reviews of WH2-domain-containing actin nucleators see [98,102,104]. 

Regulators of filament dynamics 
Although this definition can be applied to all of the ABPs, this section refers to proteins that 
affect polymerization by direct interactions with F-actin. There is a large collection of 
proteins that regulate filament dynamics and stability, acting at all sites of the polymerizing 
filament. Moreover, this field is rapidly expanding and novel roles for members within this 
group are continuously detected. For instance, tropomyosins that are mostly characterized in 
muscle cells, primarily was assigned a role by binding to actin and thereby blocking potential 
binding sites for myosin [105]. However, non-muscle tropomyosins appear to serve several 
additional functions as indicated by the presence of dynamic tropomyosin pools during 
migration, and localization of these to active protrusive sites during these events [106-110].  

At the barbed end, the capping protein (CP; also called β-actinin or CapZ) prevents further 
elongation of actin filaments by a process that resembles masking of the filament tip [111]. In 
contrast, the Ena/VASP has been characterized as a "leaky capper", promoting filament 
elongation in the presence of profilactin and is therefore usually referred to as an elongation 
factor (Fig. 4B) [112,113]. It should, however, be noted that the exact mechanism for 
Ena/VASP-facilitated filament elongation is not elucidated [114,115]. Within this family 
there are three mammalian members; Mena, VASP and Evl [116]. Gelsolin is an additional 
barbed end-associated protein, which in the presence of Ca2+, binds to the side of F-actin and 
severs it, resulting in shortening of the filament [117,118]. After severing, it stays on and caps 
the barbed end, preventing it from further elongation, an interaction that is inhibited by 
phosphoinositides (Fig. 4C) [119-121].   

Actin-depolymerizing factor (ADF) /cofilin is a family of proteins also associated with actin 
severing and depolymerization [122]. However, these proteins act at the pointed end, having 
increased affinity for ADP-loaded actin. Involvement of ADF/cofilin in actin dynamics has 
been shown to differ depending on the concentration of cofilin molecules. In low 
concentrations, the protein severs actin filaments at their pointed ends thereby generating new 
barbed ends and release of actin monomers. At higher concentrations, numerous molecules 
will, however bind the F-actin resulting in stabilization of the filaments and at a very high 
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concentration they even acts as monomer nucleators [123]. For reviews considering 
ADF/cofilin see [124,125]. 

Monomer-binding proteins 
Intracellularly, the concentration of actin monomers is far higher than the Cc for actin 
polymerization. This is due to a continuous need for a pool of available actin monomers to be 
directed to and rapidly engaged in actin polymerization. The cell therefore contains monomer-
buffering systems that sequester G-actin and can provide elongating filaments with 
monomers. One of the monomer-buffering families is the thymosin family, mainly thymosin-
β4, (Tβ4; Fig. 4C) [126,127]. In rapidly moving cells, e.g. hematopoietic cells, this protein is 
present at relatively high concentrations and sequesters actin monomers at a ratio of 1:1 with 
higher affinity for ATP- than ADP-bound actin (Fig. 4C) [128-130]. The process of monomer 
sequestering is aiding the resting cell in keeping the concentration of free monomers below 
the Cc of for actin polymerization. Upon activation, uncapping of the barbed ends will, 
however, lower the Cc to a concentration below KD for Tβ4 to actin resulting in de-
sequestering and thus allowing actin polymerization. 

Profilin is one of the primary proteins that buffer monomeric actin (Fig. 4B-C). However, the 
term actin-buffer is slightly misleading since it assigns profilin a rather passive cellular task, 
which is not the case [131-133]. When profilin is bound to actin, also defined as profilactin, it 
catalyzes the ADP to ATP exchange in monomeric actin thereby facilitating the availability of 
new monomers for barbed end polymerization [134,135]. Furthermore, through its FH1-
binding domain, it scaffolds the monomeric actin to other proteins, e.g. formins [94,95,97].  

Actin crosslinking proteins 
As the name implies, actin crosslinking proteins can bring actin fibers together to form cables 
or arrays of F-actin. Thus, they must contain more than one actin-binding site or exist as 
multimers. Occasionally, this group is divided into actin crosslinking or -bundling proteins 
based on the resulting structure of the actin fibers; the crosslinking proteins can arrange F-
actin into various arrays while the bundling proteins are more associated with thick actin 
cables. In reality, these differences can be very subtle and viewed as two extremes of a 
continuum. Two of the most studied crosslinking proteins are fascin and α-actinin (Fig. 4B). 
Fascin was originally discovered as an actin-bundling protein in the 1970s [136,137]. It has 
two actin-binding domains and the crosslinking ability is negatively regulated by PKCα-
mediated phosphorylation [138-142]. In contrast, α-actinin only contains one actin-binding 
domain but can crosslink filaments by dimerization. Furthermore, it is a member of the 
spectrin family of actin crosslinking proteins reviewed in [143].  

Regulators of actin contractility 
The proteins within the myosin superfamily are molecular motors that interact with actin, e.g. 
by filament contraction or by transporting cargo along the filaments. Today, there are 13 
known human myosins characterized by: (i) a motor domain which is an ATPase, (ii) a lever 
arm, (iii) a coiled coil region if the myosin is two-headed and (iv) a target domain [144]. A 
myosin molecule binds and releases actin microfilaments in a cycle that involves hydrolysis  
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Figure 4. – Actin binding proteins 
(A) Typical actin binding proteins. (B, left) Nucleation by the WH2-domain-containing actin 
nucleator Spire. (B, middle) actin-bundling effect of fascin and elongation of actin by anti-capping 
activity of Ena/VASP. (B, right) Arp2/3-mediated actin branching and subsequent filament capping. 
Illustrated is also formin-facilitated elongation and interaction with profilactin (profilin:actin). (C) 
Severing of actin filaments by gelsolin and cofilin. The cofilin-mediated severing enables monomer 
release and sequestering by thymosin-β4 and profilin. (D) Myosin II-binding of actin filaments. 
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of ATP. Thus, a double-headed myosin molecule might be able to "walk" along actin fibers 
through a fine-tuned system involving ATP hydrolysis. In the context of cell migration, non-
muscle myosin II is an extraordinary myosin [145,146]. It contains two globular head 
domains that bind to actin, ATP and the neck region consisting of one essential and one 
regulatory light chain. Adjacent to these are the heavy chains that form a coiled coil, i.e. a 
dimeric structure (Fig. 4D). The latter domain also enables myosin II molecules to interact 
with other myosin II proteins and attach to different actin filaments. Furthermore, the 
hydrolysis of ATP is catalyzed by actin, which thereby enables conversion of chemical to 
mechanical energy resulting in an inter-filamentous contractile force, defined as a power 
stroke. This contractile event is under tight regulation by phosphorylation of the regulatory 
light chain [147,148]. Thus, myosin II can generate tension in the actin cytoskeleton in a 
phosphorylation-dependent manner.  

Actin-membrane anchors 
This group of proteins shares the feature of providing a link between the actin and the 
membrane. However, functionally and structurally, these proteins may be highly diverse and 
their definition is also diffuse since they can act by either directly couple actin to the 
membrane or provide a scaffold for indirect coupling. Nevertheless, they are essential for 
actin dynamics and are usually localized to various adhesion sites. Talin, for instance, is 
involved in anchoring actin to the membrane at focal adhesion sites [149-151] and dystrophin 
anchors are responsible for binding to the membrane and to the dystrophin-associated protein 
complex that is involved in laminin adhesions [152]. The ERM proteins, including ezrin, 
radixin and moesin, also anchors actin to the membrane but are not directly associated with 
adhesion sites. They are, however, functioning as an entity for signal scaffolding assembling 
actin and other signaling molecules at the membrane [153,154].  

Small GTPases 
In 1992, Hall and co-workers published two papers that later became milestones in the field of 
cell migration [155] describing the involvement of the small GTPases within the Rho family, 
i.e. Rac and Rho, in the formation of membrane ruffles and actin stress fibers [156,157]. Since 
then, extensive research has revealed involvement of several GTPases, the most studied being 
Rac, Rho and Cdc42. Differential roles of these GTPases will, however be described 
elsewhere. Many of the ABPs and other actin-associated proteins are under the influence of 
upstream regulation by these GTPases that bind and hydrolyze GTP. By doing so, they act as 
molecular switches when they cycle between the GTP-bound active state and the GDP-bound 
inactive state. Although they pose intrinsic GTPase activity, this process is further catalyzed 
by GTPase-activating proteins (GAPs; reviewed in [158]). To become reactivated after GTP 
hydrolysis, the complete GDP molecule is subsequently switched for another GTP molecule; 
a process that is catalyzed by guanine nucleotide exchange factors (GEFs; reviewed in [159]). 
The Rho-GTPases are prenylated, which augments plasma membrane localization and thus, 
they act at the plasma membrane. They can, however, also be observed in the cytoplasm, 
since Rho guanine nucleotide dissociation inhibitors (Rho-GDIs) can sequester most of the 
cellular pool of the GTPases and act as chaperones to prevent them from localizing to the 
plasma membrane while simultaneously protecting them from degradation [160]. 
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Furthermore, Rac, Rho and Cdc42 have been shown to compete for the same GDI. It was 
consequentially shown that overexpression of one of the GTPases resulted in outrival of the 
other for GDI binding and hence resulted in their degradation [161]. Accordingly, 
overexpression of one of the GTPases results in silencing of the others. To highlight the 
complexity and significance of this signaling network there are today more than 80 
mammalian GEFs and GAPs known each, and three Rho-GDIs [162]. In addition, the GTPase 
activity can also be altered by direct phosphorylation, e.g. Cdc42 and Rac are susceptible for 
PKA-mediated phosphorylation on serine 71. The effect of the latter is not entirely clear but 
appears to involve regulation and determination of selected signaling pathways [163-165]. 

The migration cycle, bringing it  al l  together 
As previously described there are different modes of cell migration. Accordingly, they differ 
in terms of cytoskeletal dynamics. With this in mind, this section aims to describe the 
migration cycle in a generalized manner, including aspects of the cytoskeletal dynamics that 
are fundamental for most cell types and migratory patterns. Although cell motility is a multi-
step process the focus below will be primarily on cell polarization and membrane protrusion, 
in relation to adhesion and retraction.  

Polarization 
Initiation of migration is usually triggered as a response to external stimuli, e.g. a chemotactic 
compound that subsequently results in cell polarization. This yields a morphologically 
polarized cell that is relatively elongated on the substratum with a distinct front and rear that 
thus has acquired a spatial asymmetry. Within the cell, a variety of proteins and lipids are in 
turn polarized; they are asymmetrically distributed or activated/inactivated at specific 
subcellular sites. The chemotactic receptors are, however, usually uniformly distributed 
throughout the cell [166,167] suggesting that the asymmetric distribution is triggered by other 
mechanisms. These have not been fully elucidated but apparently involve a complex 
apparatus of distinct lipid/protein distributions, cytoskeletal arrangements and feedback loops. 
It should be emphasized that polarization is a prerequisite for both initiation and maintenance 
of locomotion. For an overview of a selection of processes during cell polarization, see Fig. 5. 

A well-characterized chemotactic compound for neutrophils is the N-formylated peptide 
containing three amino acids called f-Met-Leu-Phe. The most studied receptor for this peptide 
is a member of the GPCR-family [168] and elicits a well-characterized signaling pathway 
involving for instance activation of PI3K and subsequent generation of 
phosphatidylinositol(3,4,5)triphosphate (PI(3,4,5)P3) from PI(4,5)P2 [169]. During migration 
PI(3,4,5)P3 can be probed by its ability to bind the pleckstrin homology (PH) domain on 
protein kinase B (PKB), by coupling the latter domain to GFP [170]. In several studies of 
different cell types, including neutrophils [171], distinct localizations of these lipids were 
found along the direction of the chemotactic gradient [172]. Moreover, the phosphatase and 
tensin homologue (PTEN) protein, that dephosphorylates PI(3,4,5)P3, was found at the sides 
and rear of the cells during migration [173,174]. This suggested that a cellular compass is 
based on the localization of PI3K and PTEN and the lipid products thereof, subsequently 
resulting in asymmetric distribution of their downstream targets. However, as reviewed by 
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Cain and Ridley, [175], the mechanism was shown not to be as straightforward as initially 
proposed and the contribution of PI3K in directional sensing and polarization was shown to 
vary due to factors such as the particular PI3K isoform, cell type, substrate and presence of 
alternative signaling pathways.  

PI3K and PI(3,4,5)P3 are also proposed to propagate and amplify signals to and from the 
small GTPases in feedback loops [172,176]. In a simplified model, the general assumption of 
the localization of Cdc42, Rac and RhoA is that: Cdc42 and Rac are gradually activated 
towards the leading edge while active RhoA is more confined to the trailing end. However, as 
reviewed by Pertz [177], this is not entirely true and active RhoA also localizes to membrane 
protrusions. GTP-bound Cdc42 is thought to be the main regulator of cell polarity [178,179]. 
When activated, it is known to associate with the partition-defective protein (Par) 6, which 

Figure 5. – Cell polarization 
(A) When a cell attaches to a surface, it initially adopts a round shape and then polarizes into a 
migratory phenotype with a distinct front and rear. Moreover, the G-protein coupled receptors (GPCR) 
are uniformly distributed throughout the cell but an asymmetrical distribution of phosphoinositides is 
generated and maintained by PI3K and PTEN. (B) A snapshot of lamellipodial activity during 
polarization. Ligand binding by GPCR activates PI3K that generates PI(3,4,5)P3 and eventually 
activates Rap1. The latter is scaffolded to the polarity complex by the GEF Tiam1 and is further 
responsible for activation of Cdc42, supposedly through an undefined GEF. Activation of the polarity 
complex (Cdc42, Par6, Par3 and PKCζ) results for instance in Smurf1-mediated degradation of RhoA, 
positive feedback on Tiam-1 activation by PKCζ and Tiam1-mediated activation of Rac, which all 
together promotes lamellipodium formation. 
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binds Par3 and atypical PKC (usually an atypical PKC as PKCζ). This is a conserved polarity 
complex, vital for epithelial and migrating cell polarization, where it localizes to the leading 
edge and is thought to establish and maintain polarity by various mechanisms [180-183]. It is, 
for instance essential for the reorganization of MTOC and Golgi in the direction of cell 
migration, a pivotal process for cell locomotion [184]. Furthermore, Par3 is known to 
associate with the Rac GEF Tiam1, which localizes to the leading edge and promotes Rac 
activation [185,186]. Similarly, PKCζ also enhances Tiam1-mediated Rac activation but 
moreover recruits Smurf1, which targets RhoA for degradation and thereby restricts the 
GTPase activity to the sides and rear of the cell [187,188].  

To further emphasize the complexity and circularity of this system, several feedback loops are 
involved. For instance, PI3K activation and PI(3,4,5)P3 have been shown to activate various 
GEFs, e.g. the Rac GEFs P-Rex1[189] and Vav [190]. Moreover, PI3K has been proposed to 
act upstream of the GTPase Rap1, a candidate for recruitment of the Par polarity complex and 
thereby also upstream of Cdc42 activation [188,191]. Surprisingly, in T-cells this activating 
mechanism was shown to involve Tiam1 suggesting a model where it acts both as a scaffold 
protein and a Rac GEF. In brief, active Rap1 associates with Tiam1 and the Par polarity 
proteins by Tiam1-mediated scaffolding to Par3. Rap1 subsequently activates Cdc42 through 
an undefined GEF. The Cdc42 GDP to GTP exchange then results in a complete activation of 
the polarity complex including PKCζ, leading to a subsequent activation of Rac [188].  

Protrusions 
An essential part of cell locomotion is the formation of membrane protrusions. In fact, all 
migrating cells send out different kinds of membrane extensions aiding them forward. Some 
of these structures, e.g. podosomes and invadopodia, are highly associated with invasion into 
surrounding tissues and matrix degradation and thus only fully form in the presence of a 3D 
cell matrix [192]. This section will focus on three membrane protrusions, lamellipodia, 
filopodia and blebs that are primarily associated with non-invasive 2D migration.  

Lamellipodia 
The lamellipodium is a wide and thin membrane protrusion extending from the leading edge. 
As reviewed by Pollard and Borisy [82], the actin filament turnover at lamellipodial sites is 
extremely rapid and the depolymerized actin is continuously recycled. Thus, one of the most 
accepted models for driving the lamellipodial extension is based on a force generated on the 
membrane by filament growth according to a Brownian-ratchet mechanism [82,193,194]. In 
brief, this model is based on the notion that actin filaments continuously undergo bending and 
stretching motions due to thermal fluctuations. When a filament is bending, actin monomers 
can squeeze in between the membrane and the filament, which upon subsequent stretching 
exerts a force on the membrane. For this to function properly, the filamentous system must be 
of the appropriate size and rigidity and thus under tight regulation. First, to exert a force on 
the membrane, the filaments must be either crosslinked or attached to a substratum. Second, 
the filaments must be of the right length, where a short filament exerts small bending motions 
and a large force and a long filament the opposites. Consequently, the motility machinery for 
lamellipodial extension is a highly sophisticated network of actin-related signaling. 
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In line with the Brownian-ratchet model, the actin structure within a lamellipodium is highly 
branched, reflecting the abundance of Arp2/3 activation, and is characterized as a dendritic 
actin filament network. By electron tomography it was, however, recently shown that 
previous 2D interpretations of a 3D filamentous structure may have been erroneous, where 
non-interacting overlapping filaments could have been characterized as branched filaments 
[195-197]. Hence, the lamellipodia actin network might not be as branched as initially 
proposed. This is probably highly dependent on cell type and external stimuli, where several 
actin nucleators can act together and the relative activation of each individual actin nucleator 
in the lamellipodium might determine the number of actin branches. The main trigger of 
lamellipodial extension is actin polymerization, which is a result of free barbed end 
generation. In neutrophils, 15% of this process has been shown to depend on uncapping, 10% 
on cofilin severing and 75% on Arp2/3 nucleation [198].  

As with other actin polymerization-associated events, lamellipodial extension and propagation 
is regulated by Rac, Rho and Cdc42. For a summarizing picture see Fig. 6. In a generalized 
perspective, lamellipodia are associated with GTP-loaded Rac, filopodia are more related to 
active Cdc42 and GTP-RhoA is mostly involved in contractions at the trailing edge. However, 
their spatial confinement and activation status are not absolute and do not necessarily mean a 
less significant contribution at other sites in terms of activation of effector proteins. For a 
comprehensive review, see [199]. In photoactivation experiments, it was shown that 
activation of Rac was sufficient for development of lamellipodia [200]. Mammalian Rac 
exists in three very similar isoforms (Rac1, 2, and 3) where Rac1 is ubiquitously expressed, 
Rac2 is expressed in hematopoietic cells and Rac3 mostly is associated with the brain. Two 
ubiquitously expressed NPFs that can activate Arp2/3 downstream of Rac1, are N-WASP and 
the WAVE2 complex where the former is activated by direct interaction with Rac1 through its 
Cdc42- and Rac-interactive binding (CRIB)-domain and the latter indirectly with Rac1 
through an accessory protein in the specifically Rac-associated 1 complex (SRA1) [201]. 
Moreover, these proteins localize to lamellipodia and contain several domains that can 
regulate their activity and anchor other motility-associated proteins. For instance, they can 
interact with Src homology 3 (SH3) domain-containing proteins such as insulin receptor 
substrate p53 (IRSp53) and phosphoinositides [201-203].  

There is seemingly solid evidence for a sophisticated interplay of several nucleators and 
elongation factors taking place during lamellipodial development [204]. In a logical manner 
the elongation factor Ena/VASP, the formin mDia2 and profilactin have been shown to 
localize to lamellipodia and promote extension of the branched filaments [205-207]. In the 
absence of these proteins, capping of the barbed ends probably occurs shortly after Arp 2/3-
mediated nucleation and therefore yields an actin network consisting of short and branched 
filaments. In addition, silencing of mDia2 has been shown to dramatically decrease the 
amount of new extending lamellipodia [206]. Thus, the latter is a fine-tuned system involving 
a complex crosstalk between several actin-associated proteins. 

Regulators of lamellipodial crosstalk probably involves scaffolding proteins that acts as 
signaling centers bringing the relevant proteins into close proximity from each others. Here, 
the multi-domain protein IQGAP1 is known to act downstream of Rac1 and Cdc42 and has a 
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variety of binding partners including the NPF N-WASP and the formin mDia1 and localizes 
both these proteins to lamellipodia [208,209]. Thus, IQGAP1 provides a possible crosstalk 
mechanism in promoting both Arp2/3-mediated filament branching and formin-assisted actin 
elongation at lamellipodial sites. Moreover, we recently identified IQGAP1 as a novel target 
for the bacterial chemotactic Quorum sensing molecule, acyl (C12) homoserine lactone, 
further emphasizing pivotal roles in cell migration [210,211]  

Another protein that is known to interact with various actin nucleators is IRSp53, also known 
as brain-specific angiogenesis inhibitor 1-associated protein 2 (BAIAP2). In GST-pulldown 
assays, the SH3 domain of this protein has been shown to interact with numerous of actin-
associated proteins including the formin mDia1, the NPFs WAVE1/2 and N-WASP, Mena, 
actin and β-tubulin [212]. Furthermore it contains an Inverse-Bin-Amphipysins-Rvs (I-BAR) 
domain that is known to bind and induce curvature in the membrane, an important event in 
formation of filopodia and membrane ruffles [213]. The interactions of different actin-
associated proteins with the SH3 domain in IRSp53 have a major impact on the development 
of protrusions. This has for instance been shown in cells were different combinations of 
IRSp53 N-WASP and Mena expressions produced various phenotypes, e.g. membrane ruffles 
or filopodia [212]. It should be emphasized that IRSp53 and IQGAP1 are only two possible 
candidates among scaffolding proteins involved in cross-talk signaling [204].  

Barbed ends of actin filaments can also be generated by actin severing, which is a process 
aided by cofilin. Interestingly, knockdown of cofilin dramatically reduced cell migration in 
neutrophil-like cells [214]. The same study further showed that chemotactic stimulation 
resulted in a rapid dephosphorylation and subsequent rephosphorylation of cofilin, as well as 
membrane translocation of the protein in conjunction with the kinase LIMK. In neutrophils, 
this occurred downstream of Rac2 signaling [198], whereas in tumor cells the severing 
process was inhibited by binding to PI(4,5)P2 [215]. This, in turn was shown to be regulated 
by the local pH [216]. Based on these and other studies a combined model for cofilin-induced 
barbed end generation was proposed by van Rheenen and co-workers [217] suggesting that 
cofilin is inhibited by PI(4,5)P2 binding or phosphorylation and cycles between three cellular 
compartments, viz. the membrane, filamentous actin and the cytosol. Upon activation of the 
actin-based motility machinery, cofilin translocates from the membrane by PLCγ-induced 
generation of DAG and IP3 from PI(4,5)P2 resulting in release of cofilin inhibition. Cofilin 
can then bind and sever actin filaments and subsequently generate free barbed ends and actin 
monomer-bound cofilin. This complex diffuses into the cytosol and becomes phosphorylated 
by LIMK that allows cofilin to release the G-actin. A subsequent dephosphorylation of cofilin 
re-localizes it to the plasma membrane or the actin filaments and thereby initiates a new round 
of actin severing.  

Finally, it should also be mentioned that growing evidence is pointing towards involvement of 
RhoA in lamellipodial dynamics. For instance it was shown to produce lamellipodial ruffles 
by stimulating oscillatory local contractions, a process that could be inhibited by Rac 
activation [218]. Moreover, in T-cells RhoA localization to the leading edge was essential for 
the migration through an endothelial monolayer [219]. However, as previously described, 
Smurf1 is known to inhibit RhoA signaling in lamellipodia. In tumor cells, siRNA-mediated 
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knockdown of Smurf1 was shown to decrease lamellipodial formation and to switch 
migration mode into the more RhoA-associated contractile blebbing motility [220]. Hence, 
RhoA appears to be essential for proper lamellipodial development in an 
activation/concentration-dependent manner. 

Filopodia 
Filopodia are long finger-like projections that frequently extend from the leading edge of a 
migrating cell. Some of them barely extend beyond the plasma membrane in lamellipodia and 
are defined as micro-spikes. The role of filopodia in cell migration is not fully understood. 
They are, however, thought to guide the cell by functioning as sensors enhancing the cellular 
ability to sense gradients [221-224] and are also known to provide traction forces with their 
membrane-anchored adhesion proteins [225-227].  

As emphasized in the previous section, there is no absolute set of proteins associated with one 
type of protrusion. Despite this, the various actin structures in the extensions suggest that an 
equilibrium between actin-associated proteins have locally shifted in the different 
morphological phenotypes. In filopodia, the actin filaments are long and tightly bundled 
indicating that they harbor a set of actin-binding proteins that do not branch the actin, protects 
them from capping, tightly crosslink F-actin to form bundles, and enable cytoskeletal-
membrane force generation. Typically, they include formins, Ena/VASP and fascin (Fig. 7) 
[228]. Vignjevic and co-workers [229] showed that fascin was the major crosslinking protein 

Figure 6. – Actin dynamics in the lamellipodium 
Tiam1-mediated Rac activation results in downstream Arp2/3-assisted filament branching through 
N-WASP. Rac-association with IRSp53, which is known to bind both Ena/VASP and formins, will 
together promote filament elongation. Cofilin is released from inhibition by PLCγ-mediated 
cleavage of PI(4,5)P2. This results in actin severing, generation of free barbed ends and 
phosphorylation of cofilin by LIMK, that causes release of actin monomers and promotes their 
availability for polymerization. For clarity, several factors, e.g. monomer-binding proteins, have 
been left out in this figure. 
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in filopodia and localized throughout this structure [229]. Moreover, depletion of the protein 
did not affect lamellipodia but caused a dramatic decrease in filopodia, which not or only 
partially could be rescued by overexpression of α-actinin or fimbrin, respectively [229]. For 
Ena/VASP, there are evidence for both anti-capping and actin-bundling activity, but a 
consensus within the field is that it facilitates actin polymerization and is frequently found in 
filopodial tips where it engages with other molecules, such as formins and myosins 
[114,116,230-232]. Through microinjection, it was shown that Cdc42 induced filopodia, 
which led to the notion that they were primarily associated with this GTPase [233,234]. 
Moreover, the mammalian formin mDia2, also called Diaphanous-related formin 3 (Drf3), 
was shown to accumulate and localize to filopodial protrusions as a result of GTP-loaded 
Cdc42 binding [235]. It is also an effector of the filopodia-associated GTPase "Rho in 
filopodia" (Rif) [236]. Indeed, several mammalian formins have the ability to bind and induce 
filopodia in a RhoA-dependent manner. These filopodia are, however, not usually associated 
with lamellipodia and cell migration but are more related to events such as formation of cell-
cell junctions [228]. 

Finally, the previously presented scaffolding protein IRSp53 is highly associated with 
filopodia downstream of Cdc42 signaling and has been shown to accumulate in the filopodial 
tips [237-239]. Its key mechanism in this context might rely on the ability to induce negative 
membrane curvature by the I-BAR-domain. In fact, expression of solely this domain is a 
potent inducer of filopodia that, in addition, are void of actin [240]. Again, a local balance of 
several factors is probably the determinant of the subsequent protrusion generation. 

Currently, there are two conflicting models of how filopodia with their long and bundled actin 
structure can elongate from the dendritic network observed the lamellipodium. The first 
model, postulated by Svitkina and co-workers [241], is defined as the convergent elongation 
model, where privileged actin filaments within the dendritic network associate with a tip 
complex consisting of, e.g. Ena/VASP and formins. The growing barbed ends will 
subsequently undergo a lateral drift until they collide and cluster. Along with the 
polymerizing filaments, the clusters will be crosslinked by fascin to ensure that a sufficient 
number of filaments is present in the bundle to enable efficient pushing. The second model, 
known as the tip nucleation model, is a more simplistic but nevertheless an equally valid view 
of filopodial development. It is based on findings showing that filopodia can be initiated in 
the absence of Arp2/3 or related proteins [242,243]. This model proposes that filopodium-
associated filament elongation is initiated by a set of activated formins that cluster at the 
membrane and thereby initiate filament elongation. It is still debated, which of these models is 
most relevant [244]. However, one model does not necessarily exclude the existence of the 
other and it is also possible that filopodium formation is a combination of these two concepts 
[228]. 
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Blebs 
Despite that blebbing migration was implicated in cell motility as early as in the 1950s [245], 
it was long neglected until the ‘90s, when negative regulation of an actin-binding proteins 
were shown to induce blebbing and affect migration [246,247]. Presently, blebbing-based 
migration is known to be a mechanism for tumor cells to invade foreign tissue without matrix 
degradation [29] and to augment the cellular ability to squeeze into the ECM [248,249]. The 
blebs are blister-like protrusions that in contrast to other protrusions do not require actin 
polymerization to expand; they are almost exclusively associated with the GTPase RhoA. 
More specifically, a bleb rapidly expands from the cell cortex and reaches its final size of 
approximately 2 µm in 30 seconds and subsequently starts to shrink towards the cell body 
over the next 120 seconds. 

 In this thesis, the blebbing cycle will be simplified to four phases defined as: initiation, 
expansion, stabilization and retraction. The initial phase contains a cortical contraction and is 
mostly associated with a myosin II. Thus, as the name implies, the myosin II-ATPase 

Figure 7. – Actin dynamics in filopodia 
Both activated Cdc42 and Rif interact with IRSp53, which localizes to the plasma membrane and 
induces negative membrane curvature. Moreover, IRSp53 recruits Ena/VASP and formins and 
thereby promotes elongation. According to the dendritic nucleation model for filopodial initiation, 
lateral drift of privileged actin filaments in conjunction with actin bundling proteins, such as 
fascin, results in filament bundle elongation and subsequent filopodial development. 
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inhibitor blebbistatin inhibits blebbing [250-252]. The key signaling pathway is activation of 
RhoA and its downstream effector Rho kinase (ROCK), that subsequently increases 
contractility by either a direct stimulatory phosphorylation of the myosin light chain (MLC) or 
an inhibitory phosphorylation of myosin light chain phosphatase (MLCP) [252-258]. 
Throughout the cell, the cortical cytoskeleton is stitched to the membrane and a prerequisite 
for bleb expansion is a local detachment of the membrane anchors. The key mechanism for 
this to occur is a rapid increase in intracellular pressure created by the myosin II-mediated 
contraction. As described by Charras [252], there are two conceivable ways to exert sufficient 
force on the membrane anchors in order to detach the membrane and force it to protrude: (i) 
the contraction of the cytoskeleton leads to a local cytoskeletal shortening and thereby, 
increases the pressure and forces the membrane to expand (Fig. 8), or (ii) local contraction in 
the opposite direction leading to local cortical expansion and ablation that results in 
membrane detachment. This also underscores the need for a cellular "steady state" pressure 
and a similar mechanism might be acting in the background also in other membrane 
protrusions [247].  

In a series of publications, Porter and colleagues introduced the concept of a cellular 
trabecular lattice into the field. In summary, they described the cell cytoplasm as a protein-
rich polymerized phase and a water-rich fluid phase [259,260]. This model fits very well with 

Figure 8. – Bleb development 
(From left) Two myosin II dimers can interact with each other through their heavy chains and with 
actin through their myosin heads. RhoA-mediated ROCK activation results in a direct 
phosphorylation of MLC and/or an inhibitory phosphorylation of myosin light chain phosphatase 
(MLCP). This results in a myosin II-mediated power stroke and a local shortening of the 
cytoskeleton, that will: (i) dislocate cytoskeletal membrane-anchoring sites (not shown) and (ii) yield 
an increase in the local hydrostatic pressure (blue arrow) and thus force the membrane to protrude. 
Similarly, local ablation of the cortical actin by forces generated in the opposite direction can induce 
blebs (not shown). To simplify the model, the cytoskeleton is aligned along the membrane, but 
cytoskeletal contractions in dendritic arrays also occur. 
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the existing hypothesis for bleb development. In a similar way as a sponge can be filled with 
water, the cell interior is suggested to contain a poroelastic framework consisting of a solid 
porous cytoskeleton in which more fluidic molecules, e.g. water and other small molecules 
exist [261-263]. Thus, during a rapid increase in the cortical tensions, the cytoskeletal 
contraction will push the fluid out into the bleb to equilibrate the pressure. The fluid within 
the bleb was suggested to originate from the cytoplasm, since the overall size of the cell did 
not significantly change during bleb development [263]. Accordingly, after membrane 
detachment the bleb was initially void of cytoskeletal proteins, except for some membrane-
cytoskeletal anchors. In filamin-deficient M2 cells that are continuously blebbing [246], the 
initial stage of bleb stabilization involved recruitment of ERM proteins followed by a thin 
actin cortex [264]. The second step included association of actin bundling proteins to the actin 
cortex and subsequent recruitment of myosin II, which upon contraction will help retract the 
bleb towards the cell body [264]. The same study furthermore endeavored to identify an actin 
nucleator during the development of the new cortex, which was independent on Arp2/3 or 
mDia1, suggesting another formin that might be associated with RhoA activation [264].      

Adhesion 
There is an extensive ensemble of mammalian adhesion molecules among which integrins are 
the most studied. Moreover, one cell can employ several adhesion mechanisms and they also 
vary between cell types. Accordingly, this is probably the part of the migration cycle that 
differs most among cells, and it will consequently be described briefly and in a generalized 
manner. In fact, more than 180 protein-protein interactions have been characterized in the 
linking of integrins to the cytoskeleton and several of these are acting downstream of Rho 
GTPase signaling [265-267]. 

The integrins are heterodimeric transmembrane glycoprotein receptors. Each dimer consists of 
an α- and a β-subunit and the combinations of the 18 α- and 8 β-subunits constitute the 24 
mammalian integrins that are known today. Moreover, the combinations also determine the 
substrate specificity; α5 is for instance associated with binding to RGD amino acid motifs 
present on fibronectin and vitronectin, while α3 binds to laminin. Some integrins are tissue 
specific, e.g. the β2-integrin (also known as CD11/18) that is exclusively expressed in white 
blood cells. For a review of the integrin structure and family, please see [268]. In a resting 
cell, most integrins in the cell membrane show low affinity for its receptors. Upon ligand 
binding, e.g. chemokine ligation, the integrin is activated and displays affinity for the 
corresponding substrate; a process termed inside-out signaling [269]. Consequently, when the 
integrin attaches to the substrate it triggers signaling to the cell interior that subsequently 
stabilizes the adhesion site; a process called outside-in signaling.  

 In order to migrate, the cell must generate a force that pushes the cell in the direction towards 
its destination. This is accomplished by providing traction forces that mediate pushing and 
pulling on the substratum at adhesion sites. The force required varies between different modes 
of migration where a migrating, highly polarized, mesenchymal cell has to develop a larger 
force than a less adhesive amoeboid cell. As reviewed by Parson et al. [266], nascent 
adhesions with integrins are formed at the tip of the lamellipodium. For a summarizing figure 
of cell adhesions, see Fig. 9. These can either turnover rapidly, in less than 60 seconds, at the 
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base of the protrusions or 
mature into a larger and more 
stable entity known as a focal 
complex. These sites will in 
turn either disassemble or 
further mature into even larger 
complexes called focal 
adhesions.  

The focal adhesions are built up 
by a multi-protein complex 
where some of the key 
adhesion-specific players 
appear to be talin, vinculin, 
focal adhesion kinase (FAK), 
paxillin, myosin and actin. For 
more details of these complex 
adhesion sites please consider 
[151,266,270,271]. By contrast, 
leukocytes only express less 
prominent and highly dynamic 
adhesion sites, i.e. nascent 
adhesions and focal complexes 
[21,266,272]. The maturation of 
nascent adhesions into focal 
complexes and subsequent focal 
adhesions depends on 
recruitment of several proteins 
to the complex, the degree of 
stress fibers present and the application of myosin II-dependent contractions. Nascent 
adhesions can exert traction forces but are independent of myosin II [273], which is recruited 
upon maturation to focal complexes where its actin bundling ability together with its 
contractility are crucial for further maturation. The reason why such contraction is important 
for maturation is not known but it is thought to involve relocalization of tension-sensitive 
proteins and tension-induced conformational changes, promoting recruitment of other proteins 
[266,274]. In a logical manner, formation of tension-dependent adhesion sites are more 
prominent in cells with high myosin II-activity suggesting that the mode of migration 
determines the formation of different adhesive complexes and both its ability to bundle and 
contract actin filaments are crucial for this step [273,275].  

In cell migration, detachment is equally important as attachment, and thus the adhesion sites 
are continuously turned over. Furthermore, the firmness of attachment is very important and 
the correlation between migration and adhesion on a 2D substrate can be viewed as a bell-
shaped curve (Fig. 10). Accordingly, too firm or too loose adhesion yield slow or no cell 

Figure 9. – Adhesion and traction 
In the migrating cell, nascent adhesions are formed in the 
lamellipodium. These are rapidly turned over at the 
lamellipodium-lamellae interface or mature into more stable 
myosin II-associated focal complexes. The latter can in turn 
maturate into focal adhesions or turnover. At the trailing end, 
myosin II contractions pull the back in the direction of 
migration. Along with this, focal adhesions are left behind as 
footprints or are disassembled.  
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migration. Not surprisingly, larger adhesive complexes 
that contain more actin and adhesion-associated proteins 
appear to turnover slower than smaller complexes. Choi 
et al., [273] showed that development of nascent 
adhesions within the lamellipodium correlated with the 
protrusion rate. Furthermore, the adhesion sites moved 
in a retrograde fashion along with a retrograde flow of 
actin and turned over at the base of the lamellipodium. 
It was therefore proposed that nascent adhesions are 
interacting with the lamellipodial dendritic network and, 
if not matured, disassemble together with the actin 
filaments, i.e. by actin severing proteins [273]. The 
turnover of focal complexes usually occurs further 
down and at the rear of the leading lamella, involving a 
highly complex signaling network, and interplay of 
phosphorylation of paxillin and focal adhesion kinase 
(FAK) [276]. Here, FAK can locally regulate the 

myosin II tension required for maturation [277]. For more information, see [21,278]. The 
turnover of focal adhesions, which are more long-lived structures, are considered one of the 
rate limiting steps for tail retraction and will therefore be treated in the next section. 

Retraction  
The retraction of the tail occurs subsequent to protrusion of the leading lamellae and is a 
coordinated set of events, which primarily recapitulates in adhesion disassembly and myosin 
II-mediated actin contractions. The presence of myosin II in the trailing edge of migrating 
cells has been shown for several cell types [275,279-281]. Logically, a contraction of the actin 
filaments at this site shortens the cytoskeletal network and thus relocates the trailing end in a 
forward fashion (Fig. 9). Not surprisingly, in neutrophils tail retraction was shown to depend 
on Rho and ROCK signaling [281].  

A prerequisite for tail retraction is adhesion disassembly, where myosin II-mediated 
contractions are important. It has been suggested that such contraction in conjunction with 
weakening of the integrin-cytoskeleton linkage can separate the cytoskeleton from the 
integrin-mediated adhesion and explain the presence of integrin "footprints" behind a 
migrating cell [282]. Thus, contractions are crucial for both assembly and disassembly of 
focal adhesions and the magnitude of tension exerted on these sites is a regulator of their 
stability [283]. All integrins are not left behind but instead recycled through endocytosis, 
indicating an additional mechanism for adhesion disassembly [284]. Indeed, in parallel to the 
build-up of cytoskeletal tension, complex signaling cascades act synergistically to 
disassemble the adhesion sites [21,151,285,286]. In brief, focal adhesions at the trailing edge 
of the cell are highly associated with the microtubular network, and thus their turnover is 
likely regulated by proteins that affect microtubule dynamics [285,286]. Moreover, activation 
of calcium-dependent calpain proteases is known to stimulate focal adhesion disassembly by 
degradation of several adhesion-associated proteins [21,287,288]. Here, the rate-limiting step 

Figure 10 – Adhesion vs. Migration  
The graph illustrates the relation 
between adhesion and migration. 
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has been assigned to calpain-mediated effects on FAK and talin, both being focal adhesion-
associated proteins [289,290].  

Ion f luxes and cell  migration 
There is an extensive diversity of ion channels and transporters known to be involved directly 
or indirectly in cell migration. In this thesis, we will only briefly touch upon this topic in a 
generalized manner. For comprehensive reviews, please see [291,292]. In a broad perspective 
there are primarily four ways in which ion transport affects cell migration: (i) the transported 
ions themselves can act as signaling molecules, e.g. Ca2+, (ii) the ion flux results in an altered 
membrane potential, (iii) the transport of protons alters the pH, or (iv) the transport of ions is 
accompanied by transport of water and thus, causing changes in cell volume. However, these 
effects can act in concert with each other and under certain circumstances operate 
simultaneously, e.g. proton transport can change the membrane potential, thus affecting the 
influx of calcium and likely also the cell volume due to osmolyte-associated transport of 
water.   

Compartmentalization of electrically charged ions in the cell and between the cell interior and 
exterior are prerequisites for establishment and maintenance of the membrane potential, and 
alterations in this potential can greatly affect cell migration. For instance, neutrophils that 
lacked a proton channel, the Voltage-sensing domain only protein (VSOP/Hv1) showed a 
defect in membrane potential and an impaired migratory response to chemotactic stimuli 
[293]. A major effect of changing the membrane potential is impaired influx of Ca2+, which is 
a vital secondary messenger for numerous of migration-associated processes. However, in 
kidney cells, membrane depolarization has been shown to induce MLC phosphorylation in a 
RhoA-dependent pathway independent of Ca2+ [294]. Similarly K+-depolarization was also 
shown to activate the Rho GEF, GEF-H1 [295], indicating that other cytoskeletal effects can 
be mediated by altering the membrane potential. Thus, several ion channels have been shown 
to affect cell migration and these channels are mainly involved in transporting K+, Cl-, Ca2+ or 
Na+ [291,292]. In brief, the Ca2+-sensitive K+ channel IK1 is relatively ubiquitously expressed 
and is thought to be especially important for the dynamics of the tail retraction in migrating 
cells [296]. Moreover, several K+ channels are known to polarize to the leading edge [297-
299]. Inhibition of Cl- channels is also known to impair cell migration [300,301]. This 
mechanism may relate to a volume-regulatory effect, where Cl- flux is required for K+ induced 
volume control since an electro-neutral movement of anions and cations are required for 
proper osmotic balance. The Ca2+ channels are regulators of numerous of cellular processes 
and are involved in the majority of the intracellular signaling pathways. Generally, a 
migrating cell maintains a calcium gradient that increases towards the back of the cell 
[302,303]. However, the presence of rapid Ca2+ waves and transient Ca2+ flickers within the 
lamellipodium were recently shown to guide the cell during migration [304]. Thus, Ca2+-
signaling is under strict temporal and spatial regulation and interference with this system, e.g. 
by inhibiting the Na+/Ca2+ exchanger is only one, of many examples shown to impair cell 
migration [305]. 
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The intra- and extracellular pH are also pivotal for cell migration [306,307], where the Na+/H+ 
exchanger NHE1 plays a major role; it switches an intracellular H+ for an extracellular Na+. 
Already decades ago, inhibition of the latter was shown to dramatically alter neutrophil 
migration [308]. Presently, NHE1 is known to be active in a variety of motility-associated 
events and localizes to sites of actin-rich protrusions, viz. lamellipodia and pseudopodia 
[309,310]. During migration, the cell builds up a pH gradient that extracellularly is lower at 
the leading edge in the front, than in the trailing edge in the back [306]. Intracellularly, this 
gradient is established in the opposite direction and correlates with the expression of NHE1 
[307]. The lower pH in the lamellipodium weakens the inhibitory binding of cofilin to 
PI(4,5)P2, and thereby promotes release of this protein and subsequent generation of new 
barbed ends [216]. In fact, a similar mechanism has been assigned to NHE1 in other 
membrane protrusions, i.e. invadopodia where cofilin is released from inhibition by cortactin 
in an NHE1-mediated pH decrease-dependent manner [311]. Moreover, the transporter acts 
downstream of RhoA and regulates cell spreading and integrin activation [312]. 

Hydrodynamic forces in cell  migration 
It is evident that protrusion formation requires force generation to expand the membrane and 
in parallel to the aforementioned Brownian-ratchet model where the origin of such force is 
generated by actin, two additional models have been introduced in this context and are based 
on a hydrodynamic flow. The first model suggests that intracellular fluid is translocated upon 
cytoskeletal contractions. This process is known as cytoplasmic streaming and was 
hypothesized to drive protrusion formation already in the beginning of the 20th century after 
observing the dramatic internal streaming of the cytoplasm into pseudopods during migration 
of Amoeba proteus [313,314]. Such a stream arises upon actomyosin contraction in the 
posterior part of the cell and incidentally, retraction has been shown to precede protrusion 
during fibroblast spreading; a process that might be explained as a consequence of force-
generation by a hydrodynamic flow [315]. Moreover, most of the G-actin was provided to the 
lamellipodium through a contraction-mediated cytoplasmic stream [316]. Despite the 
challenging task of measuring the cells internal pressure during migration, studies from 
Amoeba proteus points toward a positive internal pressure that is required, but not sufficient 
to drive the pseudopod protrusion [313]. Similarly, in fish keratocytes, inhibition of internal 
streaming was shown to dramatically reduce cell migration, but appeared not to be essential 
for its propagation [317]. Thus, a consensus within the field is that cytoplasmic streams are 
present and facilitate pseudopod protrusion but the protruding force is not sufficient to 
singlehandedly expand the membrane [314].  

The second model, predicts that a pressure is generated by osmotically driven water transport 
and cycles of gel-to-sol-to-gel transformations. In fact, this model was suggested by Oster 
[318] who later was involved in developing the Brownian-ratchet model [193]. In brief, it 
describes the cell as an elastic gel and is based on the assumption that a stimulus causes Ca2+-
leakage at the membrane in the leading edge. This process then initiates an osmotically 
induced local solubilization of the "cytogel" that expands the membrane. Moreover, Ca2+ will 
activate proteins, such as gelsolin, which severs actin filaments and further enhances 
liquefaction of the gel. Ca2+ will also induce an actomyosin contraction that pulls the gel 
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towards the less viscous protrusion and thereby results in a forward movement. As a driving 
force for the propagation of cell locomotion this model has been rather neglected. However, 
the basic principle is considerably similar to the existing model for bleb development [252]. 
In support of this model, the localized increase in pressure by osmotic forces has been shown 
to sustain over relatively large distances based on the porosity of the actin cytoskeleton [263]. 
Indeed, models combining actin polymerization with osmotic gel-to-sol-induced membrane 
expansion have also been forwarded [314,319]. In this thesis, the involvement of osmotic 
forces is of particular interest and will accordingly be further scrutinized in the next sections.   

Cell volume regulation  
Despite the ability of the cytoskeleton to regulate cell shape it generally does not dramatically 
alter the cell volume. Here, transport of water in and out of the cells is of superior importance. 
The basic principles for volume regulation are similar in all mammalian cells and rely on 
fluxes of monovalent ions, viz. Na+, K+, and Cl- across the membrane along or against 
concentration and electrical gradients. However, other osmotically active molecules 
(osmolytes) are also involved in the volume-regulatory process [320,321]. The cell interior is 
relative to the exterior crowded with anionic colloids, i.e. proteins that cannot pass the 
membrane. At an electro-neutral equilibrium more solutes would be present at the cell interior 
compared to the exterior, since the negatively charged colloids will attract positively charged 
ions. This would subsequently lead to cell lysis due to a continuous influx of water. Luckily, 
the cell membrane is not equally permeable to all ionic solutes and the risk of cell lysis is 
counterbalanced by Na+/K+ ATPases, actively assuring that the Na+-ions remain at the cell 
exterior and do not "leak" across the membrane. Na+ at the cell exterior thus osmotically 
counterbalances the negatively charged colloids and ions in the cell interior. 

Under physiological conditions, the extracellular fluid in the human body has an osmolarity 
around 280-300 mOsm/kg H2O. Under certain circumstances, i.e. during intake of hypotonic 
solutions (=low osmotic pressure) this changes rapidly. The cells will respond by a rapid 
volume increase due to an influx of water. However, during "prolonged" exposure to such 
hypotonic medium, the cells will adapt and regulate the volume by ion flux (mainly K+ and 
Cl-) accompanied by water, a process called regulatory volume decrease (RVD). Similarly, a 
hypertonic solution (=high osmotic pressure) causes a rapid shrinkage and a regulatory 
volume increase (RVI). Thus, by regulating influx and efflux of both ions and water the cells 
maintain homeostasis and compensate for fluctuating osmotic pressures in their surroundings. 
During migration, protrusion and retraction do not usually occur simultaneously. This 
indicates that volume changes are present during such events. Indeed, the volume can change 
as much as 30% upon cycles of protrusion and retraction [322].  

Water f luxes and cell  migration 
Extensive amount of evidence, collected throughout decades of research, have shown that 
changes in osmolarity, and thus water fluxes play pivotal roles in cell morphology and 
migration. To mention a few, leukocytes show impaired migration and phagocytosis in 
hyperosmotic medium [323], whereas the opposite was observed when lowering the 
osmolarity [324]. Similarly, hyperosmotic medium caused decreased lamellipodial activity in 
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fibroblasts [325]. Moreover, neutrophils in heavy water displayed greatly impaired 
morphology and migration further emphasizing a fine-tuned osmotic regulation [326]. Indeed, 
deuterium oxide show higher viscosity and lower self diffusion than H2O [327]. Further 
evidence for osmotic involvement in cell migration originates from studies on ion channels. 
Here, the cell volume has been shown to fluctuate along with Ca2+ oscillations [328] in a 
mechanism proposed to involve Na+/K+/Cl- currents accompanied with water. Indeed, 
inhibition of K+ channels inhibits cell migration [329]. Taken together, the importance of 
water fluxes across the cell membrane is undisputable, although the details remain to be 
further elucidated.  

Aquaporins (AQPs) 
Although water molecules can diffuse sparsely across the lipid bilayer, membrane-spanning 
channel proteins dramatically facilitate this process. The first structurally defined mammalian 
water channel was characterized by Peter Agre and co-workers as a protein abundant in red 
blood cells, viz. Channel-forming integral protein of 28k Da (CHIP28) [42]. This finding was 
awarded the Nobel Prize in 2003 and presently this protein is defined as aquaporin 1(AQP1) 
[330,331]. Today, thirteen mammalian aquaporins (AQP0-AQP12) are known and these are 
divided into two different groups based on their substrate permeability: (i) the orthodox 
aquaporins that are solely permeable to water and (ii) the aquaglyceroporins that are 
permeable to water, glycerol and some other neutral solutes. In addition, AQP11 and AQP12 
are sometimes referred to as a third group, the superaquaporins, but their substrate specificity 
has yet to be determined (Table I) [332-334]. Consequently, the AQPs also differ in structure 
and cellular function and here the structure will be described in a generalized manner (Fig. 
11). In the cell membrane the channels consistently self-associate to form tetramers, in which 
each monomer spans the plasma membrane six times with both its C- and N-terminal located 

at the cell interior. Each loop between 
the membrane-spanning domains is 
characterized by a letter where the B 
and E loops contain a conserved 
aspargine-proline-alanine (NPA) 
motif. Inserted in the membrane, 
these motifs associate with each other 
and form a pore and a time-glass 
overall structure of the protein 
[331,334,335]. A common feature of 
AQPs is that their water-transporting 
ability is altered by mercury through 
thiol-binding to the pore-localized 
cystein [336,337]. However, their 
sensitivities differ in that the water 
permeabilities of AQP6 and AQP4 
are increased or unaffected by Hg2+ 

stimulation, respectively [338,339].  

Figure 11. – Structure of AQPs 
Aquaporins consists of six membrane-spanning 
domains separated by extra- and intracellular loops that 
are assigned a letter based on their distance from the 
N-terminal. The B and E loop contain the conserved 
NPA motifs that associate, resulting in formation of a 
pore and a time-glass structure. Modified from Jung et 
al., [335]. 
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In orthodox AQPs the narrowest part of the pore is similar to the size of a water molecule, i.e. 
2.8 Å, suggesting that sterical hindrance of other molecules is one of the exclusion 
mechanisms [340]. Accordingly, the aquaglyceroporins have a larger and more hydrophobic 
pore to allow passage of glycerol [341] and small structural shifts in the pore domain also 
alters the permeability characteristics of orthodox AQP. Indeed, discrepancies in both water 
and glycerol permeability have been reported [342]. For a comprehensive review of AQP 
structure, see [333].  

AQPs are ubiquitously expressed throughout the human body but the existence and relative 
distribution of different subtypes of AQPs could, however, indicate distinct and redundant 
functions. Indeed, tissue-specific expressions of AQPs have been observed and even single 
cells can express more than one subtype of AQP [343,344]. Moreover, the various forms 
show differential regulation and cellular localization. One of the best-studied functions is that 
of AQP2 in the collecting duct in the kidney [345]. Here, the channel is present in 
intracellular vesicles that translocate to the apical plasma membrane upon vasopressin 
stimulation [346], while other AQPs are present at the basolateral side of the cell [347]. 
Furthermore, such a polarized cellular distribution has also been observed for AQP4, where it 
together with an adhesion complex and the potassium channel Kir4.1 localizes to glial endfeet 
[348]. 

A debated issue concerning mammalian AQPs is whether there exists a gating mechanism that 
enables opening and closure of the pore. This has been shown for the subfamily of plant 
AQPs called plasma membrane intrinsic protein (PIPs) and it involves a relatively large 
conformational change resulting in insertion of the D loop into the narrow pore [349]. This 
effect is regulated by pH, intracellular Ca2+ and phosphorylation [350]. In mammalian cells, 
the structure of AQP0 has been resolved for both an open and a closed structure [351-353]. 
Furthermore, several AQPs are markedly influenced by phosphorylation, pH, Ca2+, Cu2+, Ni 
and Pb [350].  

Aquaporin 9 
In this thesis, the mammalian AQP9 is in focus. This protein was initially cloned from 
adipose tissue [354] and shortly thereafter also from peripheral leukocytes and liver 
[355,356]. It is the most promiscuous AQP of all mammalian forms by allowing passage of 
not only water, but also to some extent glycerol, purines, pyrimidines, nucleosides, and 
lactate. Expression of it facilitates water transport 30-fold [356]. The exact distribution of 
AQP9 in tissues appears to vary and might display inter-individual and inter-species 

Aquaporins Aquaglyceroporins Superaquaporins 
AQP0 
AQP1 
AQP2 
AQP4 
AQP5 
AQP6 

AQP3 
AQP7 
AQP8 
AQP9 
AQP10 
 

AQP11 
AQP12 
 
 
 
 

Table I. – The mammalian family of AQPs 
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differences. In line with this, AQP9 expression has been shown in goblet cells [357] while 
others have failed to detect such expression [358]. Moreover, compensatory upregulations of 
other AQPs upon knockdown of AQP9 have been observed [359]. AQP9 is frequently 
detected in human leukocytes, the liver, reproductive tract and in the brain [344,360,361]. 
Similarly to AQP4, the C-terminal region of AQP9 contains a motif that binds to PSD95-
Discs large-ZO1 (PDZ) domains and through which it probably interacts with several binding 
partners, like the ion channel Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) 
[362,363].   

Aquaporins and cell migration 
The first direct evidence for involvement of AQPs in cell migration was made by Loitto and 
co-workers who detected impaired neutrophil migration after blockage of AQP9 [11]. They 
also showed, by using self-quenching of high fluorophore concentration, that the cytoplasm 
was diluted at protrusive sites such as lamellipodia and blebs, indicating a localized influx of 
water. Moreover, AQP9 displayed a distinct lamellipodial localization during neutrophil 
migration [11]. This study was then confirmed by a two publications where AQP1 and AQP4 
were shown to localize to the leading edge in migrating CHO cells and astroglial cells, 
respectively [12,364]. Moreover, the latter investigators showed that knockout of the 
respective protein caused impaired migration [12,364,365] and today, most of the mammalian 
AQPs have been shown to facilitate cell migration (Table II) [291,366,367].  

Support for its clinical relevance originates from research on cancer, where several AQPs 
have been shown to be upregulated; this, in conjunction with increased migration often 
corresponds to a poor prognosis [368-376]. Interestingly, upregulation of AQP5 in lung 
cancer was also associated with epithelial-mesenchymal transition (EMT), which induces a 
migratory phenotype in epithelial cells [372]. Along with the increasing evidence for 
involvement of AQPs in cell migration, models concerning the mechanisms underlying this 
effect have been forwarded. Initially, an increased influx of water was proposed to arise via 
stretch-activated opening of the water channels [11]. In brief, the polymerizing actin was 
suggested to push on the membrane and thereby provide the membrane tension required to 
enhance the water-transporting ability of AQP9. This effect would supposedly cause a gap 
between the membrane and cytoskeleton and increase local diffusion of actin polymerization 
components [11]. In line with this, Verkman and co-workers postulated that the driving force 
for creating the AQP-induced membrane extension was based on ion fluxes in lamellipodia 
and a parallel influx of water that would then create an increased hydrostatic pressure, causing 
the membrane to expand and allowing rapid actin polymerization [12,367]. The existence of 
such a localized hydrostatic pressure was supported by the observation that subcellular 
localized hydrostatic pressures can be sustained during 10 s within 10 µm [263]. A further 
refinement of this model was recently proposed where the intracellular parasite 
Cryptosporidium parvum induced localized water influx by recruiting AQP1 and the 
Na+/glucose cotransporter, thereby promoting formation of filopodia-like structures [377]. It 
was suggested that the area of localized influx of water determined the structure of the 
protrusions. Indeed, expression of AQP9 in fibroblast was shown to induce a distinct 
filopodial phenotype that required cytoskeleton-associated components [378]. In brief, this 



 

 
 

33 INTRODUCTION 

was dependent on phosphorylation of AQP9 on Serine 11 (Ser11), an event that was shown to 
be mediated by PKCζ. Moreover, elevated levels of GTP-bound Cdc42 in cells expressing 
AQP9 were detected. Thus, the model for AQP9-induced membrane protrusion was further 
revised to include pivotal cell signaling aspects promoting cell migration (Fig. 12).  

In summary, the polarity complex consisting of Cdc42, Par6, Par3 and PKCζ simultaneously 
phosphorylates and activates AQP9 and other cytoskeletal components, e.g. Mena and 
IRSp53, which together promote filopodial formation by triggering influx of water and actin 
polymerization. Moreover, this model also explained how a continuous influx of water may 
enable a rapid filament elongation by outpacing filament branching and capping, hence 
resulting in long and bundled actin filaments observed in filopodia [378].  

Taken together, AQPs evidently play pivotal roles in cell motility and morphology. Despite 
the existence of several models proposing an interplay of influx of water and actin 
polymerization the dynamics and relation of these events remained to be studied. Thus, we set 

Figure 12. – Model for AQP9-induced filopodia suggested by Loitto et al., [378] 
(1) Interaction between PKCζ and AQP9 induces influx of water that creates (2) a steep gradient 
that enhances forward flux of actin monomers for polymerization. (3) Simultaneously, Ser11 on 
AQP9 interacts with PKCζ that forms a complex with Cdc42, Par3 and Par6. (4) Active Cdc42 
stimulates downstream effectors that promote filopodial elongation. (5) The AQP9-promoted actin 
polymerization outpaces capping and brancing of the filaments and thus promote formation of long 
actin cables. Printed with permission from Dr. Vesa Loitto, Linköping University, Sweden.  
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out to further assess the effects of AQPs in general and AQP9 in particular, on cell migration, 
with a specific focus on interplay of water fluxes and cytoskeletal dynamics using live cell 
imaging. 

 

AQP1 
� facilitates mouse and porcine corneal keratocyte migration and wound healing [379]. 
 
� localizes to the leading edge during migration in CHO cells. Moreover, knockout mice 
show impaired angiogenesis and migration [12]. 
 
� knockout results in impaired mouse chondrocyte migration [380]. 
 
� increases the tumor metastatic potential by increasing the cell migration [381]. 
 
� augments wound healing in rat gastric epithelial cells [382]. 
 
� overexpression increase cell migration in mouse kidney proximal tubule cells, while 
knockout were shown to impede it [383]. 
 
� increases migration in human astrocytes [384]. 
 
� is recruited together with the Na+/glucose transporter to sites for Cryptosporidium 
parvum infection and induce membrane protrusion [377]. 
AQP2 
� promotes cell migration through regulation of integrin trafficking in epithelial cells 
[385]. 
 
� augments estrogen-induced cell migration, adhesion and invasion in endometrial cells 
[386]. 
AQP3 
� is upregulated and enhances cell migration in a EGF-dependent manner in human 
colorectal carcinoma cells [387]. 
 
� is required for chemokine-induced cell migration in mouse T-cells [388]. 
 
� is essential for proper wound healing in mouse cornea [389]. 
 
� expression is induced upon TGF-β stimulation and enhances cell migration and stress 
fiber formation in human peritoneal mesothelial cells [390]. 
 
� is upregulated by EGF and increases cell migration in human gastric adenocarcinoma 
cells [391]. 
 
� impairs mouse skin wound healing in vivo and human keratocyte wound healing in vitro 
[392]. 

Table II. – Evidence for involvement of AQPs in cell migration 
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� is upregulated as a response to EGF stimulation and increases migration in human skin 
fibroblasts [393]. 
AQP4 
� expression in CHO-cells increases cell migration [12]. 
 
� decreases cell migration but augments cell adhesion in human astrocytes [384]. 
 
� localizes to the leading edge of migrating astroglial cells and knockout mice show 
impaired cell migration in vitro and in vivo [364].  
 
� -deficient transplanted astroglial cells display impaired in vivo cell migration [365]. 
AQP5 
� siRNA decreases migration in human lung adenocarcinoma cells [394]. 
 
� expression in normal human bronchial epithelium cells increases cell invasion [372]. 
AQP7 
� knockout mice show impaired cutaneous dendritic cells migration [395]. 
AQP9 
� localize to the leading edge in migrating primary human neutrophils and is required for 
proper migration [11].  
 
� induces a filopodial phenotype in fibroblasts in a phosphorylation-dependent manner 
[378]. 
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AIMS 
The overall aim of this thesis was to further elucidate the influence of AQPs, with AQP9 as a 
model, on cell motility and morphology. 

More specifically, the project aimed to:  

 

Paper I 

Identify effects of Ser11 phosphorylation on AQP9 localization and cell motility  

 

Paper II 

Visualize the dynamic interplay of AQP9 and actin during formation of membrane 
protrusions  

 

Paper III 

Investigate the effects of AQP9 expression on epithelial cell migration at both the single and 
multicellular level  
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MATERIALS AND METHODS 
This section will describe the principles and general protocols for the primary techniques used 
in this thesis. For other methods and more detailed descriptions, see Papers I-III. 

Ethics statement 
This study was conducted in accordance with the Declaration of Helsinki. All animal studies 
were carried out at the University of Toronto in accordance with the Guide for the Humane 
Use and Care of Laboratory Animals and were approved by the University of Toronto Animal 
Care Committee. Human blood was collected at the blood bank of Linköping University 
Hospital by employees at the blood bank division. A written consent for research use of 
donated blood was obtained from all donors. Since blood donation is classified as negligible 
risk to the donors and since only anonymized samples were delivered to the scientists, the 
research did not require ethical approval according to paragraph 4 of the Swedish law 
(2003:460) on Ethical Conduct in Human Research. 

Cell culture and primary cell  isolation 

Cell Culture  
All cells were originally retrieved from ATCC (Teddington, UK). The adherent epithelial cell 
lines GP2 293, HEK-293 and MDCK-1 were cultured in Dulbecco’s Modified Eagles 
Medium (DMEM) and the promyelocytic HL60 cells were grown in suspension in Roswell 
Park Memorial Institute 1640 (RPMI; all obtained from GIBCO BRL/Invitrogen Carlsbad, 
CA). The medium was supplemented with 10% fetal bovine serum (FBS), 100 µg/ml 
streptomycin, 100 U/ml penicillin, 1 mM sodium pyruvate and 2 mmol L-glutamine (GIBCO) 
and was changed every 2-3 days. Adherent cells were generally kept at sub-confluency 
(below 80%). For differentiation of HL60 cell to neutrophil-like cells, 1.3% dimethyl 
sulfoxide was added to the medium and the cells were allowed to differentiate for 5-6 days. 
All culturing was carried out at 37°C and 5% CO2 in a humidified incubator (95%). 

To select for successfully transduced cells, puromycin was added to the medium (Sigma-
Aldrich, St Louis, MO) until a 100% stable transfection was achieved.  

Isolation and differentiation of primary polymorphnuclear neutrophils 
(PMN) and monocytes  
Primary human monocytes and PMNs were isolated from whole blood obtained from healthy 
blood donors and differentiated to macrophages essentially as described in [396,397]. In brief, 
whole blood was layered onto Lymphoprep™ and Polymorphprep™ (Axis Shield, Dundee, 
Scotland). The bands containing the mononuclear cells and the PMNs were collected and 
washed in PBS. The monocytes were then plated in DMEM, supplemented with 1 U/ml 
penicillin, 10 µg/ml streptomycin, 80 µM L-Glutamine (GIBCO) and 10% normal human 
serum pooled from five donors (Blood Bank, Linköping University Hospital) and allowed to 
differentiate to become macrophages for 8 days. For PMN separation, erythrocytes were lysed 
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by hypotonic treatment with H2O for 30 s and the PMNs were pelleted, and subsequently 
dissolved in Krebs-Ringer Glucose buffer (KRG). They were kept on ice until used. 

Vector and protein expression 

Vectors 
For detailed information concerning preparation, purification and the origin of vectors 
encoding cDNA for AQP9 Wt, AQP9 S11A, AQP9 S11D, MyosinX, LifeAct, UtrCH, Mem, 
BAIAP2, HRas, Rac1, and Rac1Q61L, see Papers I-III. All vectors used in the studies yielded 
an expression of the protein of interest, fused to a fluorescent protein. The absorption 
wavelength varied depending on the specific experiment and fluorescent proteins, thus 
included AcGFP, EGFP, tagRFP, mRFP, RFP and dsRed.  

Transient transfections  
For transient expression of proteins in cell lines, vector DNA was introduced into cells with 
Turbofect transfection reagent (Fermentas, Thermo Scientific, Sunnyvale, CA). A buffer 
containing 1 µg of vector DNA, 2 µl of Turbofect and 100 µl of serum-free medium was 
prepared and allowed to equilibrate for 20 min. The DNA mixture was subsequently added to 
individual wells in a 6-well plate containing cells at 50-70% confluency. The cells were 
incubated for 15 h, trypsinized and re-seeded for subsequent experiment. 

For transfection of primary mouse neutrophils an electroporation-based technique was used. 
In brief, mouse neutrophils were placed in a vessel containing 100 µl of Nucleofector Solution 
V (Amaxa Biosystems, now Lonza, Allendale, NJ) supplemented with 4-6 µg of vector DNA. 
The cells were transfected using the program Y-001 (Amaxa Biosystems) and carefully 
recovered with 1 ml of 37°C Iscove’s Modified Dulbecco’s medium (GIBCO) and transferred 
to 1.5 ml of Iscove’s Modified Dulbecco’s medium with 10% FBS, followed by a 2-h 
recovery time in non-tissue culture 12-well plates in a humidified 37°C, 5% CO2 incubator. 
The cells were further analyzed by fluorescence microscopy and EPICS ALTRA flow 
cytometer (Beckman Coulter, Mississauga, Canada) to monitor the transfection efficiency. 
For more details, see Paper I. 

Viral production and transduction 
For generation of cells stably overexpressing GFP-AQP9 the lentiviral expression system 
Lenti-X™ (Clontech laboratories inc, Mountain View, CA) was used for HEK-293 cells and 
the retroviral transduction system RetroQ (Clontech) was used for MDCK-1 and HL60 cells 
(Fig. 13). In brief, viral particles were packaged and produced in the packaging cell line GP2 
293 (Clontech). These cells carry the retroviral genes gag and pol that are required, but not 
sufficient for viral production. With a transient co-transfection of the viral vector carrying 
cDNA for GFP-AQP9 and a vector containing cDNA encoding the viral env carrying the viral 
tropism (pVSVG or pA10), production of replication deficient retroviral particles was 
initiated. The cells were incubated for 48 h and then the supernatant was added to MDCK-1 or 
HL-60 cells for viral transduction for 24 h. Two days after, puromycin was added to the 
medium to select for GFP-AQP9 expressing cells. MDCK-1 cells were further sorted 
according to GFP fluorescence in an ARIA III cell sorter (Becton, Dickinson, Franklin Lakes, 
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NJ). Lentiviral particle production 
and viral transduction was carried out 
in essentially the same manner. For a 
detailed description, see Paper II.  

Visualization 

Live cell imaging protocols 
For short-term live cell imaging (<30 
min) the objective was preheated to 
37°C with an objective heater 
(Peacon, Erbach-Bach, Germany) 
and the experiment was carried out in 
KRG supplemented with 1mM Ca2+ 
(CCM). Long-term, bright-field 
imaging e.g. in wound healing 
assays, was carried out in the cell 
incubator with wound healing dishes 
(Ibidi, Martinsried, Germany). For 
long-term wide-field fluorescent 
visualization, the cells were placed in 
a micro-incubation chamber (QE-1) 
coupled to a TC-344B Heat 
Controller (both purchased from 
Warner Instruments, Boston, MA). In 
all experiments involving 
fluorescence, the dishes used were 35 
mm glass-bottom culture dishes with 
a glass thickness of 0.17 mm 
(MatTek Corporation, Ashland, MA) 
and imaging was carried out in CCM. 
Addition of chemicals during image 
acquisition was made manually 
during simultaneous monitoring of 
the cells in focus. For localized 
addition of water, a microinjection 
system consisting of a Femtojet and 
an InjectMan NI2 equipped with 
Eppendorf femtotips was used 
(Eppendorf, Hamburg, Germany). 
This enabled a constant pressure to 
be applied on the micropipette for 
pre-set periods of time.  

Figure 13. – Flowchart of retroviral production and 
transduction 
Transient co-transfection of plasmids containing the gene 
of interest and the envelope coding env gene, initiated 
viral production in the packaging cell line GP2 293. After 
48 h, the supernatant containing the viral particles was 
transferred to MDCK-1 or HL60 cells for transduction and 
subsequent protein expression. Viral production in 
packaging cells was possible due to stable expression of 
the retroviral genes gag and pol in GP2 293 cells. The 
target cells expressing the protein of interest were selected 
for by addition of puromycin to the medium.  
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Structured i l lumination aperture correlation microscopy  
This technique was used for live cell imaging of rapid dynamic processes and is, in brief 
based on that sample illumination occurs through a spinning raster thereby enabling 
mathematical extraction of confocal images (Fig 14). Imaging was carried out on an Axiovert 
200M (Zeiss, Jena, Germany) inverted stage equipped with a mercury short-arc lamp 
(HXP120c; Zeiss) and a structured illumination aperture correlation unit (VivaTome, Zeiss). 
Two filter sets optimized for DAPI/FITC/TexasRed (Zeiss) and GFP/DsRed (Zeiss), 
respectively were used in the VivaTome. For multichannel imaging, the images were acquired 
sequentially. The microscope was also equipped with 100x (NA 1.4; Zeiss), 63x (NA 1.25; 
Zeiss) and 40x (NA 1.3; Zeiss) objectives. Images were captured with an Axiocam MRm R3 
CCD camera with a pixel size of 6.45x6.45 µm. 

Figure 14. – Structured illumination aperture correlation microscopy 
(A) The light emitted from the light source (grey line) passes through an excitation filter allowing 
passage of a selected excitation wavelength (blue line). The excitation beam passes through a spinning 
disc that is composed of a raster. Only 50% of the light will pass through. The illuminated sample emits 
fluorescence (green and yellow line) that will be directed back to the disc. The light that passes through 
it is directed to the detector and contains 100% of the emitted light in focus and 50% of the emitted 
light from out of focus (green line). The other 50% of light from par-focal planes (yellow line) will be 
reflected by the disc but also detected on the camera that contains a split CCD chip. (B) Two sets of raw 
images are displayed as mirrored images and reflects the light that passed through (left side; X) or was 
reflected on the spinning disc (right side; Z). The image representing the out of focus light (Z) is then 
turned and subsequently subtracted from the other image (X-Z) yielding a confocal image. Moreover, Z 
will be added to X, thus yielding a wide-field fluorescent image. 
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Total internal reflection f luorescence (TIRF) microscopy  
TIRF was carried out on two separate systems. The first consisted of an Axiovert 200M 
inverted microscope equipped with a TIRF system (Zeiss) and a 100x (NA 1.4; Zeiss) 
objective. Here, GFP was excited using the 488 nm laser line from an Argon laser (Lasos, 
Jena, Germany) and the image was captured with an Axiocam Mrm CCD camera.  
The second system included a Zeiss Axiovert 200 inverted microscope with a TIRF slider 
coupled to 2 separate diode-pumped solid-state laser lines (488 nm, 561 nm, Spectral Applied 
Research) and a Hamamatsu Back-Thinned EM-CCD camera (Hamamatsu Photonics, Koga-
Kusha, Japan).  

Spinning disc confocal microscopy 
Spinning disc confocal images were recorded using a Leica DMIRE2 (Leica Microsystems, 
Wetzlar, Germany) inverted fluorescence microscope equipped with 100x and 63x high 
numerical aperture (1.4) objectives with a 1.5X magnification ocular lens (Spectral Applied 
Research, Richmond Hill, Canada), and a Hamamatsu Back-Thinned EM-CCD camera and 
spinning disk (SD) confocal scanning head (Yokagawa). 

Bright-f ield imaging 
For long-term bright-field imaging, the benchtop microscope JuLI (Digital Bio, Seoul, Korea) 
was used in the cell culture incubator and images were recorded every 5 min. For imaging of 
shorter periods (<30 min) the Zeiss system described for TIRF was used with a 100x phase 
contrast objective (NA 1.3; Zeiss). 

Wide-field f luorescence microscopy 
In Paper I, the Zeiss system described for TIRF was used with suitable excitation/emission 
filters and a mercury arc lamp (Zeiss) for wide-field fluorescence visualization. In Paper III, a 
Nikon Ti-E stage equipped with a Perfect Focus module and a 20x objective was used (Nikon, 
Tokyo, Japan). Here, a pE-2lamp (CoolLed, Andover, UK) was used for excitation and a 
Clara interlined CCD for detection (Andor, Belfast, UK). 

Confocal Laser scanning microscopy (CLSM) 
For CLSM an Axio Observer Z1 stage, equipped with a LSM700 (Zeiss) confocal unit and 
either a 20x (NA 0.8) or a 63x (NA 1.4) objective was used. During acquisition the size of the 
pin hole size was always kept at 1 airy unit.  

Immunological techniques 

Immunohistochemistry 
For immunostaining, cells were fixed in 4% paraformaldehyde (PFA; Sigma-Aldrich, St 
Louis, MO) in CCM for 15 min and subsequently washed. For labeling of internal epitopes, 
cells were permeabilized in 0.1% Triton X-100 (Sigma) for 5 min at room temperature (RT), 
washed and then incubated for 60 min RT in a blocking solution; this was composed of PBS 
with 1% bovine serum albumin (BSA), and 3% serum originating from the species in which 
the secondary antibody was produced. The primary antibody was then added in blocking 
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solution and incubated overnight at 4°C, washed again and incubated with the secondary 
antibody conjugated to a fluorophore. For staining of nuclei, DAPI (5 µM; Molecular Probes-
Invitrogen) was either added to permeabilized cells for 30 min at RT and then washed three 
times or included in the mounting medium (ProLong Gold; Molecular Probes), that was added 
after a final wash. For actin staining, phalloidin conjugated with Alexa fluorophores 
(Molecular Probes) were added to the samples after permeabilization and then incubated for 
45 min at RT. 

 Immunoprecipitation  
Isolated primary human neutrophils were seeded into tissue culture-treated Petri-dishes in 
CCM. The cells were either unstimulated, stimulated with 10 nM f-Met-Leu-Phe or 100 nM 
phorbol-esters (phorbol 12-myristate 13 acetate; PMA, Sigma) for 20 min at 37°C. After this, 
the cells were washed in ice-cold PBS and lysed with radioimmunoprecipitation assay (RIPA) 
buffer supplemented with a 1.5x protease inhibitor cocktail (Proteoblock; Fermentas) and 5 
µM EDTA (Fermentas). The lysates were scraped of the dishes, transferred into 1.5 ml 
Eppendorf tubes and rotated for 30 min at 4°C. The protein concentration was determined 
using the BioRad DC protein assay kit (BioRad, Hercules, CA). Monoclonal anti-
phosphoserine-conjugated agarose beads (Sigma) were added to equilibrated samples that 
were subsequently rotated at 4°C overnight. As a negative control, lysis buffer with 
monoclonal anti-phosphoserine-conjugated agarose beads were used. The immunoprecipitates 
were spun down at 6000g for 2 min at 4°C. The supernatant was removed and the beads 
resuspended in ice-cold RIPA buffer. This was repeated three times before the proteins were 
released from the beads by incubation with 25 µl of 100 mM glycine pH 2.8 (Sigma) for 3 
min. The samples were then heated to 70°C for 10 min before loaded on a 4-12% Bis-Tris gel 
according to the manufacturer´s protocol (Nupage, Invitrogen). The gel was allowed to run for 
60 min at 200 V and the samples were then transferred to a PVDF-membrane (Millipore, 
Billerica, MA) for 90 min at 30 V. The membrane was blocked with 5% sterile-filtered BSA 
in TBS-T for 60 min at RT. The primary polyclonal rabbit anti-human AQP9 antibody 
(ab85910, Abcam) was added in blocking buffer and the membrane was incubated over-night 
at 4°C under gentle agitation. The day after, it was washed 5x6 min in TBS-T and the 
secondary HRP-conjugated goat anti-rabbit antibody (Dako, Glostrup, Denmark) was added 
and incubated for 60 min at RT. The membrane was once again washed 5x6 min in TBS-T 
and subsequently developed with Super signal West Pico Chemiluminescent substrate 
(Thermo Scientific, Waltham, MA) according to the manufacturer´s protocol.  

Western blot of differentiated HL60 cells 
Differentiated HL60 cells were seeded into 100-mm, fibronectin-coated Petri-dishes and 
stimulated with 10 nM f-Met-Leu-Phe for 30 min at 37°C. The cells were then place on ice, 
washed once in ice-cold PBS, and treated with 500 µl of lysis buffer (50 mM Tris, 150 mM 
NaCl, 1% Triton X-100, 0.5 mM MgCl2, Sigma) with protease inhibitors (Complete protease 
inhibitor, Roche, Basel, Switzerland). The cell lysates were transferred to 1.5 ml Eppendorf 
tubes and rotated for 30 min at 4°C. Undissolved debris was spun down at 16,000g for 4 min 
at 4°C, the protein concentrations were equilibrated (BioRad DC protein assay kit; BioRad) 
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and the samples were subjected to gel-electrophoresis and Western blot, using the same 
protocol as in the immunoprecipitation experiments.  

Statist ical analyses 
Generally, the data are presented as mean ± SEM. For statistical analyses two-tailed non-
parametrical Mann-Whitney tests were used. The significance was rated * when p<0.05, ** 
when p<0.01 and *** when p<0.001. 
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SUMMARY OF THE PAPERS 
Aquaporin 9 phosphorylation mediates membrane 
localization and neutrophil  polarization (Paper I) 
Based on previous data showing endogenous expression of AQP9 in leukocytes [355], and 
evidence for a role of AQP9 in filopodial induction in fibroblasts [378], we elucidated the role 
of AQP9 in neutrophils further. This was achieved by using: (i) primary human neutrophils 
and subsequent immunolabeling and Western blot analysis, (ii) live cell imaging of primary 
mouse neutrophils transfected with GFP-AQP9 or the AQP9 mutants S11A and S11D 
mimicking an unphosphorylated and phosphorylated AQP9, respectively, and (iii) 
differentiated neutrophil-like HL60 cells, stably expressing GFP-AQP9 and mutants thereof 
following a retroviral transduction. 

Aquaporin 9 phosphorylation promotes fi lopodia formation and is 
tr iggered by stimulation of migration 
First, we confirmed that AQP9 is endogenously expressed in primary human neutrophils and 
HL60 cells (Paper I; Fig. 1B-C and E). Second, in line with previous results from fibroblasts, 
primary mouse neutrophils and differentiated neutrophil-like HL60 cells were found to 
develop a filopodial phenotype upon transfection with AQP9. Moreover, this was shown to be 
dependent on phosphorylation of AQP9 on Ser11 (Paper I; Fig. 1D and Supplemental Fig. 1). 
Since filopodia are associated with cell migration, we speculated that the phosphorylation of 
AQP9 occurs upon stimulation of migration. Thus, we treated primary human neutrophils 
with the chemotactic peptide f-Met-Leu-Phe and measured the phosphorylation of AQP9 
using Western blotting following phosphoserine-immunoprecipitation. Indeed, the migratory 
stimulus elicited an increase in serine phosphorylation. Similarly, it was also detected after 
PMA-induced activation of novel and/or classical PKCs, indicating a PKC-mediated pathway 
for AQP9 phosphorylation (Paper I; Fig. 2A-B).  

Membrane localization of aquaporin 9 augments cell polarization and 
migration in a phosphorylation-dependent manner 
Because the aforementioned results provided a possible link between AQP9 phosphorylation 
and f-Met-Leu-Phe stimulation, we further investigated the impact of AQP9 on cell adhesion, 
migration and polarization (Paper I; Fig. 3). To quantify cell polarization, transfected cells 
were seeded onto glass coverslips and the proportion of transfected, polarized cells in the 
presence or absence of f-Met-Leu-Phe was quantified. As expected, f-Met-Leu-Phe 
dramatically increased the number of polarized primary neutrophils and differentiated HL60 
cells when expressing either GFP-AQP9 or empty GFP vector (Ctrl; Mock). However, no 
significant differences were observed between stimulated or unstimulated cells, when they 
expressed GFP-AQP9 S11A, where a relative low number of polarized cells were seen after 
stimulation (Paper I; Fig. 3C). In contrast, GFP-AQP9 S11D transfection appeared to induce a 
continuously high degree of polarized cells. Similarly, HL60 cells were furthermore subjected 
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to an adhesion assay where a fixed number of cells were seeded 
onto glass coverslips and allowed to attach for 20 min before 
non-adherent cells were washed away. In this context, GFP-
AQP9 and GFP-AQP9 S11D-expressing cells showed increased 
adhesive ability in comparison to Mock or GFP-AQP9 S11A-
transfectants (Fig. 15, unpublished results). These results 

encouraged us to further study the role of AQP9 in cell adhesion, by measuring the level of 
β2-integrin expression as the mean integrated fluorescent intensity in differentiated HL60 cells 
expressing GFP-AQP9 or Mock. Here we found an increase in the β2-integrin (CD11b) 
expression (Paper I; Fig. 3E), which we interpret as a result of the excessive surface area that 
accompanies a polarized and filopodial phenotype, being stabilized by integrin insertions. In 
Boyden-chamber experiments, we furthermore found an increased migration towards f-Met-
Leu-Phe in cells expressing GFP-AQP9 in comparison to Mock (Paper I; Fig. 3B).  

Rac1 is an upstream effector of aquaporin 9 and regulates its 
membrane localization 
We next visualized the dynamics of the GFP-AQP9 distribution during neutrophil polarization 
by transfecting primary mouse neutrophils, and subjecting them to micropipette-delivered f-
Met-Leu-Phe during live cell imaging. First, we found that both GFP-AQP9 and GFP-AQP9 
S11D translocated to the leading edge membrane while GFP-AQP9 S11A failed to do so 
(Paper I; Fig. 4A-B). Second, in transfected neutrophils obtained from either Rac1 or Rac2 
knockout mice, we found that AQP9 partly failed to localize to the plasma membrane in 
neutrophils lacking Rac1 but not Rac2 (Paper I; Fig. 5). These results indicated that Rac1 is 
an upstream regulator of the membrane translocation of cytoplasmic AQP9 in primary mouse 
neutrophils.  

Model for AQP9 accumulation and function at the leading edge 
Based on our findings in Paper I, we refined the previously suggested model for AQP9-
assisted membrane protrusion (Fig. 16). In brief, the refined model suggests that membrane 
localization of AQP9 is mediated through Ser11 phosphorylation in a Rac1 and PKC-
dependent manner. The decreased AQP9 membrane localization in the absence of Rac1 
corresponded to 25%, suggesting that there is a resident population of AQP9 that upon Rac1 
activation rapidly localizes to the plasma membrane. Moreover, in addition to PKCζ, AQP9 
phosphorylation is either directly or indirectly mediated by classical and/or novel PKCs 
through a well-characterized signaling pathway involving PLCβ and PI3Kγ activation [169]. 
PI3K-mediated production of PI(3,4,5)P3 will furthermore result in downstream Cdc42 and 
Rac1 activation that help localize AQP9 to the membrane, possibly through PKCζ-assisted 

Figure 15. – Adhesion of HL60 cells 
Proportion of adherent HL60 cells stably expressing GFP-AQP9 
and mutants thereof. The data is displayed as mean ± SEM;.n= 8, 
8, 3 and 3 experiments for GFP-AQP9, Empty vector, GFP-AQP9 
S11A and GFP-AQP9 S11D, respectively. The data is normalized 
to GFP-AQP expressing cells. Data not published.  
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phosphorylation of Ser11. This promotes a 
rapid translocation of the water channels to 
the leading edge where they will facilitate 
shape changes by: (i) generating a local 
increase in hydrostatic pressure detaching the 
membrane from the cytoskeleton and (ii) 
diluting the gel-like cytosol, which facilitates 
diffusion of actin monomers to sites for actin 
polymerization. Moreover, by generating 
numerous of filopodia, AQP9 will increase the cell surface area and thus, the area for integrin 
insertion and stable cell attachment. 

Figure 16. - Model for AQP9 membrane 
localization and function at the leading edge 
(A) In a resting cell AQP9 is evenly distributed 
throughout the membrane. (B) Downstream of f-
Met-Leu-Phe-induced receptor ligation PLCβ is 
activated, which subsequently results in release 
of diacylglycerol (DAG) and I(1,4,5)P3 from the 
membrane. This triggers release of Ca2+ from 
internal stores and activation of novel and 
classical PKCs aiding AQP9 phosphorylation 
and membrane localization. Moreover, Rac1 and 
Cdc42 will act downstream of PI3Kγ signaling 
and stimulate PKCζ to further target AQP9 to 
the membrane. At the leading edge, influx of 
water through accumulated AQP9 promotes 
polymerization by tearing the membrane apart 
from the cytoskeleton, creating a 
submembranous space for actin branching and 
elongation. Furthermore, the influx of water will 
facilitate diffusion of cytoskeletal reactants. 
Reprinted from Paper I 
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Fluxes of water through aquaporin 9 weaken 
membrane-cytoskeleton anchorage and promote 
formation of membrane protrusions (Paper II)   
Several hypothetical models for an interplay of AQP and actin dynamics had previously been 
proposed but not tested. Thus, we set out to study the relation between AQP9 and actin 
dynamics. This was addressed by using an imaging approach, i.e. “structured illumination 
aperture correlation” confocal imaging of HEK 293 cells expressing fluorescently tagged 
AQP9 and other fluorescently-labeled cytoskeletal proteins.  

AQP9 induces and accumulates in f i lopodia 
In HEK-293 cells, GFP-AQP9 expression induced an increased filopodial formation in 
comparison to cells transfected with the membrane-labeling vector GFP-Mem (Paper II; Fig. 
1A-B). To further confirm that the phenotype corresponded to water fluxes through AQP9, we 
blocked the channel using increasing concentrations of HgCl2 and found that it negatively 

correlated with the number of filopodia/µm cell 
perimeter and dramatically decreased the filopodial 
dynamics (Fig. 17, unpublished figure, Paper II; 
Supplemental Video 2). To characterize these finger-
like projections further, we co-expressed AQP9 with 
other well-established filopodial markers, viz. 
BAIAP2 (human IRSp53) and myosin X and 
confirmed that these projections were indeed 
filopodia (Paper II, Fig. 2B). Moreover, we verified 
the localization of GFP-AQP9 to lamellipodial 
structures (Fig. 18, Unpublished data). Here, AQP9 
intensity correlated with the protrusive regions.  

By co-transfecting tagRFP-AQP9 and GFP-Mem we 
quantified the ratios of mean filopodial and 
subfilopodial fluorescence for both fluorophores and 
found enhanced AQP9 accumulating in filopodia in 
relation to the uniformly distributed membrane probe 
(Paper II; Fig. 1C-D). Indeed, the concentration of 
AQP9 was particularly evident in the tip of the 
filopodia during rapid elongation (Paper II; Fig. 1E-
F). Taken together, these data show that water fluxes 
through AQP9 induced filopodia where it also 
accumulated, an effect that was most evident during 
filopodial growth. 

Figure 17. - Quantification of 
filopodia 
Cells expressing GFP-AQP9 were 
either untreated (Ctrl) or treated with 
increasing concentrations of HgCl2 for 
15 min. The data are displayed as 
mean. ± SEM, n=6-46 cells/treatment. 
Unpublished figure.  
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Water-induced fi lopodial elongation precedes actin polymerization  
To visualize simultaneously actin and AQP9 dynamics in living cells, we transfected stably 
GFP-AQP9 expressing cells with tagRFP-LifeAct; a small genetically encoded peptide 
suitable for visualizing actin without affecting its dynamics [398]. Indeed, actin was present in 
AQP9-induced filopodia. However, in elongating filopodia, it did not extend all the way to the 
very tip and was lagging behind AQP9 in the protruding membrane (Paper II; Fig. 4 A-D). 
Consequently, the space between AQP9 and actin during filopodial elongation was initially 
large but subsequently filled up with actin upon termination of growth (Paper II; Fig 4E). The 
space varied, however, among filopodia and probably reflected their stochastic growth. To 
show that these results were not artifacts of the expressed actin probe, we repeated the 
experiments with an alternative genetically encoded actin marker, i.e. mRFP-UtrCH [399], 
and obtained essentially identical results (Paper II; Fig. 4F). When treating the cells with 
actin-dynamics inhibitors, several filopodia were lost and the dynamics was completely 
inhibited (Paper II; Fig. 5A-B, Supplemental Video 1). Moreover, the existing filopodia lost 
their rigidity and typically pointed architecture (Paper II, Fig 5C). In this regard, actin 
appeared crucial for filopodial elongation and long-term stability. 

Figure 18. – AQP localization in lamellipodia 
(A, left panel) Representative TIRF-image of a GFP-AQP9 expressing HEK-293 cell extending a 
lamellipodium-like pseudopod. Scalebar 2 µm. (A, right panel) A TIRF-captured time-lapse 
montage pseudo-colored in rainbow scale to illustrate differences in fluorescent intensities. (B, left 
panel) The first and last slice of the time-lapse montage presented in A. The boxes illustrate the area 
of mean fluorescence intensity (MFI)-profile plots. (B, right panel) MFI-profile plots of the boxes 
presented in the left panel. The profile plots are temporally color-coded to illustrate intensity 
fluctuations over time. Unpublished data. 
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Influx of water through AQP9 is suff icient to locally deform the 
membrane  
To seek evidence for functional water channels, we added 20 µl of H2O to the imaging 
medium during acquisition. This yielded a rapid but transient reduction in the local osmolarity 
and caused the AQP9-enriched filopodia to form small bleb-like protrusions (Paper II; Fig. 
4A-B, Supplemental Video 3). Moreover, this effect could be blocked with HgCl2 or the novel 
AQP9 inhibitor HTS13286 [400] (Paper II; Fig. 4C). We next investigated if such an effect 
could be of physiological relevance in cells with endogenous expression of AQP9 and 
therefore turned our attention towards macrophages [355,401]. Indeed, addition of H2O to the 
cells caused rapid formations of filopodial bleb-like protrusions, a process that was again 
inhibited by HTS13286 (Paper II; Fig. 3D).  

Based on the resemblance to membrane blebs, we hypothesized that the volume and 
persistence of H2O addition determines the size and location of these bleb-like structures. 
Thus, using a micromanipulator, we locally released small amounts of H2O in close proximity 
of the GFP-AQP9 expressing cells in focus for different time intervals. Here we found that the 
size of the bleb-like protrusions indeed correlated with increased time of water-release (Paper 
II; Fig. 6A-B, Supplemental Video 4). Interestingly, we also observed that the fraction of 
them extending from the cell body increased with prolonged periods of H2O release (Paper II; 
Fig 6C). We believe this effect can be explained as follows: (i) accumulation of water 
channels in filopodia results in a more dramatic influx of water at these sites, (ii) the 
membrane-cytoskeleton ratio is considerably higher in filopodia, causing a more dramatic and 
bi-directional increase in hydrostatic pressure upon influx of water, and (iii) the less rigid 
cytoskeletal anchorage in filopodia, e.g. due to the lag in actin polymerization means that less 
force is required for membrane deformation. Thus, a more prolonged reduction in osmolarity 
will eventually build up a sufficient hydrostatic pressure to tear he membrane from the 
cytoskeleton in the cell body. 

AQP9 accumulation underl ies bleb induction 
In a physiological setting, influx of water could be anticipated to originate from local 
accumulation of AQPs that likely is reinforced by microosmotic gradients created by ion 
transporters. Accordingly, we found a distinct accumulation of AQP9 in the membrane before 
a bleb was formed (Paper II; Fig 7A-C, Supplemental Video 5). However, the center of the 
bleb did not exactly correlate spatially with the accumulated AQP9 but could develop 
adjacent to such aggregation (Paper II; Fig. 7D-F). This probably reflects involvement of 
other cytoskeletal parameters, e.g. degree of myosin II contraction, strength of the 
cytoskeletal anchorage and rigidity of the local cortical actin cytoskeleton. 

Model for AQP9-assisted formation of membrane protrusions  
Our study provided unique evidence for an interplay of AQPs and actin in protrusion 
formation. Moreover, we showed that fluxes of water through AQP9 are sufficient to deform 
the membrane and induce bleb-like protrusions, the size of which correlated with the change 
in osmotic pressure. Based on this, we amended the existing model for AQP-assisted 
membrane protrusions (Fig. 19). Albeit this model focuses on filopodia, we believe that 
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similar mechanisms are applicable for lamellipodia and blebs. In brief, AQP9 accumulates in 
the membrane by lateral diffusion or vesicle transport. Simultaneously, ion transport across 
the membrane creates a steep osmotic gradient that will force the water through the channels 
and dramatically increase the hydrostatic pressure between the membrane and cytoskeleton. 
This results in a force that pushes the membrane outwards, tearing it from the cytoskeletal 
attachment and thus, creating a submembraneous space for facilitated actin polymerization. 
Along with the filopodial growth, actin is polymerized into the protrusion and thereby acts as 
a counter pressure for the membrane extension. Upon reaching a critical distance from the 
actin, the water-induced elongation will terminate, since H2O can now equilibrate along the 

Figure 19. – Model for AQP9-induced membrane protrusions 
(A) A polarized migrating cell where the rate of water influx is higher at protruding structures, viz. 
lamellipodia, filopodia and blebs. (B1) AQP9 accumulates in the membrane by lateral diffusion or 
vesicle transport. (B2) Increased influx of water at this site will create a hydrostatic pressure 
(yellow arrow) that pushes the membrane outwards and breaks attachment to the cytoskeleton. 
(B3) The diluted space created by the protruding membrane will allow actin polymerization into 
the elongating filopodium. (B4) When reaching a critical space, the water will rapidly equilibrate 
along the filopodium, terminating its elongation accordingly. (B5) Actin is then allowed to 
polymerize into the structure and thereby stabilize it. Reprinted from Paper II.  
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filopodium. Actin polymerization will then catch up with 
the protrusion and thereby stabilize the structure. If the 
influx of water outpaces actin polymerization, e.g. by a 
rapid drop in osmolarity, the filopodia will loose their rigid 
structure and yield a bleb-like protrusion (Fig. 20). An 
accumulation of AQP9 will promote formation of such 
membrane blisters locally. Thus, we may assign to 
filopodia a novel function as osmo-sensors, protecting the 
cells from osmotic stress. 

Water f luxes through aquaporin-9 
prime epithelial cel ls for rapid 
wound healing (Paper II I)  
Despite extensive experimental evidence for involvement 
of AQPs in cell migration the issue of differential roles at 
the single and multicellular level had never been assessed. 
Here, we focused on the role of AQP9 in the epithelial cell 
line MDCK-1 and studied the migration at both the single 
cell level and as epithelial sheets. To study this, we 
primarily used long-term visualization and 3D imaging of 
MDCK-1 cells stably expressing GFP-AQP9.  

AQP9 expression augments single cell 
pseudopod formation but impairs 
directionality 
To study the effects of AQP9 expression on single cell 

migration, MDCK-1 cells expressing GFP-AQP9 or empty GFP vector (control) were seeded 
into glass-bottom culture dishes. They were then stimulated with epidermal growth factor 
(EGF) and allowed to migrate for 7 h at 37°C while simultaneously capturing bot wide-field 
fluorescence and bright-field images. The cells were subsequently analyzed using a semi-
automated tracking module where the distance and directionality of each track was obtained. 
Surprisingly, tracks from AQP9-expressing cells displayed a decrease in the Euclidean 
distance, i.e. the distance measured as a straight line from the starting point to the end point of 
the track (Paper III; Fig. 1C and D). Thus, the cells appeared relatively indecisive concerning 
the direction of migration. The total distances of the motility were, however, longer in GFP-
AQP9 expressing cells compared to controls (Paper III; Fig. 1E). We hypothesized that these 
effects was a result of the formation of multiple pseudopods by GFP-AQP9 expressing cells. 
This allows the cell to consistently change shape and move its center of mass relative to the 
substratum although not necessarily moving the whole cell body. This effect would yield 
longer migratory paths over short distances. Indeed, this was visually evident in the image 
sequences (Paper III; Supplemental Video 1).  

Figure 20. – Formation of 
bleb-like protrusion 
A local reduction in osmolarity 
causes rapid influx of water 
through AQP9 and blister 
formation at sites where the 
cytoskeletal anchorage to the 
membrane is weak. Figure not 
published. 
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Wound closure is facil i tated by AQP9 expression affecting epithelial 
integrity and cell volume  
To assess the impact of AQP9 on the migration of epithelial sheets, cells were grown for three 
days in wound healing dishes where subsequent removal of a silicon-based insert introduces a 
gap between the separated monolayers (Fig. 21A). During cell locomotion into the wound-
like gap, AQP9 and actin localized to the leading edge of cells at the wound margin (Paper 
III; Fig. 2A). Furthermore, AQP9-expressing cells closed the wound significantly faster in 
comparison to control cells, and this was not an effect of increased proliferation rate (Paper 
III; Fig. 2B-C and 3E).  

Surprisingly, during migration, cells at the margin in epithelial sheets expressing the empty 
GFP vector were clearly more polarized than GFP-AQP9 expressing cells, where the 
migratory pattern resembled a sheet pushing from behind (Paper III; Supplemental Video 2). 
We therefore speculated that AQP9 might trigger a swelling effect in the back of the 
monolayer and thereby provide the sheet with a forward push. Indeed, when analyzing the 
number of cells/field of view in the back of the monolayer as a measure of the relative sheet 
volume, we found that the AQP9-expressing monolayers had a distinct increase in volume as 
a response to monolayer wounding while the volume in the control cells remained fairly 
constant (Paper II; Fig. 3C-E). Moreover, 3D confocal microscopy revealed that these cells 
appeared to grow less uniform and in several layers. In this context, by pumping water in and 
out of the cell, AQP9 might affect the structure of the monolayer. We therefore measured its 
tightness during the establishment of the monolayer integrity by measuring the transepithelial 
electrical resistance. Incidentally, AQP9 expression significantly increased the epithelial 
integrity after three days in comparison with control cells (Paper III; Fig. 3F). We therefore 
also assessed the rate of wound closure of monolayers that were allowed to form a proper 
integrity for 1 or 3 days. Interestingly, AQP9-expressing monolayers, that had been allowed 
to grow for one day, showed similar rates of wound closure as compared to the control cells 
seeded 3 days in advance. However, after three days, the rate of wound closure in AQP9-
expressing cells increased dramatically (Paper III; Fig. 3G). 

Model for how AQP9 augments wound closure  
To summarize our findings, we proposed a working model for how AQP9 might assist 
migration at the single and multicellular level (Fig. 21). In brief, AQP9 assists single cell 
locomotion by facilitating shape changes through induction of numerous membrane 
protrusions. However, this disturbs their intrinsic directionality and will upon absence of a 
directional stimulus, yield multiple protrusions in several directions. During monolayer 
maturation, AQP9 is integral in the volume regulatory mechanisms and thereby the function 
for single cells to adapt into shapes suitable for the monolayer. This results in a higher density 
of cells and thus a tighter monolayer that will squeeze harder and along with increasing 
density, exert a higher force on adjacent structures. After a wound is inflicted, rapid swelling 
of the epithelial sheet will provide the cells at the wound margin with a push from the back in 
the direction of migration and consequently facilitate wound closure. 
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Figure 21. – Model for aquaporin (AQP9)-assisted cell migration 
(A) A schematic view of the wound healing chamber. The chamber consists of two compartments 
separated by a removable insert. (B) During single cell migration, AQP9 augments formation of 
membrane protrusions. After proliferation, the cells will form a monolayer. (C) Here, AQP9 
participates in regulating the volume of cells in the monolayer and thus promote a tighter 
epithelium. (D) Upon removal of the insert, rapid influx of water into the epithelial sheet results in 
swelling of the monolayer that thus will be pushed into the wound from the back. Reprinted from 
Paper III.  
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CONCLUDING REMARKS 
This thesis provides the field of cell migration with direct evidence for interplay of water 
fluxes with the cytoskeletal machinery, that together promotes protrusion formation and thus, 
facilitating shape changes and directional cell migration at both the single cell and 
multicellular level. 

More specifically, we have shown that AQP9 controls cell migration by inducing, and 
accumulating in membrane protrusions and in membrane domains preceding their expansions. 
Moreover, we have linked some of these AQP9-mediated events to: (i) phosphorylation of 
AQP9 on Ser11, (ii) chemotactic stimulation, (iii) activation of cytoskeletal regulators, e.g. 
PKC and Rac1, and (iv) volume regulation of entire epithelial sheets. Most importantly, we 
have assigned the protrusion-promoting mechanism to the water-transporting ability by 
showing, that H2O is sufficient to locally deform the membrane at sites where AQP9 has 
accumulated and by observing a submembraneous space with very low concentration of actin 
during filopodial elongation. Thus, we could postulate that the critical step in AQP-induced 
membrane protrusions likely relies on a localized increase of hydrostatic pressure and a 
facilitated diffusion of cytoskeletal reactants by the gel-to-sol transformation following a 
cytoplasmic dilution.  

Since all AQPs are capable of transporting water, similar mechanisms for an AQP-assisted 
cell migration can most likely be attributed to other AQPs. AQP-interacting partners are also 
critical determinants in this context, by localizing and accumulating with AQPs in the 
membrane domains. The driving force for the influx of water is seemingly based on 
microosmotic gradients created by ion channels and other transporters. Such a gradient can 
probably not be assigned to a single ion channel but rather comprise an ensemble of 
transporters acting in a migration-associated “transportome” [291]. Logically, AQP 
localization inside, or in close proximity of such an ion-transporting entity will promote a 
rapid influx of water. Interestingly, preliminary data from our lab point toward a critical PDZ-
domain interaction between AQP9 and the scaffolding protein α-syntrophin for proper 
membrane localization, an issue that will be addressed in future studies. It is also tempting to 
speculate around a possible gating mechanism for AQPs in this context. This would add an 
additional level of regulation for localized influx of water and promote and even more 
dramatic effect by opening and closing during periods of different osmotic loads. Taken 
together, we believe that an interplay of fluxes of water and cytoskeletal dynamics is crucial 
for protrusion development and that the amount of water transported determines the force 
exerted on the membrane and is thus, a key determinant in the decision and regulation of the 
subsequent protrusion. 

Here we have also assigned to filopodia, a novel role as osmo-sensors. More specifically, this 
statement is based on the finding that AQP9-induced filopodia developed bleb-like 
protrusions upon localized H2O addition. This effect was also observed in filopodia of cells 
with an endogenous expression of AQP9 and could furthermore be blocked by specific AQP9 
inhibition. By displaying a filopodial phenotype, localized and rapid osmotic changes can be 
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captured by filopodia, where the osmotic load will equilibrate along the length of the 
protrusion. Thus, this will protect the cell body from encountering a dramatic unregulated 
influx of water. Moreover, it might provide the cell with a feedback signal to fine-tune its 
volume regulatory mechanisms. This however, needs to be further elucidated and will 
accordingly be targeted in future studies. 

Considering that the various forms of AQPs diverge between tissues, species and individuals, 
and that multiple and compensatory expressions in single cells occur, we believe that an 
overexpression system of AQPs is to prefer in comparison to knockdown experiments. Here, 
high levels of a specific AQP will literally drown the effect of other AQPs and exclude 
compensatory upregulation. Still, it is of relevance to underscore that such levels of 
endogenous AQP-expression rarely occurs and that cells in vivo, although employing similar 
mechanisms, might not display such a dramatic phenotype. Consequently, the development of 
AQP-specific inhibitors will most likely in combination with expressional studies be of great 
assets in future studies. Moreover, such compounds might be therapeutically relevant in the 
treatment of motility-related diseases, e.g. chronic inflammation or cancer metastasis. In this 
context, a significant contribution to the understanding of cell migration and invasion may 
also originate from future studies addressing the role of AQPs during cell migration in 3D 
matrices. 
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