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In the beginning there was nothing.  
But in the fifth year, Tijs said ‘‘let there be a thesis’’, 

and there was a thesis.  
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Introduction 

All blood vessels in the microvasculature are embedded in loose connective 
tissue structures. During homeostasis nutrients and salts convey along with 
fluid over the blood vessel wall and reach the connective tissue where they 
are needed for maintenance and adequate function of cells. The fluid is con-
secutively transported out from the connective tissue via the lymphatic sys-
tem and drained back to the blood system, or reabsorbed by blood vessels. In 
carcinoma and during inflammation the fluid balance in connective tissues is 
disturbed. This leads to altered transport of fluids to and from tissues and has 
implications for cancer chemotherapy and for the outcome of infection. Dur-
ing infection, the host elicits an inflammatory response that mainly functions 
to eliminate the pathogen. One hallmark of this response is increased fluid 
transport from the blood to the affected connective tissue, i.e. edema forma-
tion, which creates an environment more easily penetrable for inflammatory 
cells and antibodies. Normally this leads to clearing of the system, which 
subsequently allows for normalization of fluid transport.  

This introduction will supply the reader with a summarized background 
concerning the, for this thesis, relevant molecular biological, physiological 
and pathological processes that are related to fluid balance in loose connec-
tive tissues. 

Connective tissue 
During evolution of higher organisms, connective tissues developed together 
with the blood vessels they embed [1]. Loose connective tissues consist of 
extracellular matrix (ECM) in which connective tissue cells of mesenchymal 
origin are present, e.g. fibroblasts. These cells deposit ECM that forms a 
fibrous network surrounding a ground substance that mainly consists of pro-
teoglycans and the glycosaminoglycan hyaluronan, where hyaluronan makes 
up two thirds of the glycosaminoglycan content in skin [2, 3]. Collagens are 
the most abundant fibrous proteins and form the structural network of the 
matrix [4]. Other ECM molecules in loose connective tissue include fi-
bronectin, thrombospondin, elastin, matrillins and fibrillins [5-8]. Proteogly-
cans and hyaluronan are relatively inflexible negatively charged hydrophilic 
macromolecules that in connective tissue ECM are present in an extended 
form. Their negative charge attracts cations, such as sodium, that in turn 
creates an osmotic pressure leading to an intrinsic tendency to take up water. 
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Therefore these polymers occupy a relatively large volume compared to their 
molecular mass. The resulting capacity to swell makes connective tissues 
able to resist compressive forces [9-12]. Extensive intermolecular interac-
tions resulting in supramolecular complexes are a hallmark of ECM compo-
nents. The molecules in connective tissue can interact with each other and 
also with the collagen network thereby creating supramolecular complexes. 
The contractile connective tissue cells bind and exert a tension on the colla-
genous framework which restrains the polysaccharide ground substance 
from taking up fluid and prevents tissue swelling [2, 13]. Hereby the connec-
tive tissue cells are actively involved in controlling tissue fluid balance (see 
section on interstitial fluid pressure). 

Collagen and Fibronectin 
The superfamily of Cn proteins consists of at least 29 different collagen 
types and makes up 25% to 35% of the whole body protein content [14]. 
Collagens are probably best defined by Brown and Timpl who classified 
them as large structural extracellular proteins with at least one collagen do-
main [15]. However, this definition leaves one group of collagens defined as 
non-Cn (see below). A Cn domain is defined by a right-handed triple helix 
consisting of three left-handed helical polypeptides (α chains) of which each 
has a repeating number of Gly-X-Y motifs in the amino acid sequence. A 
similar regular repetition of high glycine content is found in only a few other 
fibrous proteins, including silk fibroin (around 75% is Gly-Ala-Gly-Ala). In 
collagens, the glycine in the repeating Gly-X-Y motifs is a prerequisite for 
the triple helical structure as it is the only amino acid small enough to be 
positioned in the inner part of the triple helix. Also, hydroxylation of certain 
amino acids at the X and Y positions play important roles in the stability of 
the triple helix by forming lateral hydrogen bonds between the α chains [16]. 
Proline is often found at positions X or Y while 4-hydroxyproline often oc-
cupies position Y. Sometimes also 3-hydroxyproline or 5-hydroxylysine can 
be found at position Y. These hydroxylations occur posttranslationally in the 
lumen of the endoplasmatic reticulum and are mediated by dioxygenases. 
Ascorbic acid (vitamin C) is essential for the function of these enzymes, as 
deprivation can lead to diseases related to disturbances in Cn synthesis, e.g. 
scurvy. Unlike mammalians, bacteria lack the enzymes responsible for 
proline hydroxylation and were therefore long believed not to be able form 
stable Cn-like structures. However, several years ago it was discovered that 
the bacterium S. Pyogenes expresses structurally stable Cn-like proteins [17, 
18]. The occurrence of the amino acid triplets Lys-Gly-Asp (KGD) and Lys-
Gly-Glu (KGE) contribute to this stability in a similar manner as hy-
droxyproline does in mammalian collagens.  
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Figure 1  Structural organization and dimensions of triple helical collagens 

assembled into fibrils and fibers. Cn triple helices are about 1.5 nm 
in diameter. They can spontaneously associate with one another and 
assemble into fibrils and even fibers of approximately 20-500 nm in 
diameter. Adapted from [19]. 

The diverse members of the Cn superfamily differ both in molecular organi-
zation and tissue distribution and function [14, 20] and can be divided into 
several subfamilies based on their supramolecular structures. The group of 
fibril-forming collagens was discovered first and comprises types I, II, III, V, 
XI, XXIV and XXVII. They all consist of one triple helix flanked by propep-
tides that, after proteolytic removal of the propeptides, assembles into cylin-
drical fibrils that are between 20-500 nm in diameter. At either end, the indi-
vidual monomers can be cross-linked via hydroxylysine, which is an irre-
versible process and makes these cross-links increase as the body ages. Cn 
fibers are assembled fibrils [14] (Figure 1). The fibers can be composed of a 
combination of different Cn types, e.g. heterofibers composed of type I, III 
and V [21-23] and heterofibers composed of type II and IX [24]. Many fi-
brils can in turn associate into fibers. Fibril Associated Collagens with Inter-
rupted Triple helices (FACITs) comprise another Cn subfamily that includes 
types IX, XII, XIV, XVI, XIX, XX, XXI and XXII. These Cn types are cha-
racterized by interruption of their triple helical domains by at least one non-
Cn domain, and all contain a thrombospondin N-terminal-like domain 
(TSPN) [20]. A third subfamily is known as the membrane collagens and 
includes Cn types XIII, XVII, XXIII and XXV. These are transmembrane 
proteins that include an intracellular domain and several extracellular do-
mains [20]. According to the definition by Brown and Timpl, members of 
this group should not be defined as collagens even though, apart from the 
partial intracellular localization, they have all other characteristics of colla-
gens. Structurally related are the multiplexins (multiple triple helix domains 
and interruptions) and comprise types XV and XVIII [20, 25]. Cn types IV, 
VIII and X belong to yet another subfamily called the sheet-forming colla-
gens [26]. These collagens are two-dimensional structures where types IV 
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and VIII are present in basement membranes and type X in hypertrophic 
cartilage. Cn types VIII and X form hexagonal networks. Cn types VI and 
XXVIII [27] constitute a subfamily that forms beaded filaments. Type VII 
constitutes a subfamily that forms anchoring fibrils in dermal-epidermal 
junctions where it binds type IV in the basement membrane [26]. Recently, 
Cn type XXIX was described as an epidermal Cn and is associated with 
atopic dermatitis [28].   

Fibronectins are fibrillar glycosylated dimers of closely related peptide 
chains approximately 230-250 kDa in size that are C-terminally linked to 
one another with two covalent disulfide bonds [5, 29]. These peptide chains 
are subdivided into three types of repetitive structural and protein-binding 
peptide modules, i.e. 12 type I, 2 type II and 15-17 type III modules (Figure 
2).  

 
 
Figure 2  Schematic overview of modular organization of a Fn monomer. Fn 

consists of three different modular structures; type I (blue), type II 
(green) and type III (red). The extra domains B, A and variable re-
gion V are shown in yellow. Fn dimers are formed via two disulfide 
bonds (S) at the C-terminus. Integrin binding sites and binding do-
mains for Fn, Cn, fibrin, heparin and bacteria are indicated. Adapted 
from [36]. 

All three modules are composed of two anti-parallel �-sheets; however, type 
I and type II are stabilized by intra-chain disulfide bonds, while type III 
modules do not contain any disulfide bridges which allows them to partially 
unfold under applied force [30]. Each of the different modules is encoded by 
a single exon in the Fn gene. 

Fn can either be found in plasma or connective tissues [5, 29]. In the 
plasma, soluble Fn is found at around 300 μg/mL and is produced by hepa-
tocytes. Fn in loose connective tissues (cellular Fn) is incorporated into in-
soluble fibrils and is produced by a number of cells including fibroblasts, 
endothelial cells and macrophages. Three sites of alternative splicing of the 
RNA transcript can lead to many Fn splice variants [31]. The Extra Domains 
A and B (EDA and EDB) are two type III modules that after alternative 
splicing can be located between modules III 7 and III 8, and III 11 and 12, 
respectively. These extra domains are usually absent from plasma Fn but can 
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under certain conditions be found in cellular Fn. Their function is not com-
pletely known, but it has been shown that they get expressed on newly 
formed blood vessels during early embryogenesis, wound healing and in 
several pathological conditions [32, 33]. Ablation of either the entire EDA or 
EDB has no effect on development, while ablation of both leads to embry-
onic lethality with several cardiovascular defects [34]. The variable region 
(V region) can, after splicing, be present between module III repeats 14 and 
15. As opposed to EDA and EDB, that are either included or excluded en-
tirely, the V region can be partly or totally excluded from Fn. However, a 
complete exclusion would hamper the extracellular deposition of these splice 
variants since at least one subunit requires a V region in order for Fn to be 
secreted [35]. The V region is present in most cellular fibronectins but only 
present in one of the two subunits in plasma Fn dimers.  

Fn plays a crucial role in embryonic development, wound contraction, 
wound healing [37] and blood clotting. Fn-null mouse embryos die at em-
bryonic day 8.5 due to defects in mesoderm, neural tube, and vascular devel-
opment [38]. In wounds, fragmentation of Fn by proteases exposes the V 
region that contains an α4β1 integrin-binding domain. Cells expressing this 
integrin are then allowed to adhere and contract the surrounding matrix. 
These main functions of Fn are resulting from its ability to mediate cell at-
tachment and migration. Fn can be connected to cells by its cell-binding 
motif (module III repeat 9-10) [29, 39], which contains an Arg-Gly-Asp 
(RGD) sequence that is recognized by several integrins including α5β1, 
α8β1 and αVβ3 [40] (see also section on integrins). Intriguingly, one recent 
study reports on potential integrin binding sites in module I repeat 1-9 where 
the sequence Asn-Gly-Arg (NGR) in module I repeat 5 can be converted to a 
high affinity binding site for αVβ3 through deamidation and rearrangement 
of the asparagine residue and creation of an isoDGR sequence [41]. In sup-
port of this, structural studies show that the NGR/isoDGR motif extends 
from the core of module I repeat 5 as a loop-like structure into the perifibril-
lar matrix where it could easily be accessible to integrins [42, 43].  

Importantly, specific domains in Fn can bind several proteins including 
Cn (module I repeats 6-9), fibrin (module I repeats 1-5 and 10-12), fibulin-1 
(module III repeats 13-14), heparin and syndecan (module 12-14) [5]. It can 
also self assemble into fibrils, a process reported to depend on Cn type I 
synthesis [44] and module I repeat 1-5, also known as the assembly domain. 
The self-assembly of Fn into fibrils and matrix can start when cryptic self 
assembly sites within newly secreted soluble Fn dimers are exposed as a 
result of integrin-mediated Fn stretching [36]. The following tension par-
tially unfolds Fn, revealing the cryptic Fn-binding sites and allowing nearby 
Fn molecules to associate. 
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Integrins 
Integrins are adhesion receptors that mediate binding between cells and 
ECM, as well as binding between cells [45-47]. They are composed of two 
different non-covalently associated transmembrane glycoprotein subunits: 
one α (120-180kD) and one β (90-110kD) chain. The exception is the β4 
integrin subunit that has a larger cytoplasmic tail (205kD). One main func-
tion of integrins is to form a functional link between the surrounding connec-
tive tissue and the cytoskeleton of the cell in order to give a functional sup-
port to the tissue. The integrins have large extracellular domains, responsible 
for ligand recognition and relatively small cytoplasmic domains that interact 
indirectly with the actin cytoskeleton. There are 18 α and 8 β integrin sub-
units known and these are suggested to comprise the complete set of mam-
malian integrin subunits [46]. They can be combined to form the 24 func-
tional integrin heterodimers described to date (Figure 3).  
 
 

 
 

 
Figure 3  The integrin family of cell surface receptors. Based on their associa-

tion in heterodimers, the integrin family can be divided in the β1, 
αV and β2/β7 subgroup. β1 and αV members are ubiquitously ex-
pressed; the β2/β7 subgroup is exclusively expressed in hematopoi-
etic cells. Bars connecting alpha and beta subunits indicate known 
heterodimers.  
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Integrins can roughly be divided into three subfamilies depending on subunit 
composition and ligand specificity. The largest subfamily consists of in-
tegrins containing the β1 subunit that can combine with 12 α subunits. This 
subfamily has a wide distribution pattern and mainly mediates cell adhesion 
to ECM. Integrins containing β2 or β7 are exclusively expressed on hemato-
poietic cells and are mainly involved in cell-cell adhesion. The third subfam-
ily comprises αV subunit containing integrins that together with 5 different β 
subunits recognizes the RGD sequence present in many ECM proteins, e.g. 
Fn, vitronectin and fibrinogen. These integrins are expressed on a broad 
spectrum of cells including fibroblasts, endo- and epithelial cells, bone cells 
and hematopoietic cells. Two integrins that fall outside this subfamily classi-
fication are the platelet-specific αIIbβ3 and endo- and epithelial cell-specific 
α6β4. The former recognizes RGD sequences and plays an important role in 
blood coagulation while the latter is a laminin receptor that intracellularly 
associates to the intermediate filament system. Integrins can undergo alterna-
tive splicing, which adds to the diversity and wide spectrum of ligands that 
they recognize [48, 49].          

Both α and β subunits are composed of a globular head domain (β propel-
ler in α subunit and βA domain in β subunit), a long stalk region (thigh, calf 
1 and 2 in α subunit and hybrid, PSI, EGF-like domain and β tail domain in 
β subunit) and a short cytoplasmic tail [46] (Figure 4). Several α subunits 
have an inserted domain (I-domain) between β sheets 2 and 3 of the β pro-
peller [50, 51]. In integrins lacking the I-domain, the β propeller is directly 
involved in ligand binding, whereas in I-domain containing integrins the I-
domain seems to be the major contributor to ligand binding. The βA domain 
in β subunits interacts with the β propeller of the α subunit and is indirectly 
involved in ligand binding in I-domain containing integrins, while in I-
domain lacking integrins it seems to be directly involved in ligand binding. 
The globular head domains of α and β subunits together form the ligand 
binding pocket, but the α subunit probably plays a more important role in 
determining the ligand selectivity since integrin heterodimers with the same 
β- but distinct α subunits can bind different ligands. 

Integrin ligands 
Ligands recognized by integrins comprise ECM molecules, non-integrin 
adhesion molecules expressed on cells, bacterial membrane-bound proteins 
and certain growth factors. All integrins have different ligand specificities, 
where many integrins bind more than one ligand and many ligands are rec-
ognized by more than one integrin. For instance, triple helical collagens can 
be recognized by the α1β1, α2β1, α10β1 and α11β1 integrins and in addi-
tion to binding triple helical Cn, α1β1 and α2β1 also bind laminin, an ECM 
molecule found in basement membranes. However, laminin can also be rec-
ognized by α3β1, α6β1, α7β1, α9β1, αVβ8 and α6β4 integrins. The pro-
miscuous αVβ3 integrin binds several different ligands that contain an RGD 
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sequence. Native Cn type I contains cryptic RGD sequences that, however, 
lie hidden within the triple helical conformation and are normally not ex-
posed. It has been shown that integrin αVβ3 does not bind directly to native 
Cn triple helices but recognizes RGD in relaxed non-helical (denatured) 
collagens [52, 53], however, it is not clear whether the RGD-dependent 
α5β1 integrin binds denatured Cn. In cell-cell contacts integrins can recog-
nize non-integrin adhesion molecules like Vascular Cell Adhesion Molecule 
(VCAM) and Intracellular Adhesion Molecule (ICAM). VCAM-1 and 
ICAM-1 and -2 play a role in leukocyte extravasation. VCAM-1 can be 
bound by α4β1, while ICAM-1 and -2 can bind to αLβ2, αXβ2, αMβ2 and 
αDβ2. Certain microorganisms express integrin ligands on their membranes, 
which facilitates their entry into cells, e.g. invasin can be bound by integrins 
α3β1, α4β1, α5β1 and α6β1. An example of integrin affinity to growth 
factors is binding of αVβ6 integrin to transforming growth factor β latency-
associated peptide (TGFβ LAP) where it facilitates in activation of TGFβ.      

Integrin activation 
In order to bind ligand, an integrin needs to adopt a conformation that favors 
interaction between ligand and the ligand-binding pocket in the integrin head 
domain. Increase of this interaction strength is referred to as integrin activa-
tion. Integrin activation can be achieved by either modulation of affinity [54] 
or modulation of avidity [55]. Recently, data obtained with electron micros-
copy and structural crystallography revealed that single integrins could ac-
quire several different three-dimensional (3D) conformations [56, 57]. One 
conformation was proposed to be an inactive, bent conformation where the 
head domain is kept close to the membrane, thereby masking the ligand-
binding pocket. Other conformations can arise due to intra- or extracellular 
stimuli that favor a switchblade-like opening motion ultimately giving rise to 
an upright conformation freely exposing the ligand-binding pocket [50, 54, 
56-60] (Figure 4).  

A change in conformation paralleled by exposure of the ligand-binding 
pocket is referred to as affinity modulation. However, it is not clear whether 
a change in integrin conformation is the cause or the result of ligand binding 
[55]. Clustering of several integrins resulting from an active lateral move-
ment over the cell membrane was reported to increase ligand interaction 
[61]. It might also be possible that attraction of integrin ligands, by initial 
integrin binding, favors activation of integrins that diffuse through the 
plasma membrane. These diffusing integrins would thereby become trapped 
in the region of initial integrin binding, bind ligand and thereby favor more 
integrins to get trapped in a zipper-like fashion. In this way the overall in-
tegrin affinity could shift swiftly. Lateral movement of integrins over the cell 
membrane is an example of avidity modulation. Some evidence suggests that 
modulation of both affinity and avidity affects integrin activation, but one 
may wonder whether increases in integrin avidity via clustering could occur 
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in all different integrin conformations. Active lateral transport of integrins 
over the membrane is controlled by the actin cytoskeleton that is linked to 
the cytoplasmic integrin tails [61]. Similar to the extracellular domains, these 
cytoplasmic tails obtain different conformations depending on the activation 
state. Their ability to, under different conformations, interact with different 
more or less transport-favoring components of the actin cytoskeleton might 
therefore influence membrane transport and, hence, affect the ability to un-
dergo avidity modulation. However, despite a possible dependency between 
avidity and affinity modulation, existence of one does not exclude the exis-
tence of the other. This is illustrated by the finding that changes in avidity 
and affinity complemented each other in signaling functions of the platelet 
integrin αIIbβ3 [62].  
 

 
 
Figure 4  Schematic overview of different integrin conformations and integrin 

domains. Integrins can undergo a partial activation by intracellular 
events (inside-out signaling) or extracellular events that alter the 
ligand affinity. Once the integrin is in an upright position, ligand 
can effectively bind to the head domains and intracellular talin stabi-
lizes the open conformation for sustainable ligand binding.   

It is clear that integrins are not locked in one specific conformation, but re-
side in a dynamic equilibrium of many conformational states [46]. Ligand 
binding leads to stabilization of the upright conformation and shifts the equi-
librium towards the active conformation [46, 63]. Intracellular events stabi-
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lize the active conformation. For example, the intracellular protein talin 
plays an important role in this process by binding integrin β subunit cyto-
plasmic tails, thereby sustaining separation of the α- and β subunit cyto-
plasmic tails. Once these tails are locked in an open conformation the ex-
tracellular domains remain in a stable upright position. Talin has even been 
proposed to activate integrins directly by dissociating the clasp in which α- 
and β cytoplasmic tails associate with one another to maintain the receptor in 
a bent low-affinity conformation [64-68]. Moreover, talin supports activation 
of integrin subunits β1,  β2,  β3,  β5 and β7 [69, 70] and therefore talin bind-
ing was suggested to be a final common step in integrin activation [71]. For 
the integrin-ligand interactions to hold, integrins must be stably anchored to 
the cytoskeleton, which can be achieved by assembly of cytoplasmic pro-
teins, into dense complexes known as focal adhesions (FAs) (see section on 
actin cytoskeleton).  

It should be noted that integrin-ligand binding might not only depend on 
integrin affinity and avidity, but also on the density of ligand presented to 
the cell. For example, platelets express the α2β1 integrin that binds exposed 
Cn in damaged endothelium. However, platelets do not adhere to monomeric 
Cn, but do adhere to fibrillar Cn or immobilized Cn [72]. This suggests that 
stable adhesions can only form when the amount of available ligand reaches 
a certain critical threshold. Therefore, integrin affinity, avidity and density of 
available ligand will together determine whether a cell will adhere or not.  

Bidirectional signaling 
In the process of changing integrin conformation and during ligand binding, 
two types of integrin associated cell signaling are involved that are referred 
to as inside-out- and outside-in signaling [46]. These two types of integrin 
signaling depend on structural rearrangements that are conveyed from the 
cytoplasmic domains to the extracellular domains and vice versa, respec-
tively. Two biological processes that are entirely dependent on inside-out 
signaling are leukocyte extravasation and platelet coagulation. Both proc-
esses involve a rapid shift from 100% low affinity to 100% high affinity 
integrins. In the first process, leukocytes become activated by e.g. endothe-
lial cell-released chemokines or by platelet activating factor (PAF) before 
they extravasate. Binding of PAF triggers signaling via the small GTP-ase 
Rho that leads to activation of αLβ2 integrins. Endothelial ICAM-1 and -2 
are then bound by activated αLβ2 integrins and the leukocyte is allowed to 
extravasate [73]. In the process of coagulation, circulating platelets get acti-
vated by e.g. thrombin, thromboxane A2 (TXA2) or Cn, which leads to ele-
vated levels of intracellular cyclic adenosine monophosphate (cAMP). In 
contrast, signaling elicited by prostaglandin I2 (PGI2) inhibits activation of 
platelets by decreasing the level cAMP. cAMP regulates the constant trans-
port of calcium ions into a well developed canalicoli system via stimulation 
of calcium-specific ion channels. Thus, both thrombin receptor activation 
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and PGI2 receptor signaling affect the levels of free calcium but in opposite 
modes [73]. Elevated concentrations of cytosolic calcium and signaling via 
the small GTP-ase Rap1 are necessary for activation of αIIbβ3 integrins [74, 
75]. After activation the platelets bind fibrinogen, von Willebrand factor 
(vWF) and Fn and in this way contribute to platelet aggregation and adhe-
sion to the blood vessel wall. 

When the extracellular integrin domains bind ligand they participate in 
outside-in signal transduction from the ECM to the cell [76]. In the binding 
process integrins change their intracellular conformation, thereby attracting 
cytoplasmic proteins. One example of such a protein is focal adhesion kinase 
(FAK) that initiates signaling cascades ultimately leading to, amongst others, 
cell growth, prevention of apoptosis (anoikis) and modulation of signaling 
from other cell surface receptors including growth factor receptors.  

Crosstalk with growth factor receptors and integrin recycling  
Integrins bound by ECM components trigger multiple intracellular signaling 
cascades by activating proteins such as FAK, phosphatidyl inositol 3’-kinase 
(PI3K), Ras and phospholipase C (PLC)γ. However, many of these signaling 
pathways can also be triggered by growth factor receptor activation. The 
possibility of a crosstalk between integrins and growth factor receptors in the 
control of cellular functions has therefore been suggested [77-79]. Growth 
factor receptor signals are usually short-lived due to internalization and deg-
radation of ligand-stimulated receptors. Integrin signals probably persist 
longer since they have a longer half-life on the plasma membrane and their 
ligands are immobilized. As a result, the magnitude and duration of each 
signaling event depends on the amount of ligand-bound integrins and growth 
factor receptors. For instance, fibroblasts stimulated with growth factor show 
an increased activation of extracellular-regulated kinase (ERK) when in-
tegrins simultaneously are engaged in ligand binding [80]. It seems that 
some biological processes only take place when the extent and/or duration of 
signals have reached a certain threshold. The mitogenic response triggered 
by growth factors, for example, depends on interaction between integrins 
and ECM [81]. Similarly, signaling from both integrins and growth factor 
receptors is required for progression through the G1 phase of the cell cycle 
[82]. Co-immunoprecipitation studies report on direct physical interaction 
between ligand-bound growth factor receptors and integrins. These interac-
tions have been demonstrated between integrin αVβ3, but not β1, and plate-
let-derived growth factor (PDGF) receptor-β, vascular endothelial growth 
factor (VEGF) receptor-2 and insulin receptors [83-85], where interaction 
with PDGF receptor-β and VEGF receptor-2 depended on the extracellular 
domain of the β3 integrin subunit [85]. Also, under certain integrin-binding 
conditions PDGF receptor-β undergoes ligand-independent trans-
phosphorylation [86], which may depend on a physical interaction between 
the receptors. It is not clear to what extent physical interaction between dif-
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ferent receptors occurs on the plasma membrane in vivo and whether it sig-
nificantly influences crosstalk. 

Different integrins signal in different ways. Depending on which integrin 
that is engaged in binding, the response to growth factors can alter, e.g. when 
Fn is bound to the α5β1 integrin, endothelial cells proliferate after stimula-
tion with mitogenic growth factors, whereas they undergo growth arrest 
when adhered to the α2β1 integrin ligand laminin-1 [87]. By modulating the 
type and amount of integrins expressed on the plasma membrane, growth 
factor signaling could possibly affect crosstalk between receptors. Studies 
performed on α5β1 integrin highlighted that this receptor is constantly endo-
cytosed and that the function of this internalization is to recycle rather than 
to degrade the receptor [88-91]. While they become internalized, integrins 
regulate matrix turnover. For example, it was shown that integrin αVβ5 is 
internalized in an active, vitronectin-bound form [92, 93] and recycled back 
to the membrane; the vitronectin being targeted for degradation. Endocyto-
sed β1 integrins have also been shown to remain in an active conformation 
and colocalize with Fn and Cn [94]. This suggests that integrin cycling pro-
vides the cell with a continuous supply of ‘new’ receptors that can bind 
ligand. These and other observations resulted in a model where integrins 
continuously become internalized from the plasma membrane and are trans-
ported to endosomal compartments from where they either are targeted for 
degradation or, mostly, transported back to membrane regions requiring new 
adhesions, e.g. the leading edge of migrating cells [95]. This process is re-
ferred to as integrin recycling. Integrin recycling is a rapid process where the 
whole endo-exocytic cycle is complete once every 30 minutes [96]. Gener-
ally, the cycle comprises three important steps: internalization (endocytosis), 
vesicular transport and externalization (exocytosis). It seems that internaliza-
tion mechanisms differ depending on the integrin engaged. For instance, 
αVβ5 integrin is internalized from clathrin-coated pits (partly invaginated 
membrane structures rich in clathrin protein), whereas internalization of 
integrins containing β1, β2 or β3 subunits occurs in caveolin-rich membrane 
compartments also known as DRMMs (detergent-resistant membrane micro-
domains) [97-100]. The destination of the newly internalized integrin-
containing vesicles (early endosomes) depends on the different structural and 
signaling proteins they are, or can get, associated with. Two distinct routes 
of intracellular transport have been described: the short-loop and the long-
loop route. The short-loop route, which is under control of Rab4 guanosine 
tri-phosphatase (GTPase), immediately returns the vesicles to the membrane 
where they externalize their cargo, while the long-loop route, which is under 
control of Rab11 GTPase, first delivers the vesicles to the perinuclear recy-
cling compartment (PNRC) before they return to the plasma membrane [95]. 
Several signaling events triggered by for example growth factor receptors 
selectively favor either one of the routes, e.g. by phosphorylation of GSK-
3β, protein kinase (PK)B/Akt promotes return of α5β1 and αVβ3 integrins 
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to the membrane from the Rab-11 GTPase compartment, but does not affect 
return of transferrin receptor (TFNR) that resides in the same compartment 
[101]. Also, activation of PKC isoforms is suggested to favor selective return 
of β1 integrins from the PNRC without affecting transport of TFNR [102]. 
Stimulation of fibroblasts with PDGF was shown to induce selective return 
of αVβ3, but not α5β1, via the Rab-4 GTPase regulated short-loop to the 
membrane in a process depending on PKD1 [96].  

It is apparent that a considerable amount of crosstalk between integrins 
and growth factor receptors exists and is required for a number of important 
events in the cell. Crosstalk results in enhanced signal duration and/or signal 
magnitude and might be affected by growth factor receptor signaling through 
selectively speeding up recycling of integrins.  

Platelet-derived growth factor 
The members of the PDGF family of mitogens play an important role in 
embryonic development, cell proliferation, cell migration, cell survival and 
angiogenesis [103, 104] but have also been linked to several diseases such as 
atherosclerosis, fibrosis and malignant diseases. They are produced by many 
different cells of endothelial, epithelial and neural origin [103, 104]. Often 
the PDGF receptors and their ligands are expressed in separate but adjacent 
cells, suggesting a paracrine fashion of mechanism [105]. 

PDGF-receptors and their ligands 
Members of the PDGF family are disulfide-bonded homo- and hetero 
dimeric proteins about 100 amino acids in size. The A-, B-, C- and D-
subunits form the five different dimers known to date: PDGF-AA, PDGF-
BB, PDGF-AB, PDGF-CC and PDGF-DD [106]. PDGF was initially puri-
fied from platelets and was described as a potent mitogen for mesenchymal 
cells [107, 108]. The two structurally related receptors that have been identi-
fied for PDGF are denoted PDGF receptor (PDGFR)-α and PDGFR-β. After 
synthesis and processing, PDGFRα and PDGFRβ appear as transmembrane 
proteins with a molecular weight of 170kDa and 180-190kDa, respectively. 
Each PDGF receptor monomer contains five immunoglobulin domains (Ig-
domains) in the extracellular domain [106] that are involved in ligand recog-
nition and receptor dimerization [109, 110]. A single transmembrane region 
connects the extracellular domains with the intracellular domains that con-
tain a split tyrosine kinase domain containing a non-catalytic insert. The two 
PDGFRs display high amino acid sequence similarities in the kinase do-
mains and in the sub-plasma membrane region, whereas similarities are 
smaller in the extracellular domain, kinase insert and the C-terminal tail 
[111]. Upon binding, PDGFs induce dimerization of their respective recep-
tors: PDGFRαα (by AA-, BB-, AB- and CC- dimers), PDGFRαβ (by AB- 
and BB-dimers) and PDGFRββ (by BB- and DD-dimers) (Figure 5). This 
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leads to induction of the intrinsic tyrosine kinase activity and trans-
phosphorylation of tyrosine residues in the intracellular domain [112], which 
form recruitment sites for downstream signaling proteins. After ligand bind-
ing, the PDGFR complex is internalized in coated pits and subsequently 
targeted for degradation [111] or recycled back to the plasma membrane 
[113].  
 

 
 
Figure 5  Schematic presentation of the three PDGFR dimers and their five 

homo- and heterodimeric affinity ligands. The receptor monomers 
are composed of five extracellular Ig-domains, a transmembrane re-
gion and an intracellular tail containing a split tyrosine kinase do-
main. 

Cultured fibroblasts express both PDGFRα and -β but usually have higher 
levels of PDGFRβ. PDGF-BB and to a lesser extend PDGF-AA, induce cell 
migration or chemotaxis of several cell types including pig aortic endothelial 
(PAE) cells that were transfected with PDGFRβ [114-117]. This suggests 
that activation of both PDGFRα and -β can mediate cell motility, where the 
latter is a more potent stimulator. It is likely that the ability to induce cell 
motility depends on cell type and relative expression levels of the two PDGF 
receptors. Signaling via PDGFRα and -β can also lead to actin rearrange-
ments such as formation of membrane ruffles, circular ruffles and loss of 
prominent actin stress fibers [118]. However, circular ruffles on the dorsal 
surface of the cells are only induced by activation of PDGFRβ. Furthermore, 
PDGF is known to upregulate the synthesis of several ECM components 
including Fn, Cn, thrombospondin and hyaluronic acid, but also collagenases 
[119-122]. Furthermore, PDGF-BB upregulates mRNA levels of several 
integrin α-subunits when cells are adhered to different ECM components 
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[123] and cell adhesion is a prerequisite for phosphatidylinositol 4,5-
biphosphate (PIP2) formation in response to PDGF-BB [124]. PIP2 is an 
important membrane-linked molecule required for signaling via PI3K and it 
was shown that PDGF stimulates in vitro β1-integrin mediated Cn gel con-
traction in a PI3K-dependent manner [125-127], suggesting that crosstalk 
between integrins and PDGF receptors occur at early stages of cell signaling. 
Under inflammatory conditions, PDGFRβ expression on connective tissue 
cells is upregulated [128].  

PDGF-receptor signaling 
Upon ligand binding and consequent receptor dimerization, many tyrosine 
residues get phosphorylated in the trans-phosphorylation process. They serve 
as activation sites for specific signal transduction molecules that are respon-
sible for initiation of signaling cascades resulting in a plethora of biological 
processes, including gene transcription, proliferation, cell migration, protein 
secretion and integrin recycling. Phosphorylated tyrosine residues and their 
adjacent C-terminal amino acid residues determine the specificity of each 
individual activation site. Most signal transduction molecules bind to these 
sites with phosphotyrosine-recognizing domains, such as the Src homology 2 
and 3 (SH2 and SH3) domains or the phosphotyrosine-binding (PTB) do-
main [129, 130]. The pleckstrin homology (PH) domain mediates interac-
tions with GTP binding proteins and phospholipids and its structural similar-
ity with the PTB domain suggests a similar role for PTB domains [130]. 
Signal transduction molecules either contain enzymatic activity that becomes 
upregulated upon interaction with the activation site, or are adaptor mole-
cules that usually function as a scaffold for enzymatic proteins. Examples of 
signal transduction molecules with enzymatic activity that become activated 
after PDGFRβ trans-phosphorylation are Src family of kinases (bind to 
Y579 and Y581), PI3K (binds to Y740 and Y751), Ras-GTPase (binds to 
Y771), protein tyrosine phosphatases 1D (binds to Y1009), PLCγ (binds to 
Y1009 and Y1021) [111]. Examples of signal transduction molecules with 
scaffolding function are Grb2 (binds to Y716), Shc, Nck (binds Y751) and 
Shb [111]. 

The profile of signaling molecules that become attracted to- and/or acti-
vated by the ligand-bound receptor was shown to depend on the concentra-
tion of ligand used. Studies showed that all the classical signaling molecules 
mentioned above are activated by applying high concentrations of PDGF, 
whereas lower concentrations of PDGF induced a different subset of mole-
cules, including FAK, paxillin and vinculin [131-133]. For FAK a strong 
bell-shaped concentration dependency after PDGF-BB has been described 
[132, 134]. These findings indicate that care should be taken when interpret-
ing data derived from experiments with high concentrations of PDGF.  
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Actin cytoskeleton 
The cytoskeleton refers to the complex intracellular network of filament 
systems responsible for intracellular transport and maintaining cell structure 
and shape as well as providing a framework for cellular processes like cell 
adhesion and motility [135]. Cytoskeletal proteins constitute a major part of 
the total cell protein and comprise many different co-operating protein spe-
cies responsible for the organization of cell dynamics [136]. The non-muscle 
cytoskeleton is built up of three main structures. Firstly, actin filaments, or 
microfilaments, are 6 nm thick filaments composed of two α-actin chains 
oriented in a helicoidal shape. α-actin chains, also called F-actin (filamen-
tous), are composed of monomeric actin which is called G-actin (globular). 
Actin filaments can be held together by the actin-crosslinking protein α-
actinin [137, 138], but also others including fascin, espin and filamin [139-
141]. Actin filaments have an inherent polarity with a plus (‘barbed’) and a 
minus (‘pointed’) end. Upon assembly, clusters of myosin are incorporated 
into the growing stress fibers, thereby displacing α-actinin. Actin filaments 
as observed in fibroblasts can be found in different locations in the cells but 
most often are localized along the base of the cell, attached to integrin-rich 
FAs at each end [142]. F-actin is mainly located directly under the plasma 
membrane where it is of importance for cellular shape and forms cytoplas-
matic protuberances, like lamellipodia, pseudopodia and microvilli. Here it 
is involved in signal transduction and participates in stabilizing FAs whereby 
it links the contractile machinery of the cell to the adhesion site. A second 
main structure in the cytoskeleton consists of the more stable intermediate 
filaments. These are 8 to 11 nm in diameter and organize the internal three-
dimensional structure of the cell where vimentins are responsible for the 
common structural support of mesenchymal cells. In epithelial cells interme-
diate filaments are keratins, in muscle cells (and some pericytes) they consist 
of desmin and in neural cells they consist of neurofilaments. Lamin, another 
intermediate filament, is an important structural component of the nuclear 
envelope. The last main cytoskeletal component comprises microtubuli that 
are built up from tubulin. Microtubuli are hollow cylinders of about 25 nm in 
size, most commonly comprised of 13 proto filaments. When tubulin binds 
guanosine triphosphate (GTP) it polymerizes and forms proto filaments. 
Microtubuli are dynamic and function in intracellular transport of organelles, 
like mitochondria and vesicles, where they are associated with dyneins and 
kinesins. During mitosis microtubuli have another function, namely contrib-
uting in forming the mitotic spindle.  

Cell contractility 
For over 50 years, it has been known that permeabilized non-muscle cells 
contract their cell bodies in response to ATP [143]. This contraction is medi-
ated by stress fibers that are composed of approximately 10-30 actin fila-
ments. Several types of contraction exist, including muscle contraction, 
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smooth muscle contraction and non-muscle cell contraction. In muscle and 
smooth muscle contraction the actin filaments consist mainly of α-actin, 
whereas in non-muscle contraction it consists of β-actin. In general, contrac-
tion occurs when actin and myosin slide past each other in a process con-
suming ATP thereby shortening the filaments. Fibroblasts seeded in a 3D Cn 
gel will contract and/or compact their surrounding matrix in time. This proc-
ess is referred to as Cn gel contraction. Noteworthy, it must be considered 
another type of process than muscle contraction since the kinetics are slower 
and it probably involves contractility as well as cell motility. However, many 
agents that stimulate smooth muscle contraction also stimulate Cn gel con-
traction. Among these are PDGF [144], angiotensin, and endothelins [145]. 
Cell motility can be described as a cyclic process consisting of alternating 
phases of cell protrusion and contraction. Upon cell polarization, a lamelli-
podium protrudes at the front of the cell and adheres to ligand. This adhesion 
provides the traction required for generating pulling forces. The actual mi-
gration is carried out by contraction of the cell body and retraction of the tail 
[146]. As the cell moves forward, it pulls on the rear. Often actin-integrin 
bindings are lost in this process and integrins in high-affinity binding with 
their extracellular ligand can be pulled out of the plasma membrane and left 
behind as the tail retracts. Alternatively, the integrins are internalized into 
vesicles that are transported via filamentous actin to the front of the cells 
where they externalize integrins into new adhesion sites (as discussed ear-
lier). Another mechanism that might be involved in cell migration but also 
ECM remodeling is transport of ECM-bound integrins over the plasma 
membrane in a process dependent on myosin-X [147]. In this process my-
osin-X that is bound to the intracellular tail of β integrin subunits, slides over 
cortical actin and supplies the propelling force for integrin translocation.  

Fibroblasts in normal connective tissue do not contain visible stress fibers 
[148, 149]. However, when they are extracted from the tissue and cultured 
on a rigid substrate, such as a cell culture dish, stress fibers are easily detect-
able. In this unnatural situation where cells sit stationary stress fiber contrac-
tility causes strengthening of FAs [150]. Apparently, fibroblasts have a 
seemingly inborn capacity to organize and contract their surrounding ECM 
[151]. If one looks at this type of contraction in the context of cell motility, 
one could simply conclude that too little contraction would inhibit disassem-
bly of adhesions at the rear and tail retraction, whereas too much contraction 
would either increase adhesion to the point where cells become braced to 
their ligand, or break adhesions at either end causing cells to become de-
tached. In a way to cope with this, motile cells seem to have a gradient of 
adhesion where adhesions are stronger at the front than at the rear [152]. 
There are, however, several specific situations where cells in the body pro-
duce stress fibers such as during wound contraction where fibroblasts ex-
perience a mechanical force and produce an opposite mechanical force in 
return [153]. In order to regulate the dynamics involved in cell contractility, 
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cells deploy a complex set of signaling and actin-modulating molecules that 
must be tightly regulated in accordance to their function in any given spe-
cific environment.  

Signaling pathways  
It is believed that actin fibers are constantly assembled and disassembled and 
the amount of fibers at any given time will reflect the need of the cell for 
such structures. More then sixty different classes of actin-binding proteins 
have been discovered that influence the turnover of actin fibers [154]. The 
actin structure may be affected by changing affinity between F-actin and F-
actin stabilizing proteins such as tropomyosin, caldesmon and calponin. 
Other proteins with actin-severing properties, such as cofilin and actin de-
polymerizing factor (ADF), act by depolymerizing actin. Activity and avail-
ability of other proteins involved in the transport of G-actin to sites where 
new G-actin is incorporated in the growing end of F-actin will also play a 
role in the dynamics of actin filament assembly and disassembly. The hierar-
chical and spatial temporal organization of all these proteins determines the 
structure of the cytoskeleton.   

The small GTPase Rho, which can be activated by PI3K signaling, has a 
key position in regulating the dynamics in the cytoskeleton. Actin stress 
fibers were shown to disassemble in response to the Clostridium botulinum 
C3 toxin [155] that has as main target the three members of the Rho family. 
In contrast, microinjection of activated RhoA into fibroblasts results in rapid 
and extensive stress fiber formation. In addition to RhoA, activation of RhoB 
and RhoC stimulate actin stress fiber formation [156]. Two downstream 
effectors of RhoA are Rho-kinase (ROCK) [157, 158] and the diaphanous-
related formin mDia [159]. One of the downstream effectors of ROCK is 
myosin light chain (MLC)-2. MLC-2 can directly be phosphorylated by 
ROCK on serine-19 [160], which is one of the two sites phosphorylated by 
myosin light chain kinase (MLCK) [161]. Myosin light chain phosphoryla-
tion increases the ATPase activity of myosin, which is directly linked to 
increased actomyosin contractility [161, 162]. Another important signaling 
molecule is cAMP-dependent PKA that has been shown to affect several 
cytoskeleton-associated proteins including caldesmon and MLCK. MLCK 
acts by phosphorylation of myosin light chain and PKA has an inhibitory 
effect on MLCK by phosphorylating it [162]. Caldesmon is an actin stabiliz-
ing protein and is phosphorylated by PKA activity [163, 164]. Phosphory-
lated caldesmon will partly detach from the actin, thereby allowing actin-
modulating proteins to come in close contact with the actin filament. An-
other important kinase is ERK that becomes activated during receptor signal 
transduction. ERK has been attributed to phosphorylate an array of cy-
toskeletal proteins, including tropomyosin, calponin and caldesmon [165-
167]. 
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Changes in the actin cytoskeleton occurring after receptor stimulation are 
controlled by the GTPases cdc42, Rac and Rho. Upon cell adhesion or re-
ceptor tyrosine kinase phosphorylation the cell progresses through several 
membrane phenotypes such as expression of filopodia, lamellipodia and cell 
spreading and these different morphologies are controlled by the GTPases 
cdc42, Rac and Rho, respectively, in serum-starved swiss 3T3 mouse fibro-
blasts [168, 169]. For instance, phosphorylation of the PDGFRβ leads to 
disassembly of actin stress fibers in cultured fibroblasts and subsequent for-
mation of circular membrane ruffles and lamellipodia, a process mediated by 
the small GTPase Rac [170]. Rac is upstream of other small GTPases, in-
cluding the PAK family, which have several actin-binding or -modulating 
protein targets and thereby contribute to the complex nature of actin cy-
toskeleton dynamics. A change in the actin cytoskeleton is usually paralleled 
by a deformation of the plasma membrane, since the cytoskeleton is linked 
to the integrin-containing FAs in the plasma membrane. However, it is not 
known whether the structure of actin drives the membrane deformation and 
thereby formation of FAs or vice versa, where FAs regulate the structure of 
actin and subsequent membrane deformation. A model for the first option 
suggests that actin polymerizes at the membrane site where growth factor 
and chemokine receptor activation takes place. Polymerized actin is then 
transported to FAs and linker proteins that serve as docking sites for polym-
erized actin are recruited and stabilize the adhesion [171]. This explanation 
of events seems an unwieldy method for reinforcing adhesion contacts since 
the adhesion site must not only generate signals to recruit linking molecules 
and send signals to the actin assembly machinery, but must also direct trans-
port of polymerized actin and consequent linking to the adhesion site [172]. 
A more likely model includes signaling from the initial adhesion contacts to 
polymerize actin already present at the site of adhesion in integrin-associated 
podosomes and subsequent triggering of membrane deformation. The obser-
vations that GTPase activity is regulated by integrins and that GTPases 
physically associate with the adhesion complex are supportive of an adhe-
sion site-based model of actin polymerization [172]. However, both theories 
do not make a distinction between ‘focal adhesions’ and ‘focal contacts’. 
Some authors claim the latter to be present in the lamellipodiae where they 
serve as early contact points that later mature into FAs [173]. 

Conclusively, the actin cytoskeleton is a greatly dynamic fiber network 
interacting with ligand-bound integrins, strictly regulated and implicated in 
changes in cell shape and resulting cell behavior including cell contractility.    

Inflammation 
In AD 30, the Roman writer Cornelius Celsus (BC 30 - AD 38) described the 
four hallmarks of inflammation as being ‘rubor et tumor cum calore et 
dolore’ i.e. redness, swelling, heat and pain. Later a fifth hallmark was added 
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as being functio laesa referring to the disabled tissue function that is ob-
served during inflammation. John Hunter (1728-1793) concluded that ‘in-
flammation is not to be considered a disease but a salutary operation conse-
quent to some violence or disease’ and was thereby the first to state the pre-
sent day concept of inflammation as being a response to injury. Burdon-
Sanderson (1873) added to this that inflammation is the succession of 
changes that occurs in a living tissue when it is injured, providing that the 
tissue is vital and not destroyed.  

The immune system has two branches, the innate and the adaptive im-
mune systems. The innate system is evolutionary old and is responsible for 
most of the effector functions of the immune system [174]. The adaptive 
system, which is evolutionary younger, provides specificity, memory and 
acts to stimulate the innate system. The primary cell types that carry out the 
functions of the innate system are cells of the monocytic-myeloid lineages, 
as well as megakaryocytes and platelets. The primary cells of the adaptive 
system are the lymphocytes. The two immune systems are highly integrated 
in vertebrates but since the innate system is one subject of the present thesis 
it will be described in greater detail. This system consists of, among others, 
defense plasma proteins such as complement factors, germ-line antibodies 
and coagulation factors. Furthermore, the system comprises a large number 
of cytokines, but also prostaglandins that all exert specific modulating func-
tions. Mast cells, macrophages and granulocytes carry out most of the impor-
tant functions of the innate system. Macrophages express pattern-recognition 
receptors (PRR) that recognize evolutionary conserved pathogen-specific 
compounds [175], such as lipopolysaccharide (LPS), or signals sent out by 
damaged, injured or stressed cells [176]. Toll-like receptors comprise a ma-
jor group of PRRs, the activation of which stimulates macrophages to secrete 
a plethora of active substances that stimulate a primary inflammatory re-
sponse and can cause dolor. The nuclear factor kappaB (NF-κB) plays a 
central role in the downstream signaling from the Toll-like receptors. The 
primary inflammatory response stimulates the migration of leukocytes from 
the capillaries to the site of inflammation where they take an important role 
in killing and phagocytosis of bacteria, as well as in phagocytosis of cellular 
debris. Blood vessels are dilated, thereby causing increased blood flow and 
hence rubor and calor. At the affected site, the capillary reflection coeffi-
cient for proteins, σ, (see below) decreases. The resulting increased leakage 
of plasma proteins into the interstitium increases the concentration of de-
fense proteins in the latter. The increased plasma protein concentration in the 
interstitium will also help to stabilize the edema that forms as a result of the 
changes in plasma protein leakage. The interstitial fluid pressure (IFP) (see 
below) is lowered during the initial stages of inflammation [13, 177], which 
leads to increased transport of fluid into the tissue, resulting in the formation 
of an early edema or tumor [13, 177]. This edema distends the tissues.  
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If the injurious agent is not cleared chronic inflammation will ensue, 
eventually resulting in fibrosis with functio laesa. Interestingly, in similarity 
to infectious manifestations, many processes that are elicited during cancer 
progression find their origin in inflammatory reactions. Chronic inflamma-
tion is characterized by a dominating presence of macrophages in the injured 
tissue and the toxins and reactive oxygen species they release are injurious to 
invading agents as well as to the tissues. Therefore, tissue destruction usually 
accompanies chronic inflammation. Tumors are sometimes referred to as 
‘wounds that never heal’ [178] and could thereby be classified as a chronic 
inflammation.  

For a pathogen to survive, it is dependent on the ability to evade or elude 
immune responses of the host organism [179]. As the vertebrate immune 
systems evolved, pathogens also evolved and developed several mechanisms 
to avoid detection from both the innate and adaptive immune systems. Ex-
amples of innate immunity evasion are penetration and hiding inside cells 
where the pathogen spends most of its life cycle, e.g. malaria parasites, syn-
thesis of a protective capsule that prevents lysis by the complement system 
[180], secretion of compounds that diminish or misdirect the immune re-
sponse [179], formation of biofilms [181] and synthesis of surface proteins 
that bind antibodies, thereby rendering them ineffective [182]. Mechanisms 
used to evade the adaptive immune response are more complex. Examples 
are a rapid change of non-essential surface epitopes while keeping essential 
epitopes concealed [183, 184] and masking antigens with host proteins 
[185]. It should be noted that immunological detection and evasion by 
pathogens is probably in general well balanced since any host-dependent 
pathogen that kills its host will impair its own survival. 

Subspecies of Streptococcus equi 
Streptococcus equi is a gram-positive Lancefield group C streptococcus and 
comprises three subspecies that evolved from a common ancestor: zooepi-
demicus, equi and ruminatorum. Subspecies zooepidemicus is a horse com-
mensal that under certain conditions can cause mild infections in the respira-
tory and uro-genital tracts [186]. However, it can also cause disease in hu-
mans [187, 188]. Subspecies equi is a well-known horse pathogen that can 
cause a serious respiratory disease called strangles. Strangles is characterized 
by presence of large nodular abscesses in the neck region of the horse [189]. 
Subspecies equi is highly host-adapted to Equidae and can therefore also 
affect donkeys and mules [189]. Subspecies ruminatorum was discovered 
last of the three subspecies and was first isolated from sheep [190].  

Microbial surface components recognizing adhesion matrix molecules 
(MSCRAMMs) bind to components of the host ECM and are therefore pro-
posed to be of importance for establishing bacterial infection in hosts [191]. 
Similar to other bacteria, Streptococcus equi synthesizes several extracellular 
proteins that are either cell wall bound or secreted. For example, FNEB is a 
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cell wall anchored protein that can mediate binding to Fn [192]. However, 
other Fn-binding proteins, including SFS [193] and FNE [194, 195], are 
secreted due to lack of the cell wall binding LPXTGX motif in the car-
boxyterminal end of the respective protein, and therefore cannot mediate 
bacterial adhesion. It should be emphasized that differences exist between 
the protein expression profiles of subspecies equi and zooepidemicus that 
might explain the difference in virulence between these two subspecies. 
Whereas subspecies equi expresses the secreted Cn- and Fn-binding protein 
FNE [194], subspecies zooepidemicus expresses the cell wall anchored pro-
tein FNZ [196, 197] where FNE is a truncated version of FNZ. The homo-
logue for FNEB from subspecies equi is denoted FNZ2 in subspecies 
zooepidemicus [198]. Furthermore, CNE is a Cn-binding cell wall anchored 
protein that is expressed by both the subspecies equi and zooepidemicus 
[199]. It closely resembles the Cn-binding protein CNA from Staphylococ-
cus aureus. Interestingly, CNA was shown to have structural similarities 
with α1β1 integrin and both bind Cn in a similar manner [200]. Further stud-
ies suggested a ‘collagen hug’ model for CNA binding to Cn [201]. 

Finally, an abscess, or a collection of pus that is sealed off from the rest of 
the tissue, can form during infection with certain bacteria such as Staphylo-
coccus aureus. Infections with streptococci do not usually give rise to ab-
scess formation, however, infections of horses by Streptococcus equi sub-
species equi give rise to abscesses in the neck region, abscesses that can 
empty inwards and result in bacteremia and subsequent septicemia due to the 
virulence and pathogenicity of these bacteria. A suspected streptococcal 
infection in horses thus requires veterinary attention at first suspicion of an 
abscess.  

Fluid balance in connective tissues 
When immersed in phosphate buffered saline (PBS), a piece of loose con-
nective tissue, e.g. dermis, will swell up to double its volume in 24-48 hours 
[202, 203](Rubin, K. et al, unpublished observations). As discussed earlier, 
this is due to that the underhydrated ground substance is allowed to take up 
fluid. This process happens faster when metabolism blockers are added to 
the fluid bath (Rubin, K. et al, unpublished observations). As discussed 
above, acute inflammation is associated with the formation of edema. This 
type of acute inflammatory edema should not be confused with pitting 
edema. Pitting edema can result from cardiac failure, hypoproteinemia, kid-
ney failure or overhydration. It is characterized by a great mobility of the 
excessive interstitial fluid and is, in contrast to acute inflammatory edema, 
subject to gravity. Generally, edema can result from a change in forces that 
control the flux of fluid over the capillary wall. Ernest Starling (1896) first 
formulated that the net capillary filtration is resulting from transcapillary 
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hydrostatic and colloid pressures. This and other observations lead to Star-
lings hypothesis describing transcapillary fluid flow as follows: 
 

Jv = CFC . ΔP 
 
In this equation ΔP is the net filtration pressure and represents the pressure 
gradient created from the imbalance between hydrostatic pressures and the 
effective colloid osmotic pressures, and is defined as:  
 

ΔP = (PC - PIF) - σ(COPC - COPIF) 
 
The combination of equations leads to the following full equation: 
 

Jv = CFC [(PC - PIF) - σ(COPC - COPIF)] 
 
where Jv is the net capillary fluid filtration, CFC is the capillary filtration 
coefficient (the product of hydraulic conductivity and area of microvascular 
exchange), PC is the hydrostatic pressure in the capillary, PIF is the IFP, 
COPC is the colloid osmotic pressure in the capillary, COPIF is the colloid 
osmotic pressure in the interstitium and σ is the capillary reflection coeffi-
cient for plasma proteins. COPC and COPIF depend on the protein concentra-
tion in the blood and interstitium, which are around 90 mg/ml and 20 mg/ml 
respectively. The capillary reflection coefficient describes the permeability 
for blood proteins over the blood vessel wall and is among others regulated 
by vascular permeability factor, which is identical to VEGF. The capillary 
reflection coefficient is normally ∼0.95 whereas during inflammation it can 
drop to ∼0.30. The IFP is normally slightly negative, between 0 and -0.5 
mmHg [3]. During homeostasis, fluid and small molecular solvents can eas-
ily be transported over the endothelial cell layer in peripheral blood vessels; 
their flow solely depends on the balance of the Starling pressures (Figure 6).  

Interstitial fluid pressure 
During homeostasis, steady state lymph flow equals capillary filtration, 
where the network of Cn fibers restrains the underhydrated ground substance 
from taking up water. Connective tissue cells that reside in the connective 
tissue control the tension in the Cn fiber network [13, 204]. In order for con-
nective tissue cells to maintain this tension and to contribute to pressure bal-
ance, they have active integrins able to bind the surrounding supportive 
ECM. Normally, the cells bind to the Cn network with β1 integrins. Intracel-
lularly, these integrins are connected to the dynamic actin cytoskeleton, 
which, as discussed earlier, is important for conveying tension experienced 
by the integrins, and thereby contribute to control of tissue fluid balance. 
Connective tissue cells therefore play a part in the regulation of fluid flow 
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from blood vessels to the connective tissues and are thereby important for 
controlling tissue fluid balance [3]. 

 

 
 
Figure 6  Schematic presentation of the Starling forces that act on transcapil-

lary fluid flow. The JV (net capillary fluid filtration) through the cap-
illary wall (endothelial cells covered by supporting pericytes) de-
pends on the balance between CFC (capillary filtration coefficient), 
COPC (colloid osmotic pressure in the capillary), COPIF (colloid 
osmotic pressure in the interstitium), PIF (interstitial fluid pressure), 
PC (hydrostatic pressure in the capillary) and σ (capillary reflection 
coefficient). Black arrows indicate directionality of the forces.  

 
Experimentally, the IFP can be measured in vivo using a micropuncture 
technique [205, 206]. Measurements are performed by inserting a micropi-
pette (3–5 μm), which is filled with 0.5 M NaCl and therefore has a higher 
conductivity than the interstitial fluid, into the tissue. A servo-controlled unit 
measures the conductivity of the solution in the pipette. This measurement is 
based on that a change in composition of electrolytes in the pipette leads to a 
change in the electrical resistance in the system. The resulting pressure that 
is recorded is the counter-pressure that the system applies to restore pipette 
resistance. Fibroblasts that are seeded in a 3D Cn gel will compact this gel 
while forcing out fluid by a process referred to as Cn gel contraction [207]. 
Over the years this model has proven to be valuable since factors that lower 
IFP in vivo also inhibit Cn gel contraction in vitro and factors that increase 
IFP also stimulate Cn contraction [127, 195, 208-213]. Furthermore, the fact 
that fibroblasts change their morphology when cultured in Cn gels and adapt 
to an elongated, bipolar spindle shape that is largely identical to that ob-
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served in vivo [214, 215] gives further support for Cn gel contraction being 
an acceptable model for IFP measurements.  

Modulation of IFP during acute inflammation  
During acute inflammation, connective tissue cells mediate changes in the 
IFP [13]. It is believed that inflammatory mediators derived from inflamma-
tory cells, e.g. mast cells, leukocytes and macrophages, act by both affecting 
the permeability of the vasculature and by inactivating or impairing the β1-
integrins in the affected connective tissue, thereby lowering the IFP. The 
resulting edema acts pro-inflammatory by facilitating egress of antibodies 
and other pro-inflammatory proteins and movement of immune cells through 
tissues. This is of importance for innate immune reactions to clear tissues 
from infectious agents. Tumor necrosis factor (TNF)-α and interleukin (IL)-
1 are two important cytokines released by activated macrophages that lead to 
several inflammatory responses in for example endothelial cells [216]. TNF-
α and IL-1 act in part by activating Nuclear Factor (NF)-κB, a transcription 
factor responsible for transcription of cytokines and other inflammatory me-
diators [217]. Members of the IL-1 superfamily include IL-1α, IL-1β and the 
anti-inflammatory IL-1 receptor antagonist. IL-1α is active both as intracel-
lular precursor and as a membrane-bound molecule, but less active when it is 
secreted. In contrast, IL-1β is only active when secreted. By binding to their 
receptors they stimulate activation of NF-κB and synthesis of e.g. pros-
taglandins such as PGI2 and PGE2, two potent inflammatory mediators.  

Prostaglandins are members of a group of short-lived lipid hormones that 
are produced from arachidonic acid by cyclooxygenase (COX) and other 
ezymes that act downstream of COX. All prostaglandins are eicosannoids 
that contain 20 carbon atoms, including a 5-carbon ring. They bind to a sub-
family of cell surface G-protein-coupled receptors. Currently there are nine 
known receptors of prostaglandins that are termed DP1 and 2, EP1, 2, 3 and 
4, FP, IP, and TP. Prostaglandin E1 (PGE1) has poor affinity to the EP1 and 
EP3 receptors and signals mainly through the EP2, EP4 and IP receptors. 
There is growing evidence that increased concentrations of intracellular Ca2+ 
and elevated levels of cAMP mediate the effects of PGE1 and 2 [218-220]. 
PGE1 has been shown to have implications for edema formation in vivo. 
Subdermal injection of PGE1 induces edema by lowering IFP in naïve rat 
skin, but also results in an increased albumin extravasation [209, 221]. The 
observation that PGE1 and PGE2 induce breakdown of actin filaments in 
osteoblasts might offer an explanation for this phenomenon [222], although 
one should bear in mind that different cells express dissimilar levels and 
subtypes of prostaglandin receptors and that this, in combination with vary-
ing receptor-ligand affinities, might lead to different intracellular events and 
biological outcomes altogether.  
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Table I Selection of components that were shown to modulate IFP and 

edema formation locally or systemically.  
 

An uncontrolled and widespread lowering of IFP, e.g. after injection of LPS, 
could result in anaphylaxis or hypovolemic shock in septicemia. Therefore a 
medical interest exists in devising modalities that can control excessive low-
ering of IFP. A selection of components that modulate IFP and edema are 
presented in Table I. Another field where interventions aimed at modulating 
IFP have a great interest is carcinoma research. Carcinoma is characterized 
by a pathologically elevated IFP that either reflects or forms a barrier for 
transport of fluid and solutes, including anti-cancer agents, from blood to 
tumor tissue [223-229]. A lowering of carcinoma IFP could be beneficial for 
increasing uptake of chemotherapy. Experimentally, edema formation due to 
a lowering of IFP can be elicited by inducing anaphylaxis through injecting 
PGE1, IL-1 or antibodies directed against integrin α2β1. Injection of PDGF-
BB can counteract this edema [127, 230].  
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Present investigations 

Aims 
The objective of the work presented in this thesis was to investigate mecha-
nisms underlying control of tissue fluid homeostasis and how these mecha-
nisms are modulated during inflammatory conditions. More specifically, the 
aim of the first study was to investigate the effect of the secreted bacterial 
protein FNE on Cn gel contraction and normalization of fluid homeostasis in 
vivo, and to elucidate the biochemical mechanism by which it modulates 
these processes. The aim of the second study was to identify the mechanism 
by which αVβ3 integrins connect to Cn in inflammatory conditions, by mak-
ing use of a bacterial Cn-binding protein that blocked this binding. The third 
study aimed to identify intracellular proteins that are involved in modulation 
of cell contractility after stimulation with PDGF-BB and PGE1 and that 
might also be involved in control of fluid homeostasis in vivo. The fourth 
study was a continuation of the third study and focussed on the protein 
cofilin and its role in cell contraction after stimulation with PDGF-BB.  

Results 

Paper I 
A secreted collagen- and fibronectin-binding streptococcal protein modu-
lates cell-mediated collagen gel contraction and interstitial fluid pressure. 
 
Streptococcus equi, subspecies equi is a disease-causing bacterium in horses 
that can give rise to formation of abscesses, as opposed to the less patho-
genic bacterium Streptococcus equi, subspecies zooepidemicus.  In this 
study, we found that in an array of proteins from Streptococcus equi, sub-
species equi, the secreted protein FNE was unique in inducing Cn gel con-
traction by Cn-binding integrin negative C2C12 cells. Also, FNE could nor-
malize a lowered IFP in rat skin in vivo. In Streptococcus equi, subspecies 
equi, FNE is produced due to a point mutation in the FNZN gene, which 
leads to the secretion of FNE (N-terminal part of FNZN). FNE contains both 
Cn- and Fn-binding regions and we hypothesized a mechanism for FNE-
induced contraction that involves Fn expression. We demonstrated that 
C2C12 cells express Fn when they are seeded in Cn gels and furthermore, 
FNE could not mediate contraction of Cn gels seeded with Fn knock out 
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cells (4D cells) unless Fn was added. Adhesion studies showed that C2C12 
and not 4D cells could bind well to immobilized FNE and FNE bound well 
to C2C12 and poorly to 4D cells in suspension. This suggested a mechanism 
where FNE mediates the connection between newly synthesized Fn and Cn. 
Evidence for this hypothesis was provided by solid phase experiments where 
we showed that an increasing concentration of FNE lead to increased bind-
ing between Cn and Fn. This binding decreased again when more FNE was 
added. This pointed to that higher concentrations of FNE could saturate the 
binding pockets of both Fn and Cn, and indicates that FNE forms a bridge 
between the two ECM substrates. 

Conclusively, these results show that a point mutation in bacteria can lead 
to secretion of proteins that modulate edema formation during the inflamma-
tory response, which possibly leads to the formation of a chronic inflamma-
tion with abscess formation. Edema formation is highly important for clear-
ing of pathogenic organisms from the body and any bacterium that is able to 
decrease the host inflammatory response will in such way increase its viru-
lence.  

Paper II 
Identification of collagen sites involved in PDGF BB-induced αVβ3-directed 
collagen gel contraction. 
 
PDGF-BB induces cell-mediated Cn gel contraction requiring the integrin 
αVβ3 in cells that lack Cn-binding β1 integrins. In this study, the Cn-
binding streptococcal protein CNE was used to delineate the molecular 
mechanism by which integrin αVβ3 directs Cn gel contraction. CNE effi-
ciently bound Cn types I, II and III but not type IV or heat-denatured colla-
gens. CNE inhibited PDGF BB-stimulated adhesion of C2C12 cells to native 
Cn type I and almost completely inhibited PDGF BB-induced contraction, 
while not affecting PDGFR-β phosphorylation. Inhibitors of mitogen-
activated (MA)PK (U0126 and SB203580) and RTK (AG1296) interfered 
with PDGF BB-induced contraction while a matrix metalloprotease (MMP) 
inhibitor (GM6001) had no inhibitory effect. Scanning electron microscopy 
and calorimetry revealed that gels consisting of Cn types I and II had smaller 
Cn fibril diameters and lower fibril melting temperatures when treated with 
CNE. We found that CNE bound with high affinity to several triple helical 
peptides in Cn types II and III. Based on our findings we exclude involve-
ment of Cn-harbored RGD sequences in αVβ3-mediated contraction but 
hypothesize the existence of at least one Cn-binding protein that serves as 
intermediate between integrin αVβ3 and Cn.  
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Paper III 
Opposite effects of PDGF-BB and prostaglandin E1 on cell-motility related 
processes are paralleled by modifications of distinct actin-binding proteins. 
 
PGE1 lowers dermal IFP in vivo and inhibits fibroblast-mediated Cn gel 
contraction in vitro. PDGF-BB, in contrast, stimulates contraction and 
normalizes IFP lowered as a result of anaphylaxis. Interactions between 
myosin and filamentous actin lie at the base of contractile and motile 
processes. In this study, we showed that PGE1 and PDGF-BB affect different 
and similar sets of actin-binding proteins in human dermal fibroblasts. The 
inhibitory effect of PGE1 on contraction depended on cAMP and stimulation 
with PGE1 resulted in inhibition of myosin light chain kinase that is involved 
in stimulation of actin-myosin interactions. Short-term stimulation with 
PDGF-BB rapidly, but transiently, induced formation of actin-containing 
membrane and circular ruffles and breakdown of stress fibers. PGE1 had no 
effect on stress fibers nor did it modulate the effects of PDGF-BB. 
Furthermore, PGE1 alone or in combination with PDGF-BB inhibited initial 
adhesion and spreading of fibroblasts to Cn. PDGF-BB had no effect on 
adhesion but stimulated cell spreading. Two-dimensional gel electrophoresis 
and MALDI TOF analyses of SDS/Triton X-100-soluble proteins revealed 
changes in migration pattern of actin-binding proteins. Interestingly, PDGF-
BB and PGE1 affected both similar and different sets of actin-binding 
proteins. PDGF-BB and PGE1 did not transmodulate their respective effects 
on actin-binding proteins, cytoskeletal organization or initial adhesion. The 
data show that PDGF-BB stimulates actin cytoskeleton dynamics, whereas 
PGE1 inhibits processes dependent on cytoskeletal motor and adhesive 
functions. This study suggests that these different activities may partly 
explain the contrasting effects of PGE1 and PDGF-BB on contraction and 
IFP.  

Paper IV 
Signaling via PI3K is required for PDGF BB-induced Cofilin Dephosphory-
lation and Collagen Gel Contraction.  
 
Signaling via PDGFR-β leads to several changes in cells including actin 
cytoskeleton rearrangements. Stimulation of mesenchymally-derived cells 
with PDGF results in enhanced cell proliferation, spreading, migration and 
contraction. One of many targets of PDGFR-β signaling is the small actin-
binding and severing protein cofilin that has been implied in cell contraction 
by affecting actin turnover. In paper IV we show that cofilin was dephos-
phorylated within 10 minutes after stimulation with 20 ng/mL PDGF-BB in 
PAE cells, which had been transfected with full-length wild type human 
PDGFR-β. Transfected PAE cells contracted Cn gels and PDGF-BB potenti-
ated this effect. Knock-down of cofilin with small interfering RNA signifi-
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cantly reduced contraction, either in absence or presence of PDGF-BB. An 
inhibitor to PI3K (LY294002) completely abolished cofilin activation and 
Cn gel contraction, either in absence or presence of PDGF-BB suggesting 
that PI3K is involved in maintenance of cell adhesions. Importantly, the 
PDGF-BB effects on contraction and cofilin were absent in transfected PAE 
cells expressing PDGFR-β bearing mutations Y740/751F, the activation sites 
for PI3K. PDGF-BB effects on contraction and cofilin activation were not 
affected in five other mutants that expressed equal amounts of PDGFR-β 
where important tyrosine residues had been substituted with phenylalanine 
residues. Cells that express hyperactive PLCγ have been shown to mediate 
contraction in absence of PI3K. However, the experiments presented in pa-
per IV showed that PAE cells transfected with PDGFR-β bearing mutations 
Y1009/1021F, that render PLCγ unaffected upon PDGF-BB stimulation, did 
not affect the PDGF-BB effects on contraction and cofilin activation. An 
inhibitor to PLCγ did not affect cofilin activation after stimulation with 
PDGF-BB, but completely abolished contraction of Cn gels, suggesting that 
PLCγ acts on cellular adhesions and is not required for PDGF BB-
potentiated contraction. Together, the data in this paper suggest that cofilin 
activation is required for Cn gel contraction and that signaling via PI3K 
downstream from PDGFR-β is an essential mediator in this process.   
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Discussion and future directions 

In this thesis, data is presented that points to a possible mechanism by which 
bacteria can modulate edema formation. In Paper I we show that the trun-
cated protein product (FNE) resulting from a point mutation can lead to 
normalization of IFP in a process depending on integrin αVβ3. This finding 
indicates that this protein could potentially inhibit edema formation during 
infection. Hereby it helps the bacterium to evade components of the immune 
system that are enhanced by edema formation. This might explain the differ-
ence in virulence between Streptococcus equi subspecies equi and subspe-
cies zooepidemicus. However, apart from the point mutation in the fne gene, 
more genetic variation exists between the two subspecies that could contrib-
ute to differences in virulence. Streptococcus equi subspecies equi is the 
causative agent of strangles in horses. In order to determine whether FNE is 
indeed of crucial importance for mediating higher virulence in subspecies 
equi, a study has started where this subspecies is compared with subspecies 
zooepidemicus in a mouse infection model. A way to confirm dependence on 
αVβ3 during FNE-mediated normalization of IFP is to test the effect of FNE 
on lowered IFP in β3 -/- mice. Furthermore, it would be of particular interest 
to identify proteins with similar functions as FNE in human pathogenic bac-
teria. These bacteria might be responsible for a worse patient prognosis by 
making use of an IFP modulating mechanism similar to that as identified in 
Paper I.   

Integrin αVβ3 is involved in normalization of lowered IFP and can act af-
ter instilment of PDGF-BB. In addition, PDGF-BB does not normalize low-
ered IFP in β3 -/- mice. Integrin αVβ3 has been shown important for in vitro 
contraction of Cn gels [231, 232] and PDGF-BB drives C2C12 cell-mediated 
contraction via this integrin. However, it is not known how integrin αVβ3 is 
able to connect to the Cn fibers since it recognizes RGD sequences that are 
not exposed in Cn. In Paper II we made use of the Cn-binding bacterial pro-
tein CNE that inhibited PDGF BB-induced αVβ3 integrin-directed Cn gel 
contraction. Our analyses show that CNE might act by either sterically hin-
der or compete with a hitherto unknown protein that binds Cn and αVβ3. 
Paper II also suggests that this protein would only be active or present in 
sufficient amounts to mediate contraction after addition of PDGF-BB. It 
would be of interest to identify this protein, as it can potentially be of value 
for devising treatment strategies for anaphylaxis, septic shock, but also for 
tumor growth.  
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Furthermore, this thesis includes investigations into the effects of PDGF-
BB and PGE1 on cytoskeleton-associated proteins. During homeostasis, 
fibroblasts in the interstitium bind Cn fibers via α2β1 integrins. This integrin 
function is lost or impaired during an inflammatory reaction or injection of 
PGE1, which results in a lowered IFP. Stimulation with PDGF-BB makes 
these cells to use αVβ3 integrins to restore the pressure. Paper III shows that 
the combination of the two factors results in a net zero effect in Cn gel con-
traction. The findings that PGE1 acts on adhesive functions and cytoskeletal 
motor functions possibly only partly explains its inhibitory effect on contrac-
tion. It is not clear how exactly adhesion is inhibited by PGE1. The mecha-
nism behind this should be part of a future study, since it might be of impor-
tance in devising compounds that facilitate treatment of solid tumors. The 
fact that PDGF-BB counteracts the inhibitory function of PGE1 is probably 
explained by increased cytoskeletal dynamics. As was demonstrated in Paper 
III and IV, cofilin activation is one of the effects downstream from PDGF-
BB. Paper IV deals with the modulation of cofilin activation during contrac-
tion, in particular by signaling induced by PDGF-BB. PI3K was shown to be 
of crucial importance for the effect of PDGF-BB during Cn gel contraction, 
and activation of this protein was upstream from cofilin. Further studies 
should define the precise mechanism by which cofilin can contribute to con-
traction, in particular, since Paper III demonstrated that also PGE1 can acti-
vate cofilin. Possibly, PGE1 elicits both stimulatory and inhibitory signals 
where the net result depends on the balance between these signals. Using β3 
knockout mice we plan to examine the effect of PGE1, PDGF-BB and the 
combination of both on the IFP in vivo. It would be interesting to compare 
the combined effect of PDGF-BB and PGE1 in wild type and knockout ani-
mals. In this set-up also specific inhibitors to components of the signal cas-
cade from the PDGFR-β and prostanoid receptors can be used to confirm the 
link between the protein changes, participating signaling cascades and ef-
fects on Cn gel contraction.  
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Sammanfattning på Svenska 

Mikrovaskulaturen utgörs av kroppens minsta blodkärl, över vilkas membran 
näringsutbyte sker.  Dessa är inbäddade i lucker bindväv som reglerar trans-
porten av vätska och andra ämnen till och från vävnaden. Transporten regle-
ras av trycket i vävnaden, det s.k. interstitiella vätsketrycket (IVT), vilket 
bestäms av hur mycket de interstitiella fibroblasterna kontraherar. Denna 
kontraktion medieras av fibroblasternas β1 integriner vilket leder till en aktiv 
kontroll av IVT. En sänkning av IVT in vivo leder till en ökad transport av 
vätska från cirkulationen till bindväven, vilket genererar ödem. Detta sker 
initialt vid akuta inflammationer, men tillväxtfaktorn PDGF-BB motverkar 
ödembildningen genom nyttjande av integrin αVβ3 hos fibroblaster och 
normaliserar därmed IVT. Den inflammatoriska mediatorn PGE1 verkar i 
motsatt riktning då den inhiberar kollagengelskontraktion in vitro och sänker 
IVT in vivo. Vi visade att både PDGF-BB och PGE1 påverkade både samma 
och olika typer av aktinbindande proteiner. PDGF-BB stimulerade aktin-
cytoskelettets dynamik, medan PGE1 inhiberade cytoskelettets motorfunk-
tioner. Detta pekar på att de skilda aktiviteterna delvis kan förklara de skilda 
effekterna av PDGF-BB och PGE1 på kontraktion och IVT. Mutation av den 
fosfatidylinositol 3’-kinas (PI3K), men ej den fosfolipas C (PLC)γ aktive-
rande domänen i PDGF receptor β, ledde till att celler inte svarade på 
PDGF-BB medierad kontraktion och att aktivering av det aktindissocierande 
proteinet cofilin uteblev. Förmågan att aktivera cofilin efter PDGF-BB sti-
mulering korrelerade med graden av kontraktion och visade att cofilin agerar 
nedströms från PI3K aktiverat av PDGF receptorn. Vi visade att extracellulä-
ra proteiner från Streptococcus equi subspecies equi modulerar integrin 
αVβ3-beroende kollagengelskontraktion. Ett av dessa proteiner, det kolla-
gen- och fibronektinbindande FNE, stimulerar kontraktion genom en process 
som är beroende av fibronektinsyntes. Denna studie identifierade en möjlig, 
ny virulensmekanism för bakterier, baserad på bakteriens förmåga att modu-
lera bildningen av ödem. Vid studierna av CNE, som är ett annat kollagen-
bindande bakterieprotein som inhiberar kontraktion, identifierades domäner i 
kollagen som potentiellt är inblandade i bindningen mellan integrin αVβ3 
och kollagennätverket. Många proteiner kan modulera kontraktion genom att 
antingen påverka det extracellulära matrixet och celladhesion, eller genom 
att påverka cytoskelletets dynamik. Kunskap om hur dessa proteiner kan 
tänkas påverka IVT är sannolikt av klinisk relevans vid behandling av in-



 42 

flammatoriska tillstånd såsom anafylax och septisk shock, men även 
tumörtillväxt. 
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Samenvatting in het Nederlands 

Alle bloedvaten in de microcirculatie zijn omsloten door los bindweefsel, dat 
het transport van vloeistof naar de weefsels dirigeert.  Een van de bepalende 
factoren die dit transport reguleren is de interstitiële vloeistofdruk  (IVD). 
Een IVD verlaging in vivo resulteert in een verhoogd vloeistof transport van 
de circulatie naar het minder gehydrateerde bindweefsel met oedeem vor-
ming tot gevolg. Tijdens homeostase reguleren samentrekkende bindweefsel 
cellen de IVD actief doormiddel van binding aan het vezelrijke bindweefsel 
netwerk via hun �1 integrinen. Gedurende een ontsteking is de IVD ver-
laagd, maar deze kan met behulp van platelet-derived growth factor (PDGF)-
BB worden genormaliseerd. Dit proces is afhankelijk van het integrine 
αV�3. Een van de bevindingen is dat extracellulaire eiwitten van de Strepto-
coccus equi subspecies equi de αV�3-gemedieerde collageen gel contractie 
moduleerden. Een van deze eiwitten, het collageen- en fibronectine bindende 
FNE, stimuleerde de contractie, in een van fibronectine synthese afhankelijk 
proces. Deze studie heeft een potentieel nieuw bacterieel virulentie mecha-
nisme geïdentificeerd dat gebaseerd is op remming van oedeem vorming. 
Een ander eiwit, het collageen bindende CNE, inhibeerde de contractie. Dit 
leidde tot de identificatie van bindingsplaatsen in collageen monomeren, 
welke mogelijk betrokken zijn bij de binding van αV�3 integrine aan het 
collageen netwerk. PDGF-BB stimuleert en prostaglandine E1 (PGE1) in-
hibeert collageen gel contractie in vitro, en in vivo resulteren deze factoren 
respectievelijk tot normalisatie en verlaging van de IVD. We laten verder 
zien dat deze factoren zowel dezelfde als verschillende actine-bindende ei-
witten beïnvloeden. PDGF-BB stimuleerde de dynamiek van het actine cy-
toskelet terwijl PGE1 voornamelijk adhesie- en cytoskeletale motor gerela-
teerde functies inhibeerde. Deze verschillende activiteiten zouden dus deels 
de tegengestelde effecten van PDGF-BB en PGE1 op de contractie en de 
IVD kunnen verklaren. Verder komt uit deze studie naar voren dat PDGF-
BB geen effect meer had op contractie en activatie van het actine- bindend 
en degraderend eiwit cofiline als de fosfatidylinositol 3’-kinase (PI3K) acti-
vatie site op de PDGF receptor-� gemuteerd was. Mutatie van de fosfolipase 
C (PLC)γ activatie site had geen effect. In mutante cellen correleerde het 
vermogen om, na stimulatie met PDGF-BB, cofiline te activeren met de 
potentie om op PDGF-BB te reageren tijdens contractie. Dit suggereert een 
rol voor cofiline downstream van PDGF receptor-geactiveerd PI3K tijdens 
contractie. Vele eiwitten kunnen contractie moduleren door de extracellu-
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laire matrix en cel adhesie te beïnvloeden, of door de dynamiek in het cy-
toskelet te veranderen. Kennis aangaande de vraag hoe deze eiwitten de IVD 
beïnvloeden is waarschijnlijk van klinisch belang bij de behandeling van 
inflammatoire aandoeningen zoals anafylaxis, septische shock, maar ook 
tumor groei.  
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