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Abstract
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The regulation of fluid (water) volume in the body is crucial for tissue homeostasis. The
interstitial fluid, which comprises almost 20% of the body fluid, is stored in the loose connective
tissue and its volume is actively regulated by components of this tissue. The loose connective
tissue provides a path for fluid flow from capillaries to the tissue and lymphatics. This fluid
is partially stored in the interstitium and the remainder is directed to the lymphatics. The
fibroblasts in the loose connective tissue actively compact the fibrous extracellular matrix
(ECM) through mechanotransduction via integrins. This in turn, maintains the interstitial fluid
pressure and keeps the ground substance underhydrated. The interstitial fluid pressure is part
of the forces that regulate the efflux of fluid from capillaries and keep the ground substance
underhydrated. The underhydrated ground substance has a potential to take up fluid 3-fold the
plasma volume. Therefore, the active contraction of the ECM via fibroblasts is crucial to prevent
the risk of evacuation of fluid from capillaries. During pathologies, such as inflammation and
carcinogenesis, the interstitial fluid pressure and hence the interstitial fluid volume is altered.

The results presented in this thesis show that the signaling events downstream of αVβ3
integrin, collagen-binding β1 integrins, and platelet-derived growth factor receptor β, that induce
cell-mediated matrix contraction, included paired function of PI3K and PLCγ, cofilin activation,
actin turnover, and generation of actomyosin forces. Furthermore, the results highlight new
potential roles for fibrin and αVβ3 integrins, for instance during clearance of edema. Notably,
fibrin extravasation at inflammatory sites induced αVβ3 integrin-dependent matrix contraction,
leading to normalization of the altered interstitial fluid volume. It also reprograms the expression
of ECM-related genes and hence induces ECM turnover. Taken together, these results provide
further insight into the regulatory mechanism through which the loose connective tissue actively
regulates the interstitial fluid volume.
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The cover picture is a scanning electron microscopy micrograph of a murine 
myoblast C2C12 cell in a composite gel of fibrin and collagen. The picture 
shows how the cell pulls fibers of the surrounding matrix.  
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Abbreviations 

CN-I Collagen type I 
DAG Diacylglycerol 
ECM Extracellular matrix 
F-actin Filamentous actin 
FAK Focal adhesion kinase 
GAG Glycosaminoglycans  
Grb2 Growth factor receptor bound protein-2 
IFP Interstitial fluid pressure 
IFV Interstitial fluid volume 
IP3 Inositol 1,4,5-triphosphate  
LIMK LIM kinase 
MAPK Mitogen-activated protein kinase 
PDGF Platelet-derived growth factor 
PDGF-R Platelet-derived growth factor receptor 
PGE1 Prostaglandin E1 
PI3K Phosphatidylinositol-3' kinase 
PIP2 Phosphatidylinositol 4,5-bisphosphate  
PIP3 Phosphatidylinositol 3,4,5-trisphosphate 
PKC Protein kinase C 
PLCγ Phospholipase Cγ 
RGD Arginine-glycine-aspartic acid 
SOS Son of Sevenless 
SSH Slingshot 
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Conceptual framework 

Fluid homeostasis, or the regulation of fluid (water) distribution and volume 
in the body, is central for maintaining tissue homeostasis. Notably, a 75 kg 
human harbors on average 45 L of water, of which approximately 30 L is 
intracellular, 3 L is in plasma, 9 L is in the interstitial space (interstitial fluid) 
and the remainder is present in bones, body cavities, and excretions. The 
interstitial fluid, which constitutes the majority of the extracellular fluid, is 
contained in the loose connective tissue and its volume is actively regulated 
by components of this tissue. Loose connective tissues are found in all or-
gans where they provide a platform for fluid transport through the circulato-
ry system (capillaries and lymphatics). Among other physiological functions, 
loose connective tissues provide a gel-like structure that immobilizes the 
fluid in the interstitium. They also provide a control-unit that actively regu-
lates the interstitial fluid volume (IFV) (Figure 1). The network of fibrillar 
components of the extracellular matrix (ECM) is interdispersed in the gel-
like ground substance together with a network of loose connective tissue 
cells (mainly fibroblasts), which together are the main elements of the con-
trol-unit of the IFV (1-4). 

 
Figure 1. The control-unit of the interstitial fluid volume (IFV). The control-unit 
is comprised of fibroblast cells and the fiber network of the ECM (mainly collagen 
fibers). The fibroblasts constantly exert contractile forces (black arrows) on the 
collagen fibers, which maintain the interstitial fluid pressure (IFP). The IFP is part 
of a number of counter forces that regulate the efflux of fluid from capillaries, which 
in turn regulates the IFV. 

The IFV is determined by the transcapillary fluid flux, which in turn is regu-
lated by lymph flow and four different pressures inside and outside capillar-
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ies. Among these pressures, the interstitial fluid pressure (IFP) is actively 
regulated by the loose connective tissue. However, the mechanism by which 
the loose connective tissue controls the IFP and IFV is not fully understood. 
The aim of the work presented in this thesis was therefore to investigate 
some of the molecular details of this phenomenon under both physiological 
and pathological conditions (1,5-9). 

In the loose connective tissue, the fibroblast cells constantly interact with 
a number of ECM components via adhesion receptors, such as collagen fi-
bers through collagen-binding β1 integrins, to exert mechanoforces on the 
matrix (2,10,11). The forces keep the ECM compact and the IFP steady, 
which in turn counteract swelling forces by the underhydrated ground sub-
stance and regulate the IFV. In addition to exertion of tensile forces, connec-
tive tissue cells must have the ability to remodel the ECM (12-19). Taken 
together, the ability of fibroblast cells to keep the ECM compact and hence 
maintain the IFV depends on the existence of appropriate receptor signaling, 
composition of the ECM, and their ability to remodel the matrix, however 
this is not fully understood. Therefore, the following processes were investi-
gated; (i) the molecular basis of the intracellular signaling pathways in-
volved in generation and regulation of the contractile forces, (ii) the impact 
of the composition of the ECM on the contractile phenotype of cells, and 
(iii) the regulation of the expression of the genes involved in matrix assem-
bly/reassembly. In vivo, the IFP can be considered as a measure of tissue 
contraction and the ability of a tissue to maintain the IFV. Therefore, the 
collagen gel contraction assay, which shares characteristics with this in vivo 
process, was used throughout this work as an in vitro model. The assay was 
used to study the ability of cells to contract plain collagen gels or composite 
fibrin/collagen gels, under various conditions resembling physiological or 
pathological circumstances (20-24).   

The intracellular signaling events involved in the contractile phenotype of 
the cells occur mainly upon integrin activation and signaling. Under physio-
logical conditions, regulation of the IFV and tissue contraction is dependent 
on collagen-binding β1 integrins (i.e. α2β1 and α11β1) (1,14,19,25-27), 
while αVβ3 integrins are active under pathological conditions, such as heal-
ing wounds and inflammation, to mediate indirect attachment of cells to 
collagen fibers and thus normalize the altered IFV (Figure 2) (1,28,29). 
Therefore, the signaling pathways downstream of collagen-binding β1 integ-
rins and αVβ3 integrins were studied.  

There are many factors that can affect the cell-mediated matrix contrac-
tion both in vitro and in vivo. Some of them are stimulators such as platelet-
derived growth factor (PDGF)-BB (22,30-32), insulin (33,34), or prosta-
glandin F2α (35), while some other factors reduce the contraction such as 
prostaglandin E1 (PGE1), carbaprostacyclin (30,35), or interleukin-1 (36,37). 
PDGF-BB triggers cell-mediated contraction of collagen matrices via αVβ3 
integrins in cells that lack functional collagen-binding β1 integrins in vitro 
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(28). A similar effect is also observed in vivo under conditions where the 
impaired collagen-binding β1 integrin signaling leads to lowered IFP, which 
in turn results in tissue swelling and increased IFV (25). Stimulation of cells 
with PDGF-BB restored the cell attachment to collagen fibers and normal-
ized the IFV in αVβ3 integrin dependent fashion (Figure 2) (27,38). The 
signaling pathways downstream of PDGF-receptor (PDGF-R) and PGE1 that 
affect the contractile machinery of cells were therefore further investigated 
in this study.  

 
Figure 2. The model for cell-mediated matrix contraction. Using their collagen-
binding β1 integrins, the fibroblasts exert contractile forces on the collagen fiber 
network and hold the matrix compact to maintain the IFV under physiological con-
ditions. Disruption of function of these integrins or actin cytoskeleton turnover leads 
to release of collagen fibers and an increase in IFV and edema formation. This pro-
cess can be initiated by, for example, PGE1. Stimulation of cells with PDGF-BB 
resets the tensile forces on the matrix through αVβ3 integrins and normalizes the 
IFV. 

Integrins link the ECM to the cytoskeleton and hence they influence each 
other. Any mechanical stress from the ECM induces turnover of actin, allow-
ing cells to give an appropriate adaptive response (15,39-41). On the other 
hand, the actin-myosin contractile forces are exerted on the ECM via integ-
rins through which cells contract their matrix (15,42). Concerning the regu-
lation of the IFV, the involvement of the cytoskeleton (mainly actin fila-
ments (43)) concerns; the tightness of endothelial cell-cell junctions and 
thereby the permeability of capillaries (44), and the generation and exertion 
of the tensile forces on the ECM through which the IFV is maintained in 
vivo (1,43). 

Any change in function and composition of the loose connective tissue 
cells and fibrous ECM directly affect the control-unit (Figure 1), and thus 
the fluid homeostasis (1). For example, the composition and stiffness of the 
ECM determine mechanotransduction via integrins and the ability of cells to 
contract their matrix. Collagen fibers are the most abundant fibrous elements 
of the ECM. As noted earlier, under physiological conditions the attachment 
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of cells to collagen fibers through collagen-binding β1 integrins regulate the 
IFV, while in pathologies such as inflammation, the interactions of collagen-
binding β1 integrins and collagen fibers seem to be impaired and cells can-
not directly exert tensile forces on the collagen fiber network. Hence, cells 
release the ECM and the IFV is increased (edema formation) (25). To nor-
malize the IFV and re-compact the ECM, cells need to indirectly exert the 
contractile forces on the collagen fibers. This process can be mediated by 
any ECM protein with the ability to bridge the collagen fibers to any non-
collagen-binding integrins. Fibronectin, for instance, has previously been 
described to have such an ability. It binds to native CN-I fibers and serves as 
a ligand for αVβ3 integrins in vitro and hence bridges the cells to the colla-
gen network (45). Fibrin deposition has been observed in pathologies such as 
inflammation (46-48), carcinoma (49), and healing wounds (50,51), however 
the physiological relevance of such deposits is not fully understood. There-
fore, a potential role of fibrin in cell-mediated contraction of collagen matri-
ces was also investigated in the present study. The hypothesis was that fibrin 
provides a secondary matrix that could link cells to the collagen fiber net-
work via αVβ3 integrins, through which cells could exert the contractile 
forces on the matrix. Fibrinogen/fibrin was used to make composite gels of 
fibrin/CN-I as an in vitro model to study αVβ3 integrin-dependent contrac-
tion of CN-I gels by cells that lack collagen-binding β1 integrins. This model 
thus resembles in vivo conditions such as inflammation, in which cells are 
unable to directly attach to collagen fibers. Instead, αVβ3 integrins replace 
the impaired collagen-binding integrins and mediate normalization of the 
altered IFV (1,28,29).  

Another important role of loose connective tissues during homeostasis is 
during mechanical stress. The mechanical stress initiates mechanotransduc-
tion via integrins, which triggers adaptive cellular responses such as cell 
migration, cell-mediated contraction of the ECM, or alteration of the produc-
tion of ECM proteins (52-57). During cell-mediated matrix contraction, both 
in vivo and in vitro, cells constantly remodel their surrounding fiber network 
to be able to exert their mechanoforces more efficiently on the matrix 
(17,18,20,21,52,58). Therefore, the impacts of the ECM composition, matrix 
stiffness, and integrin signaling on the regulation of genes that their products 
are involved in turnover and remodeling of the ECM, were also studied.  

In summary, the loose connective tissue actively maintains the IFV. The 
IFV is determined by the balance between the swelling capacity of the gel-
like ground substance and the extent of the contractile forces exerted on the 
fibrillar ECM (that keep the gel-like structure compact) by cells via cyto-
skeleton turnover and integrins (8,43,59). The aim of the present thesis work 
was to study, at both molecular and cellular levels, how loose connective 
tissue cells, mainly fibroblasts, interact with the ECM and compact their 
matrix in the process of regulation of the IFV. Hence, the impacts of the 
ECM composition on the cell-ECM signaling, and the expression of a set of 
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matrix-related genes were studied. The presented in vitro results provide a 
better understanding of the in vivo mechanisms through which the IFV is 
regulated under both physiological and pathological conditions. The results 
propose a new biological role for fibrin at low concentrations during in-
flammation and wound healing, for example at margins of the fibrin depos-
its, where the collagen network is still predominant compared to fibrin (Fig-
ure 3). The results also provide potential pharmaceutical targets with the aim 
to develop a therapeutic method or medicine to normalize the altered IFV in 
pathologies such as anaphylactic shock and edema formation, or during car-
cinoma where the pathologically reduced IFV results in poor delivery of 
anti-cancer drugs into solid tumors.     

 
Figure 3. Uneven density of extravasated fibrin in pathologies.  The current study 
on roles of fibrin on the regulation of IFV is focused on the outer layer of fibrin 
deposits where hypothetically the density of the fibrin network is low and collagen 
fibers are the predominant fibrous elements of the ECM. 
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Introduction 

Loose connective tissue 
Loose connective tissue fills the space between the capillary walls and the 
basement membranes of the epithelia, muscles, and peripheral nerves in all 
organs of the body. The loose connective tissue (Figure 4) is composed of 
cells, mainly fibroblasts, infiltrating immune cells, occasional fat cells, and 
the ECM, which consists of (1,6): 

1. Fibrillar proteins such as collagen fibers, reticular fibers (collagen 
type III), and elastic fibers.  

2. Non-fibrillar glycoproteins that are involved in the composite fibril 
structure of the ECM and also modulates cellular responses. 

3. An amorphous ground substance mainly composed of hyaluronan 
and proteoglycans. 

4. Interstitial fluid, which is the result of fluid flow across the capillar-
ies. 

 
Figure 4. Loose connective tissue 

The loose connective tissue is involved in fluid homeostasis and sustaining 
the mechanical/physical forces applied on different organs. It provides a path 
for fluid transport from capillaries to lymphatics as a part of the circulatory 
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system (1,11). As noted earlier, this path is comprised of two main parts, the 
gel-like structure that immobilizes the fluid (the ground substance), and the 
control-unit, which is involved in the regulation of efflux of the fluid from 
capillaries (Figure 1). Through the control-unit, the loose connective tissue 
actively regulates the IFV and participates in fluid homeostasis (1).   

The loose connective tissue cells (mainly fibroblasts) are in constant in-
teractions with the ECM, through which the cells contract and remodel their 
surrounding matrix. On the other hand, the structure and composition of the 
ECM modulate cellular responses both in physiological conditions and 
pathological conditions such as inflammation, carcinogenesis, and metastasis 
(60-63). As previously described, the fibroblasts generate the tensile forces 
and exert them on the ECM to keep it compact, which in turn maintain the 
IFP. Eventually, the balance between IFP, other forces across capillaries, and 
the capacity of the ground substance to adsorb fluid, defines the IFV (1).   

Fibroblasts 
Fibroblasts are mesenchymal cells that are found throughout the body out-
side the central nervous system. They are the main cell type in loose connec-
tive tissues and are involved in tissue and fluid homeostasis by; (i) produc-
tion and secretion of ECM proteins, proteoglycans, and hyaluronan, (ii) re-
modeling of the ECM, (iii) maintenance of IFP and IFV, and (iv) paracrine 
signaling (64). Fibroblasts are involved in a number of pathological process-
es such as tissue repair, wound healing, and fibrosis (65,66).  

As noted earlier, the involvement of fibroblasts in the regulation of the 
IFV is based on their ability to contract their surrounding matrix. This con-
tractile phenotype is dependent on; 

1. Integrins and integrin signaling 
2. The cytoskeleton 
3. Contractile machinery of the cells, which generates the contractile 

forces and requires turnover of the cytoskeleton.  
4. Signaling pathways induced by growth factors and cytokines that af-

fect the contractile machinery of the cells such as PDGF-BB, PGE1, 
and interleukin-1.  

Integrins and integrin signaling 
Structure, signaling, and classification 
Integrins are adhesion receptors that appear in the cell membrane as hetero-
dimers, consisting of α and β subunits. Each subunit is comprised of a large 
extracellular domain, a transmembrane region, and a cytoplasmic tail 
(15,67). There are 18 α and 8 β subunits that altogether form the 24 distinct 
integrins known to date. Cells sense their surrounding in part through integ-
rins interacting with different ECM proteins (15,67). The 24 identified het-
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erodimers of integrins are commonly classified based on their specific bind-
ing affinity towards different ECM proteins (15). In this introduction and 
presented studies, the main focus is on two classes of integrins; (i) the colla-
gen-binding β1 integrins including α1β1, α2β1, α10β1, and α11β1 and (ii) 
arginine-glycine-aspartic acid (RGD)-binding integrins with the main focus 
on the αVβ3 integrin. 

In the cell membrane, integrins can adopt two different conformations, 
the “bent” conformation, which has low ligand binding affinity (inactive 
form) and the “open” conformation with high affinity for ligand (active 
form). Integrins can switch between these two conformations in response to 
ligand binding or intracellular signaling events. This gives rise to a unique 
feature of integrins, which is their ability to signal in both “outside-in” and 
“inside-out” fashions (Figure 5). Upon ligand binding, integrins undergo 
conformational changes and become active. The active conformation of in-
tegrins recruits cytosolic proteins such as talin that initiate the formation of 
focal adhesion complexes. The focal adhesion complexes stabilize integrins 
in their active conformation and trigger signaling pathways downstream of 
the integrins (“outside-in” signaling). The “inside-out” signaling occurs 
when an active conformation of integrins forms as a result of cytosolic sig-
naling events triggered by cytokines, growth factors, lipid mediators (e.g. 
sphingosine 1-phosphate (68)), or chemokines during cellular responses such 
as directional cell migration or exertion of mechanoforces on the matrix. In 
this case, as part of the response to exogenous stimuli, talin and kindlin bind 
to the cytoplasmic tail of the integrins and trigger formation of active con-
formation of the extracellular domain of the integrins (fully reviewed in: 
(15,67,69-72)).   

The focal adhesion complex consists of cytoplasmic proteins such as 
talin, focal adhesion kinase (FAK), paxillin, tensin, vinculin, Kindlins, α-
actinin, Src, and Crk-associated substrate (Cas). Each of these proteins initi-
ates different signaling cascades that are involved in cell survival or apopto-
sis, proliferation, differentiation, actin cytoskeleton turnover and cell motili-
ty responses, gene regulation and protein synthesis (15,67,73).  

FAK is a non-receptor tyrosine kinase that provides the kinase activity for 
integrins through which they can indirectly activate proteins of the focal 
adhesion complex (74). Paxillin provides docking sites for the recruitment of 
more signaling proteins to focal adhesion complexes and thereby participates 
in further coordination of signaling events downstream of integrins (75). 
Tensin has several functions in focal adhesion complexes. It is an actin-
capping protein that binds to filamentous actin (F-actin) and also to the cyto-
plasmic tail of the β integrin subunits, by which it links integrins to the actin 
cytoskeleton (76). Vinculin is involved in transmission of the myosin-
dependent contractile forces to the ECM through integrins (77). Kindlins are 
involved in the fine-tuning of integrin activation with specificity towards the 
β subunit (78,79). α-actinin cross-links F-actin, which connects the actin 
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cytoskeleton to many membrane receptors including the cytoplasmic tail of 
β subunits. It can also induce integrin clustering (80,81). Src is another non-
receptor tyrosine kinase member of the focal adhesion complex. FAK acti-
vates Src which in turn phosphorylates other members of the focal adhesion 
complex to initiate downstream signaling cascades (74). Cas is activated by 
Src and is involved in sensing mechanoforces applied on cells from the ma-
trix, resulting in turnover of the actin cytoskeleton through Rap1 (“outside-
in” signaling) (82,83).  

 
Figure 5. Integrin inside-out and outside-in signaling 

In summary, the focal adhesion complex links the integrins to the cytoskele-
ton and a plethora of cytoplasmic signaling proteins. In the focal adhesion 
complex, FAK triggers different signaling events downstream of integrins 
through phosphorylation of cytoplasmic proteins such as phosphatidylinosi-
tol 3'-kinase (PI3K), Paxillin, Grb2 and MEK kinase (84).   

Importance of integrins in cellular responses 
Most normal cell types are anchorage-dependent for survival, growth, and 
proliferation, which means that they depend on signals elicited by adhesion 
to their surrounding ECM proteins, mostly through integrins. Integrins are 
involved in sensing and interacting with the matrix. Through activation of 
PI3K and Akt, integrins elicit signals for cell survival and enable growth 
factor-stimulated proliferation and migration of the cells (67). In fact, integ-
rins can be considered as “arms” which enable cells to move or remodel and 
contract their matrix. Any cellular responses to exogenous factors such as 
cytokines or growth factors are dependent on the function of their integrins 
(among other ECM receptors) or at least indirectly affected by integrin sig-
naling. For example, some growth factors like PDGF-BB stimulate cell mi-
gration, which indirectly depends on; (i) the function of the integrins as part 
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of the “movement machinery” of the cells, and (ii) whether cells express the 
right integrins for the substrate that they are required to migrate on (85,86).  

Integrins link the physical frameworks of the cytoskeleton and the ECM. 
This link is formed through the binding of the extracellular domain of integ-
rins to the ECM, and the binding of integrins to the cytoskeleton through 
focal adhesion complex. The structure and stability of the focal adhesion 
complex determine the strength of adhesion to the ECM at that particular site 
of the cells. For example, in the filopodia and lamellipodia, where there is 
dynamic turnover of the cytoskeleton, the focal adhesion complexes are 
smaller and relatively transient while the focal adhesion complexes underly-
ing the main body of the cell are larger, more stable, and linked to the stress 
fibers (74,85). 

In addition to ligand binding and the focal adhesion complex, trafficking 
and clustering of the integrins also regulate integrin signaling. Integrin traf-
ficking regulates their availability at the cell membrane (72). During this 
process, integrins are first internalized (through dorsal ruffles), then either 
degraded or recycled back to the membrane through exocytosis. The inter-
nalization is initiated by recruitment of certain signaling proteins such as 
Rab21, Rab5, and PKCα to the cytosolic tail of the integrins. Finally, the 
integrins are either transported to multivesicular bodies for degradation, or 
alternatively recycled to the plasma membrane by Rab4 or Rab11 (72,87-
89). However, there are many more factors involved in the complex process 
of integrin trafficking, for example, WASH, the Arp2/3 complex, and the 
actin cytoskeleton turnover (89,90). On the other hand, in contrast to integrin 
trafficking, the integrin clustering stabilizes the active conformation of integ-
rins at the cell surface and protects them from being trafficked. It also pro-
motes formation of stable focal adhesion contacts (73,91). In many cell lines, 
cell adhesion is initiated by relatively weak interactions between the cellular 
glycocalyx (membrane bound glycoproteins) and the ECM, followed by the 
attachment of integrins to their substrate, and further stabilized by integrin 
clustering. Thereby, integrin clustering plays an important role in efficient 
and continuous cell-mediated matrix contraction as well as in the migratory 
ability of the cells (92,93).  

Cytoskeleton  
The cytoskeleton provides a frame for the cell body, defines the cell shape, 
provides a frame for the organization of cell compartments, and is crucial in 
cell motility responses. It also provides a railroad for the directed intracellu-
lar transports. The cytoskeleton consists of microfilaments (F-actin), inter-
mediate filaments (e.g. vimentin and keratin), and microtubules. F-actin 
fibers form the main structure of the cytoskeleton (94). The monomeric 
actins are polar and thus polymerize in a polar fashion. F-actin fibers inherit 
this polarity, thereby having a plus end (barbed end) and a minus end (point-
ed end). Polymerization of F-actin at the barbed ends at the cell margin pro-
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vides the forces required for protrusive membrane structures such as filopo-
dia and lamellipodia. The polar polymerization also provides moving forces 
during chemotaxis (directional migration) when F-actins are formed along 
the “leading edge to rear end” axis of the cells, with polymerization at the 
leading edge and depolymerization at the rear end (94,95).  

Actin cytoskeleton formation, stability, and turnover are regulated by a 
large number of actin-binding proteins that can be categorized in seven 
groups: (i) Monomer-binding proteins that sequester the monomers and im-
pair polymerization, (ii) Actin-depolymerizing proteins such as cofilin, (iii) 
Capping proteins that bind to the end of F-actin such as CapZ (barbed ends) 
and tropomodulin (pointed ends), (iv) Severing proteins that cut the F-actin 
to fragments (e.g. gelsolin), (v) Cross-linking proteins that are involved in 
actin bundle formation and branching of filaments such as Arp2/3, (vi) F-
actin stabilizing proteins such as tropomyosin, and (vii) Motor proteins such 
as members of the myosin protein family that mediate intracellular transport 
and generate the mechanoforces required for cell motility (96). However, it 
is important to note that actin-binding proteins are not limited only to one of 
these groups as some have multiple effects on F-actin. For example depend-
ing on circumstances Arp2/3 participates in nucleation, elongation, or 
branching of F-actin (97).   

A wide range of exogenous stimuli can induce actin turnover by affecting 
the actin-binding proteins, which is a crucial step in many cellular responses 
(94). Also, as actin turnover is involved in the regulation of IFV (43), the 
molecular pathways leading to activation of actin-binding proteins were 
studied in this thesis. 

Cofilin (cosediments with filamentous actin) is a member of the actin-
depolymerizing factor (ADF)/cofilin protein family (96). In vertebrates only 
two members of this family, the ADF and cofilin, have a specific expression 
pattern in different tissues. For example, in cultured fibroblasts, cofilin has a 
higher expression level compared to ADF. Cofilin has two isoforms, cofilin-
1 (expressed in all tissues) and cofilin-2 (expressed in muscle tissue) (98) 
and is ubiquitously spread in the cytoplasm predominantly in its inactive 
phosphorylated form. Inactive cofilin can also be found in association with 
the cell membrane where it is bound to phosphatidylinositol 4,5-
bisphosphate (PIP2). Activation of cofilin (Figure 6) is carried out by; (i) 
release of the membrane bound cofilin through hydrolysis of PIP2 by phos-
pholipase Cγ (PLCγ), (ii) phosphatase activity of enzymes such as slingshot 
(SSH) that removes the phosphate group from the serine 3 residue of cofilin, 
and (iii) release from cortactin by an increase in intracellular pH (99). The 
affinity of SSH to phospho-cofilin is dependent on F-actin, since binding of 
SSH to F-actin increases its affinity to phospho-cofilin 1200-fold (100,101). 
Inactivation of cofilin on the other hand, is mediated via LIM kinase (LIMK) 
by the addition of a phosphate group to the serine 3 residue. Activation of 
LIMK occurs through two major signaling pathways, Ras-Raf-MAPK/MEK-
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LIMK and Ras-PI3K-RhoC-Rock-LIMK (99,102,103). The dephosphoryla-
tion of LIMK by SSH inactivates it (100,101).  

 
Figure 6. Cofilin activation. This figure shows (i) cofilin activation by either cofilin 
dephosphorylation by SSH or PLCγ-induced hydrolysis of PIP2 leading to release of 
active cofilin, and (ii) cofilin inactivation by LIMK.  

Contractile machinery 
The cellular contractile machinery plays a key role in cell motility responses 
such as migration or cell-mediated matrix contraction. It consists of integ-
rins, focal adhesion complexes, ARP2/3, members of the myosin motor pro-
tein family, the actin cytoskeleton and the actin-binding proteins involved in 
actin turnover such as cofilin, profilin, and formins. The contractile machin-
ery provides the mechanoforces required for cellular motility responses 
(94,99).  

The cell-mediated matrix contraction consists of two main steps; first, 
generation of mechanoforces (contractile forces or pulling forces), and se-
cond, exertion of these forces on the matrix via integrins. Generation of the-
se forces is mostly mediated by the ATPase activity of members of the myo-
sin motor protein family. The Rho-associated kinases ROCK-1 and ROCK-2 
are serine/threonine kinases that regulate the ATPase activity of myosins by 
maintaining the phosphorylated state of the myosin light chain and subse-
quent induction of myosin ATPase activity. Actin-myosin interactions gen-
erate tensile forces resulting in contraction of the matrix. Efficient contrac-
tion of the matrix requires remodeling of the fibril network of the ECM by 
formation of bundles of fibers along the axis of the applied contractile forces 
(95,104). 

For cells to migrate or contract their matrix, in addition to the generation 
of contractile forces, they need to form cell membrane protrusions such as 
lamellipodia and filopodia (105). Filopodia are long, narrow protrusions that 
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help cells to sense and interact with the matrix over longer distances. They 
contain F-actin, which acts as a “railroad” for integrin trafficking towards 
the adhesion site at the tip of filopodia. In contrast, lamellipodia are the re-
sult of cell body growth between filopodia. They form in vitro at the leading 
side of migrating cells on a 2D substrate and are considered as sites of gen-
eration of pulling forces required for cell migration (106-108).    

Cell migration and cell-mediated matrix contraction are essentially based 
on similar mechanoforces generated by the contractile machinery. In fact, 
the matrix stiffness determines the type of cell motility response. In 3D flex-
ible matrices, cells exert the forces on the fibrils of the matrix and pull them 
towards the cell body while simultaneously sending out more filopodia to 
pull more fibrils. The crucial final step for cells to hold their matrix compact 
is to form stable clusters of ligand-bound integrins and reduce trafficking of 
those integrins that are involved in exertion of “efficient” forces on the ma-
trix. However, if the matrix is stiff enough, cells cannot pull their substrates, 
and therefore start to spread, form lamellipodia, and migrate. During cell 
migration, cells form a leading edge and a rear end. At the leading edge, 
actin polymerization generates forces that pull the rear end where F-actin is 
depolymerized (105,106,108).  

PDGF receptor signaling 
PDGFs and PDGF-receptors  
PDGF was first purified from human platelets, but is also expressed by many 
other cell types (109,110). To date, five isoforms of PDGF have been identi-
fied, comprised of two polypeptide chains of PDGF-A, -B, -C, or -D. These 
polypeptides form dimers through disulfide bonds and assemble into the five 
isoforms; PDGF-AA, -AB, -BB, -CC, and -DD. The PDGF polypeptides are 
products of four different genes with specific expression patterns in different 
tissues, and they are potent mitogens for cultured mesenchymal cells such as 
fibroblasts (110,111).  

PDGF-receptors (PDGF-R) are transmembrane receptors equipped with 
an intrinsic tyrosine kinase activity. There are two PDGF-R isoforms, 
PDGF-Rα and PDGF-Rβ. Since each PDGF molecule has two specific re-
ceptor-binding sites, upon binding to receptors they can recruit and bind to a 
second receptor monomer simultaneously and hence initiate receptor dimeri-
zation in a specific way. For example, PDGF-AA and PDGF-CC can bind 
only to receptor-α and therefore they only initiate formation of PDGF-Rαα. 
PDGF-DD only binds to receptor-β and hence triggers formation of PDGF-
Rββ. PDGF-BB is the only PDGF that can bind to both receptor-α and re-
ceptor-β and therefore can initiate formation of all combinations of dimer-
ized PDGF-R. Since in the present studies the PDGF-Rβ signaling was in-
vestigated, the focus of this introduction is on PDGF-Rβ signaling 
(110,112).  
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PDGF-receptor signaling 
The cytoplasmic domain of PDGF-Rβ has more than 20 tyrosine residues, 
the phosphorylation of which regulates the receptor signaling. One of the 
tyrosine residues (Y857) is located in the kinase domain of the receptor and 
is important for the kinase activity of PDGF-Rβ. Moreover, upon phos-
phorylation by the receptor itself, 11 of the tyrosine residues are known to 
serve as docking sites for specific cytoplasmic proteins involved in different 
signaling cascades(Table 1) (112).  

Table 1. The tyrosine map of PDGF-Rβ , and the list of the cytoplasmic proteins 
that interact with specific phosphorylated tyrosines  

Tyrosine residue (Y)  Target protein  
Y579 Src kinase, Stat 
Y581 Src kinase, Stat 
Y716 Grab2 
Y740 PI3K 
Y751 PI3K, NcK 
Y763 SHP2 
Y775 Grb2, Stat 
Y857 (in the kinase domain) LMW-PTP 
Y1009 PLCγ, SHP2 
Y1021 PLCγ 

The phosphatidylinositol-3' kinase (PI3K) protein family is involved in many 
signaling events downstream of different receptors including PDGF-Rβ. 
PI3K has two subunits, the catalytic subunit, p110, and the regulatory subu-
nit, p85. Upon PDGF-Rβ activation, PI3K p85 is recruited to the phosphory-
lated tyrosines Y740 and Y751. The main role of PI3K is to phosphorylate 
PIP2 to phosphatidylinositol 3,4,5-trisphosphate (PIP3). In turn, this alters 
the lipid structure of the plasma membrane and also provides binding sites 
for cytoplasmic proteins such as protein kinase B (Akt/PKB), protein kinase 
C (PKC), Rho-GTPases, and Rac (Figure 7). Thereby, PI3K plays a crucial 
role in cellular responses to receptor activation by altering the lipid structure 
of the membrane and also activating further downstream signaling cascades 
(112). 

Phospholipase C-gamma (PLCγ) is another cytoplasmic protein involved 
in signaling events downstream of PDGF-Rβ. Interaction with Y1009 and 
Y1021 of PDGF-Rβ activates PLCγ, however, its full activation is PI3K-
dependent and occurs upon interaction of PLCγ with PIP3. Activated PLCγ 
hydrolyzes PIP2 into inositol 1,4,5-triphosphate (IP3) and diacylglycerol 
(DAG), which in turn results in increased cytosolic Ca2+ and activation of 
certain members of the PKC protein family (Figure 7) (112).  
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Figure 7. Main signaling events downstream of PDGF-Rβ  

Growth factor receptor bound protein-2 (Grb2) interacts with the phosphory-
lated tyrosines Y716 and Y775 of PDGF-Rβ. It couples PDGF-Rβ with Son 
of Sevenless (SOS). SOS is a Ras nucleotide exchange factor and activates 
Ras, which in turn is the main inducer of the mitogen-activated protein ki-
nase (MAPK) cascade. The induction of the MAPK cascade leads to activa-
tion of the MAP kinase ERK, which is the last kinase of the cascade. One of 
the main roles of ERK is to serve as a transcription factor for several genes 
involved in growth, cell migration, and metabolism. It also has roles in the 
cytoskeleton, for example fine-tuning the PDGF-Rβ signaling by triggering 
the termination signal for the MAPK cascade in two fashions. First, ERK 
phosphorylates and thereby inactivates SOS, and second, it activates cAMP-
dependent protein kinase, which inhibits the MAPK cascade through the 
ERK-PLA2-PGE2-cAMP pathway. In addition to activation of the MAPK 
cascade and other cytoplasmic roles, Ras directly interacts with PI3K and 
triggers certain PI3K-dependent signaling pathways, and can activate Rho-
GTPase, Rac, and Cdc42 (Figure 7) (112).  

In addition to PI3K, PLCγ, and Ras, there are many other cytosolic pro-
teins such as Src, SHP2, Stat, and GTPase activating protein (GAP), that 
participates in signaling events downstream of PDGF-Rβ (Table 1) (112).  

PDGF-R signaling during cell motility and IFV maintenance 
Among other cellular effects, PDGF-BB induces cell motility responses such 
as cell migration and cell-mediated matrix contraction. These motility re-
sponses are based on a combination of signaling events downstream of the 
PDGF-Rβ including turnover of the actin cytoskeleton, formation of lamel-
lipodia and membrane ruffles, and induction of actomyosin mechanoforces 
(30,112). For example, it has been shown that upon PDGF-BB stimulation, 
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actin stress fibers disappear, while circular ruffles appear within 5-10 
minutes (30,113-115). Moreover, it has also been shown that PI3K has a key 
role during PDGF-induced cell migration and cell-mediated collagen gel 
contraction (16,116). Rac, Cdc42, Rho, and PKC are the main examples of 
downstream mediators of PI3K signaling involved in PDGF-induced cell 
migration (117,118). Rac participates in PDGF-induced circular ruffle for-
mation, F-actin reorganization, and lamellipodia formation (117,119). Cdc42 
is active during filopodia formation (118,120,121). Rho is involved in 
PDGF-induced actomysoin forces and actin turnover (by affecting cofilin via 
the ROCK pathway) (118,122). Furthermore, cofilin, caldesmon, ezrin, tro-
pomyosin, profilin, calponin, destrin and transgelin are actin-binding pro-
teins involved in actin turnover that have been shown to be downstream of 
PDGF-Rβ signaling (30). However, it is important to consider that in addi-
tion to actin, PDGF affects other elements of the cytoskeleton and proteins 
associated with it, which can be involved in cell motility responses, for ex-
ample the redistribution of vimentin that occurs within 20 minutes after 
PDGF-R stimulation (113). Moreover, it is shown in vivo that PDGF-BB can 
stimulate normalization of IFV during inflammation and edema, through 
activation of αVβ3 integrins and PI3K (27,38,123). 

The extracellular matrix of loose connective tissue 
The ECM has a diverse composition in the different organs of the body and 
consists of a wide range of proteins, proteoglycans, and glycoproteins that 
are members of the matrisome (124,125). In general, the ECM consists of 
two main parts; the fibril network and the ground substance. The fibril net-
work refers to fibrillar proteins that form the network as well as the non-
fibrillar proteins and carbohydrates that are involved in the formation of the 
composite fibril structure of the ECM. As noted earlier, concerning the dis-
tribution and storage of body fluid, the ECM provides a vast charged sur-
face. Under physiological conditions the ECM is constantly kept underhy-
drated. Still, it stores almost 20% of the body fluid, which is referred to as 
IFV. Since the underhydrated ECM has a potential to absorb fluid corre-
sponding to almost three times the plasma volume, it could theoretically 
evacuate all fluid from the vasculature. To prevent this risk, it is critical for 
the body to keep the ECM underhydrated. This is carried out by tensile forc-
es exerted by the fibroblasts that constantly and actively interact with the 
ECM and keep it compact. Moreover, the structure of ECM and especially 
the fibril-network, affects fibroblast cells during their function in keeping the 
ECM underhydrated and controlling the IFV. Thereby, both ECM and loose 
connective tissue cells (mainly fibroblast) modulate each other during 
maintenance of IFV (1,11).  

As listed earlier on page 14, the ECM is basically comprised of (2,126): 
1. Fibrillar components: 
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• Collagen fibers (discussed in further detail later). 
• Reticular fibers that consist of collagen type III (as the predomi-

nant component), fibronectin, collagen V, and different proteogly-
cans. In general, the reticular fibers are thinner than collagen fi-
bers and thereby more flexible. Moreover, the reticular fibers 
comprise the most abundant fibers at the areas close to the base-
ment membrane. Based on their flexibility and location, the reticu-
lar fibers act as a buffer for mechanical forces imposed on tissues 
(127,128).  

• Elastic fibers that comprise two major fiber systems, elastin fibers 
and microfibrils. The microfibrils are made of fibrilins (major 
component), microfibril associated glycoproteins, fibulins and 
EMILIN-1. The elastic fibers give elasticity to the tissues (129). 

2. Fibril network associated components, which are non-fibrillar pro-
teins that participate in the composite fibril structure of the ECM. 
For example, lack of the small leucine-rich proteoglycans (SLRPs) 
leads to the formation of abnormal collagen fibers (2,126). 

3. Ground substance (discussed in further detail later).  

Collagen fibers 
The collagen protein superfamily consists of 28 members that altogether 
form almost 30% of the total protein mass in humans and animals. The col-
lagens are categorized into groups based on how they assemble into supra-
molecular structures (collagens that do not form such structures are not in-
cluded) (130-134). These groups are; 

1. Fibril forming collagens: Collagen types I, II, III, V, XI, XXIV, and 
XXVII. 

2. Fibril associated collagens: Collagen types XIII, XVII, XXIII, and 
XXV.  

3. Network forming collagens: Collagen types IV, VI, VIII, and X. 

All collagens have at least one triple helix, which depending on the type of 
collagen, is comprised of either three identical or different α chains. In the 
amino acid sequence of each chain every third residue is glycine, which al-
lows the formation of the specific triple helical structure. Collagens also 
have a high content of proline residues (around 10%) and lysine residues. 4-
hydroxylated proline residues are important for stabilizing the triple helix 
structure and lysine residues participate in collagen cross-link formation 
(134,135).  

Collagen fibrillogenesis is a complex process in which many proteins are 
involved. For example, in fibrillogenesis of CN-I containing fibers; SLRPs, 
fibronectin, integrins, and collagen types III, V, and XI are involved (136). 
First, in the endoplasmic reticulum, different enzymes process pro-collagen 
molecules. For example, prolyl-4-hydroxylase hydroxylates random proline 
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residues, which increases the thermal stability of the triple helices (137). 
Lysyl hydroxylases, also known as pro-collagen-lysine-5-dioxygenase, hy-
droxylate random lysine residues allowing for the later formation of certain 
cross-links (137). Pro-collagen triple helices are further matured by the re-
moval of the C- and N-pepetides. Bone morphogenic protein 1 cleaves the 
C-terminal of the pro-collagens and ADAMTS-2, -3, and -14 cleave the N-
terminal (138,139). In the Golgi collagen profibrils are formed and packed in 
plasma membrane protrusions (140,141). The final maturation of the fibrils 
and enzymatic processing occur extracellularly, possibly associated with the 
cell surface. For example, lysyl oxidases catalyze the formation of aldehydes 
from lysine residues that in turn participate in cross-linking of the collagen 
fibers (136,141,142). The collagen fibril network is further stabilized by 
cross-linking. That is essentially similar in different types of collagen and 
involves lysine, hydroxylysine, and histidine residues (143).  

The main role of fibrillar collagens is to provide the structural shape and 
mechanical properties of tissues. The fibrillar collagens mostly form compo-
site fibrils that are comprised of more than one type of collagen, for example 
in the loose connective tissue where collagen types I and III form fibrils 
(144). In the loose connective tissue, CN-I rich fibrils form the main fibrillar 
network of the ECM and presumably are targeted for exertion of cellular 
mechanoforces during maintenance of the IFV.  

The CN-I fibers in the loose connective tissue are twisted microfibrils that 
are interwoven with their neighboring collagen microfibrils to form longer 
fibrils. Each microfibril is comprised of five CN-I molecules that are twisted 
around a central axis (145). Among fibril-associated collagens, collagen 
types XII and XIV are shown to be associated to collagen fibers containing 
CN-I in the loose connective tissue. Moreover, collagen type VII links the 
interstitial collagen fibers, which contain collagen types I and III, to the 
basement membrane (146).  

In the loose connective tissue, where most of the surface of CN-I fibrils 
are protected by proteoglycans, there are repeats of two exposed sites in the 
fibers, known as in vivo “functional sites” of the composite CN-I fibers. 
These two sites are; (i) The cell interaction domain, which has an integrin 
binding site and therefore is involved in cell adhesion and cell-mediated 
fibril remodeling of the ECM, (ii) The matrix protein interaction domain, 
which is shown to be the binding site of certain matrix proteins, enzymes, 
and receptors to bind to CN-I fibers including fibronectin, matrix-
metalloproteinase 1, and discodin domain receptor 2 (45,147,148). In addi-
tion to integrins, collagens are also ligands for other receptor families. CN-I 
is for example a ligand for the dimeric discoidin receptor (see above), Endo 
180 (urokinase-type plasminogen activator associated protein), and the leu-
kocyte associated immunoglobulin-like receptor (134). 
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Fibrinogen and fibrin 
Fibrinogen is a glycoprotein that is produced in the liver and circulates in the 
blood at an average concentration between 1.5 - 3 mg per mL plasma under 
normal conditions. It is a 340 kDa protein and is comprised of six polypep-
tides that are assembled into two identical proteins of three polypeptides; α, 
β, and γ, through disulfide bonds (149). The circulating fibrinogen is con-
verted to fibrin through thrombin-mediated cleavage. Upon the cleavage, the 
polymerization sites of fibrinogen become exposed, which in turn initiates 
polymerization of fibrinogen to fibrin fibers. Fibrin has binding sites for a 
number of factors such as fibroblast growth factor (150) and interleukin-1β 
(151). It also has binding sites for integrins such as αIIbβ3 and αVβ3 
(152,153). As fibrin forms under pathological conditions and has a binding 
site for αVβ3 integrin, it was hypothesized that fibrin can provide a provi-
sional matrix for αVβ3-dependent adhesion of cells to recover the fluid ho-
meostasis at inflammatory sites. Therefore, the impacts of fibrin on cell-
mediated collagen-matrix contraction were investigated in this thesis. 

Fibrin formation occurs only under pathological conditions that activate 
the coagulation cascade (e.g. during inflammation or after injuries). The last 
step of the coagulation cascade is activation of thrombin, which converts 
fibrinogen to fibrin. There are two pathways through which thrombin be-
comes activated, the intrinsic and the extrinsic pathways. The intrinsic path-
way is triggered by activated factor XII (XIIa) upon its contact with a nega-
tively charged surface, followed by activation of factors XI, IX, and X. In 
contrast, the extrinsic pathway is triggered by tissue factor produced by con-
nective tissue cells. This pathway activates the coagulation factor VII that in 
turn activates the coagulation factor X. The intrinsic and extrinsic pathways 
merge after factor X activation (factor Xa), where it together with factor Va 
mediates conversion of prothrombin to thrombin (active state). The fibrin 
fibril network is further stabilized through cross-linking by activated factor 
XIII (factor XIIIa) (154-156).  

As noted, fibrin formation occurs in pathologies such as thrombosis or in-
flammation. During thrombosis, damaged endothelial cells and aggregated 
platelets trigger the coagulation cascade, which results in clot formation in 
the blood vessels (thrombus). During inflammation on the other hand, fi-
brinogen is extravasated from capillaries and forms fibrin fibrils within the 
existing ECM at inflammatory sites (Figure 3). So far some proinflammato-
ry effects of fibrin have been described, such as an increase in secretion and 
expression of cytokines and chemokines (46,157-160). However, other im-
pacts of fibrin on inflammation are yet to be investigated.  

Ground substance  
The ground substance of the ECM is a combination of carbohydrates and 
proteins, hyaluronan, plasma proteins, water and salt that are not part of the 
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fibril network of the ECM but rather provides a “gel-like” material that fills 
the remaining space of the interstitium (7,60). One of the crucial roles of the 
ground substance is to provide a vast charged surface for fluid storage in the 
interstitial space. As noted earlier, despite being actively kept underhydrated, 
the ground substance stores almost 20% of the body fluid. However in the 
absence of an active control-unit, it can adsorb almost double the volume of 
fluid that it stores under normal conditions. The cell-mediated contraction of 
ECM is therefore crucial to prevent this risk (7).  

The ground substance is mainly secreted by fibroblasts (62). It is com-
prised of the free glycosaminoglycan (GAG) hyaluronan and GAGs such as 
heparan sulfate, chondrotin sulfate, dermatan sulfate, and keratan sulfate that 
are covalently attached to core proteins to form the proteoglycans (161).  

Hyaluronan (hyaluronic acid) is a non-sulfated GAG and it is the major 
polysaccharide in the ground substance of the loose connective tissue. It is a 
very long GAG, which gains negative charge at physiological pH. Even 
though hyaluronan is not covalently bound to any core protein, it is found in 
association with proteoglycans in the interstitium (4). The negative charges 
of hyaluronan and proteoglycans recruit cations, which in turn recruit water 
by osmosis. This water is in part immobilized on GAGs and the remainder is 
directed into the lymphatic vasculature. Since hyaluronan is the major com-
ponent of the ground substance, it determines the fluid uptake tendency of 
loose connective tissues (hydration capacity of the tissue) (162).  
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Pathological aspects  

As described earlier, the loose connective tissue actively participates in the 
regulation of fluid transport across the capillary walls and thereby the 
maintenance of the IFV. In short, the loose connective tissue cells, mainly 
fibroblasts, exert contractile forces on the fibril structure of the ECM to ac-
tively keep it compact, i.e. to actively restrain the ground substance from 
taking up more fluid and keep it underhydrated. Under physiological condi-
tions these interactions are mediated by collagen-binding β1 integrins, main-
ly α2β1 and/or α11β1 in the loose connective tissue (1,27).  

Under pathological conditions such as inflammatory lesions, anaphylaxis, 
acute asthma, neurogenic inflammation, carcinogenesis and fibrosis, the IFP 
and hence IFV are altered, and thus contribute to the establishment of these 
conditions (1,12). For example during inflammation, the collagen-binding β1 
integrin signaling is impaired, and cells release the collagen fibers. The lim-
iting force around the ground substance of the ECM is thereby reduced and 
the tissue starts to swell. These changes help the immune response by facili-
tating extravasation of antimicrobial plasma proteins and immune cells at the 
affected sites to clear the pathogen (1). In carcinoma on the other hand, due 
to reactive tumor stroma, the fibroblasts among other tumor stromal cells 
exert higher tensile forces compared to the normal stroma, which results in 
increased IFP and a decrease in outflow of fluid from capillaries. The char-
acteristically elevated IFP in solid tumors has been observed to reach almost 
10-fold the normal level, which in turn correlates with an impaired uptake of 
drugs into the carcinoma (163). These examples demonstrate the need for 
further investigations on the mechanisms controlling IFP, fluid transport, and 
IFV.   

Interstitial fluid content and inflammation 
One of the outcomes of the inflammatory reactions is formation of edema at 
the inflammatory sites since the transcapillary fluid efflux is increased by 
several hundred-fold. Even though the capillary filtration coefficient increas-
es during inflammation (between 2- to 3-fold), the major factor in rapid in-
crease of fluid outflow from capillaries is a decrease in IFP (11,164). The 
lowered IFP and the resulting increased efflux of fluid from vessels leads to 
increase in the IFV and edema formation. However, after edema has been 
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established, the increase in IFV prevents further lowering of IFP and hence 
further swelling (11). Normalization of fluid transport across the capillary 
walls and the IFV requires normalization of the IFP. However, the fibro-
blasts require another mechanism to interact with the CN-I fibers of the 
ECM, due to impairment of the collagen-binding β1 integrins at inflammato-
ry sites. This mechanism is αVβ3 integrin-dependent and can be induced by 
PDGF-BB, for instance. 

It has been shown that cells can use their αVβ3 integrins to indirectly 
bind to the CN-I network and exert tensile forces to normalize the IFP and 
IFV. This process requires availability of αVβ3 ligands such as fibronectin, 
which can bind to CN-I fibers in the ECM and also has the RGD-binding 
sequence for αVβ3 integrins (45). PDGF-BB and insulin are examples of 
factors that can normalize the IFV and the lowered IFP, possibly by stimulat-
ing the cells to secret fibronectin that can bridge the cells to the CN-I fibril 
network through αVβ3 integrins (27,33,38,45,123). The PI3K plays an es-
sential role in the signaling pathways through which PDGF-BB and insulin 
can induce exertion of tensile forces on the CN-I matrix through αVβ3 in-
tegrins (16,123). However, signaling events downstream of PI3K involved in 
this process require further investigations. It is also important to study the 
molecular mechanisms through which the collagen-binding β1 integrins 
become impaired at the inflammatory sites. Furthermore, extravasation of 
fibrinogen is one of the early events during inflammation and its roles during 
inflammation have not been fully investigated. Since fibrin is one of the 
αVβ3 integrin ligands, the potential role of fibrin during inflammation by 
serving as a provisional matrix for cells to exert tensile forces through αVβ3 
integrin and therefore normalize the lowered IFP is of importance to study.  

Interstitial fluid content and carcinoma 
Carcinogenesis in most cases leads to formation of carcinoma stroma with 
many abnormalities such as distorted blood vessels, hypoxia, activated fi-
broblasts, and increased IFP. In most solid tumors, the IFP is around 10-fold 
higher than the physiological level. The high IFP in carcinomas lowers the 
IFV and the efflux of fluid from capillaries. One of the resulting outcomes of 
this phenomenon is impairment in the delivery of anti-cancer drugs into such 
tumors. In the carcinoma stroma, the tumor-associated fibroblasts not only 
produce a fibrotic ECM, but also exert more tensile forces on the matrix, 
which increases the IFP. Therefore, investigation of the molecular basis 
through which cells interact with their matrix may lead to discovery of a 
potential drug target to normalize the elevated IFP and thereby increase the 
drug delivery efficacy in solid tumors (8).  
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Present investigations 

Aim and in vitro models 
The aim of the work presented in this thesis was to investigate the molecular 
basis of cell-mediated collagen gel contraction in vitro, to provide further 
insight in the controlling mechanisms behind the regulation of the IFV in 
vivo. The IFV is determined by the balance between the ability of the ground 
substance to take up fluid, and the ability of fibroblasts to actively contract 
the ECM and keep the fiber network compact. Under physiological condi-
tions, it is crucial for the body to keep the ground substance underhydrated, 
which is critical to prevent the risk of evacuation of the fluid from vascula-
ture.  

Our study on fibroblast-mediated contraction of matrix was planned based 
on three lines of research; (i) investigation of the intracellular signaling 
downstream of collagen-binding β1 integrins, αVβ3 integrin, PGE1, and 
PDGF-Rβ (Paper I and II), (ii) investigation of the effects of matrix compo-
sition, (Paper III), and (iii) to study cell-mediated matrix turnover (Paper 
IV).   

The cell-mediated collagen gel contraction assay is a unique in vitro mod-
el that was used throughout this study. In contrast to common 2D cell culture 
methods, this model is more similar to the in situ conditions for cells (20-
24). During this study, the fibrin/collagen gel contraction assay was devel-
oped as an αVβ3-dependent contraction model. The use of mouse myoblast 
C2C12 cells that lack collagen-binding β1 integrins in the contraction assay 
provided a valuable in vitro model that resembles the in vivo conditions dur-
ing for example inflammation, when fibroblasts are required to use αVβ3 
integrins to contract the collagenous matrix. 
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Results 
Paper I 
Opposite effects of PDGF-BB and prostaglandin E1 on cell-motility 
related processes are paralleled by modifications of distinct actin-
binding proteins 
To investigate the effects of PGE1 and PDGF-BB signaling on cell-mediated 
gel contraction, human diploid AG1518 fibroblasts were allowed to contract 
collagen gels in presence, absence, or a combination of PGE1 and PDGF-BB. 
Stimulation of AG1518 cells with 1 µM PGE1 reduced the collagen gel con-
traction while 20 ng/mL PDGF-BB enhanced integrin-directed gel contrac-
tion. Having opposite effects in collagen gel contraction, PDGF-BB and 
PGE1 provided in vitro tools to study the signaling events involved in regula-
tion of the contraction process.  

First, we studied the effects of PDGF-BB and PGE1 on cell adhesion and 
spreading processes. PDGF-BB had no effect on cell adhesion but stimulated 
cell spreading, while PGE1 reduced the kinetics of both adhesion and spread-
ing of AG1518 cells on collagen coated culture dishes. Second, the impacts 
of PDGF-BB and PGE1 on actin turnover and actin-binding proteins were 
studied. We observed that PDGF-BB induced actin turnover, indicated by 
transient disappearance of stress fibers and formation of membrane ruffles. 
In contrast, PGE1 stimulation had no effect on actin arrangement in AG1518 
cells cultured on CN-I coated plates. Based on 2D gel electrophoresis analy-
sis of AG1518 cells stimulated with PDGF-BB and/or PGE1, only a few 
actin-binding proteins were affected, of which we studied the actin-severing 
protein cofilin and ezrin that links actin cytoskeleton to the plasma mem-
brane (99,165). Both PDGF-BB and PGE1 induced cofilin dephosphorylation 
(activation), while only PDGF-BB induced translocation of ezrin to the cell 
margin. Caldesmon, another actin-binding protein, was only phosphorylated 
by PGE1 through cAMP-dependent protein kinase A. We also observed that 
PGE1, but not PDGF-BB, increased the phosphorylated (inactive) form of 
MLCK, an activator of myosins. In line with previously published ability of 
caldesmon to inhibit motor function of myosins by targeting their ATPase 
activity (166), our results suggest that the observed inhibitory effects of 
PGE1 on cell adhesion, spreading and gel contraction are due to targeting of 
motor function during these cellular motility responses.  

Paper II 
Signaling pathways involved in both integrin- and PDGF-induced gel 
contraction 
As a continuation of Paper I, the signaling events downstream of PDGF-Rβ 
that are essential for cell-mediated contraction of the matrix were investigat-
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ed. We also studied whether cofilin activation serves as a link between 
PDGF-Rβ activation and actin turnover. Using integrin-specific contraction 
models, we also studied signaling pathways downstream of αVβ3 integrins 
and collagen-binding β1 integrins. Using periostin/collagen gel contraction 
and fibrin/collagen gel contraction assays, we have shown for the first time 
that αVβ3 integrin, similar to β1 integrins, can trigger cell-mediated gel 
contraction without requirement of any exogenous stimuli.  

To study PDGF-induced signaling pathways required for contraction, we 
used porcine aortic endothelial (PAE) cells that were stably transfected with 
wild type or mutated human PDGF-Rβ. In line with previously published 
studies on the importance of both PI3K and PLCγ on cell motility, the PAE 
cells expressing PDGF-Rβ mutants that were unable to activate PI3K or 
PLCγ, PAE-Rβ Y740/751F and PAE-Rβ Y1009/1021F, did not respond to 
PDGF-BB in the gel contraction assay. Interestingly, the same PAE cell lines 
were unable to phosphorylate cofilin in response to PDGF-BB, as was ob-
served initially in paper I. Using the PI3K inhibitor LY294002 and the PLCγ 
inhibitor U73122, not only was the involvement of PI3K and PLCγ in con-
traction and cofilin dephosphorylation (activation) confirmed, but also the 
involvement of PI3K and PLCγ in integrin-mediated gel contraction was 
observed. PLCγ was required during the initiation of gel contraction, while 
PI3K was essential for continuation of this process, both regardless of the 
type of functional integrins during the contraction. Treatment of cells with 
the MEK inhibitor U0126 only abolished the continuation of αVβ3 integrin-
dependent contraction.  

As both PI3K and PLCγ were observed to be involved in the pathway that 
links PDGF-Rβ and cofilin dephosphorylation, we looked for further down-
stream effectors of PLCγ, within the PKC protein family. Using the PKC 
inhibitor, bisindolylmaleimide-II, and a general activator of the PKC protein 
family, PMA, dephosphorylation of cofilin by PKC was shown. Therefore, 
we suggest a member of the PKC family of proteins as the link between 
PDGF-Rβ activation and dephosphorylation of cofilin via paired activity of 
PI3K and PLCγ. We also showed that cofilin has a general role in the con-
traction process, regardless of the type of activated receptor that induces 
contraction.  

Paper III 
Fibrin binds to collagen and provides a bridge for αVβ3 integrin-
dependent gel contraction and regulation of matrix assembly genes  
To develop an αVβ3 integrin-dependent collagen gel contraction model, we 
designed a fibrin/collagen gel contraction assay. Using this assay, we 
showed that addition of 50 µg/mL fibrinogen (fibrin) in CN-I (1 mg/mL) 
gels triggered two cellular responses by C2C12 cells; (i) αVβ3-dependent 
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contraction of CN-I gels, and (ii) reprogramming of the expression of a set 
of genes, the products of which are required for collagenous matrix turnover. 
We also showed that fibrinogen/fibrin binds to the matrix protein-binding 
site of collagen fibers, which was crucial for both observed cellular respons-
es.    

A meshwork of fibrin fibers was observed within the collagen fiber net-
work using scanning electron microscopy in combination with immuno-gold 
staining of gels. Through the binding of fibrin to the matrix protein-binding 
site of CN-I fibrils, the fibrin meshwork was anchored to collagen fibers and 
thus cells were able to imply contractile force on CN-I fiber network through 
fibrin. We also showed that during 48 hour culture of C2C12 cells in fi-
brin/CN-I gels, the mRNA level of the following matrix-related genes was 
increased; Col3a1, Fn, Postn, Itgb3, Dcn, Ctgf, Plod2, Mrc2, and Fmod. The 
roles of the products of these genes are further described in Table 2.  

Paper IV 
ECM stiffness modulates αVβ3 integrin-directed gene expression of 
ECM proteins  
Through mechanotransduction via integrins, physical properties of the ECM 
directly affect cell phenotype and cellular responses such as migration. In 
response to mechanical stress cells show a number of adaptive responses 
including expression of ECM turnover related genes (54,167). Furthermore, 
for cells to contract a 3D matrix, they must have the ability to remodel their 
matrix through a process that requires reprogramming of the matrix-turnover 
related genes. Therefore, this study was designed to investigate potential 
specific integrin-directed regulation of a set of matrix related genes (Table 
2), by comparing αVβ3 integrin signaling and collagen-binding β1 integrin 
signaling. 

In this study we used C2C12 cells that are mouse myoblast cells that lack 
collagen-binding β1 integrins, and L3 cells that are originally C2C12 cells 
that were stably transfected with α2 integrin subunit, hence expressing α2β1 
integrin together with αVβ3 integrin. The following cell culture conditions 
were used; (i) C2C12 cells in fibrin/CN-I gels as a model for αVβ3 integrin-
dependent cell culture in a loose matrix, (ii) C2C12 cells on vitronectin-
coated culture plates as a model of αVβ3 integrin-dependent cell culture on 
a stiff matrix, (iii) L3 cells in collagen gels as a model for α2β1 integrin-
dependent cell culture in a loose matrix, and (iv) L3 cells on collagen-coated 
culture plates as a model for α2β1 integrin-directed cell culture on a stiff 
matrix.  
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Table 2. List of the genes studied in Paper III and IV 

Gene Protein Protein function 
Acta1 Actin α1 Myogenesis marker 
Acta2 α-smooth muscle actin Marker for muscle cells 
Bad Bcl-2-associated death  Marker for cell death  
Col1a1 Collagen type I α1 Predominant precursor of collagen fibers 

in the ECM 
Col1a2 Collagen type I α2 Predominant precursor of collagen fibers 

in the ECM 
Col3a1 Collagen type III α1 Predominant precursor of reticular fibers, 

also involved in fibrillogenesis of CN-I in 
the ECM (168) 

Ctgf Connective tissue growth 
factor 

Involved in wound healing and fibrosis 
(169) 

Dcn Decorin Involved in regulation of collagen fibril-
logenesis (147)  

Fmod Fibromodulin Involved in regulation of collagen fibril-
logenesis (170) 

Fn Fibronectin ECM protein, also involved in collagen 
fibrillogenesis (136) 

Itgb3 Integrin β3 RGD-binding adhesion receptor 
Lox Lysyl oxidase  Cross-linking collagen fibers (171) 
Mki67 Antigen KI-67 Cell proliferation marker 
Myf5 Myogenic factor 5 Myogenesis marker 
P4ha1 Prolyl 4-hydroxylase α1 Collagen synthesis (stabilization of the 

helical structure) 
Plod2 Procollagen-lysine 2-

oxoglutarate 5-dioxygenase 
Cross-linking of pro-collagens 

Postn Periostin ECM protein 
Pdgfrb PDGF-Rβ  
Tgfb1 TGFβ1  
Tgfr2 TGF-Rβ2  
Zbed6 zinc finger BED-type  

containing 6  
Transcription modulator  

Among the set of genes that were investigated, the expression of Col3a1, Fn, 
Postn, Ctgf, Pdgfrb, and Tgfr2 were induced only in αVβ3 integrin-
dependent cell culture on a stiff matrix (immobilized vitronectin). The 
mRNA level of Col1a2 was increased during cell culture on a stiff matrix 
regardless of the type of active integrins. The expression of the genes Dcn, 
Fmod, Lox, Plod2, Itgb3, Col1a1, and Tgfb1 showed no difference when 
comparing cell culture in a loose matrix and cell culture on a stiff substrate.  
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The preliminary results of this study suggest a potential role for fibrin at 
inflammatory sites, where fibrin deposits increase the stiffness of the swollen 
ECM and through αVβ3 integrin signaling, this increased stiffness induces 
expression of matrix related genes to initiate assembly of a new matrix.   

Conclusions and future perspectives 

Signaling studies 
PDGF-Rβ and integrins direct cell-mediated matrix contraction via common 
signaling events through which they induce both, actin cytoskeleton turnover 
and the generation of contractile forces (Paper I and II). In line with previ-
ously published studies on the important roles of cofilin and paired activa-
tion of PI3K-PLCγ during cell motility responses, our results suggest that 
PI3K-induced activation of PLCγ is crucial for the initiation of the contrac-
tion process, while PI3K is required for the continuation of exertion of 
mechanoforces on the matrix during the contraction process.  

For initiation of contraction, PLCγ alters the lipid structure of the mem-
brane, which in turn leads to release of membrane-bound cofilin and activa-
tion of PKC, thus inducing cofilin dephosphorylation. This, together with 
release of membrane-bound cofilin, induces depolymerization of F-actin to 
allow the formation of new F-actins along the axis of the contractile forces. 
In contrast, during the continuation phase of contraction when F-actins have 
formed according to the axis of the contractile forces, the actin turnover rate 
is decreased and continuation of contraction is mostly dependent on continu-
ous exertion of tensile forces, where PI3K has a crucial role.  

This study requires further investigations including; (i) the impact of co-
filin silencing on αVβ3-mediated contraction of fibrin/collagen gels, and (ii) 
involvement of the PI3K-PLCγ-PKC pathway during cell-mediated contrac-
tion of collagen and fibrin/collagen gels.  

ECM composition and turnover 
The results presented in Paper III and IV suggest four new roles for fibrin 
during reinstatement of fluid homeostasis at inflammatory sites (Figure 8); 
(i) providing a provisional matrix for αVβ3 integrin-dependent contraction 
of matrix, leading to normalization of the altered IFP and hence normaliza-
tion of the IFV, (ii) inducing assembly of a new collagenous matrix by re-
programming the expression of a number of matrix related genes, (iii) pro-
tecting collagen fibers from proteolysis by MMP1, via binding to the matrix 
protein-binding site of collagen fibers, and (iv) increasing the stiffness of a 
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swollen matrix which in turn enhances the αVβ3-directed reprogramming of 
a number of matrix turnover-related genes.  

We propose a model for edema clearance in which fibrin and αVβ3 integ-
rin have key roles (Figure 8). Upon inflammation and tissue swelling, fibrin 
extravasation occurs. Fibrin deposits first bind to collagen fibers and protect 
them from cleavage by MMP1. Second, fibrin provides an interface matrix, 
which in turn increases the stiffness of the ECM. This interface matrix also 
bridges the cells to collagen fibers through αVβ3 integrins. Then, the αVβ3 
integrin signaling directs re-exertion of contractile forces on their matrix to 
compact the matrix and normalize the IFV and induce expression of matrix 
turnover-related genes. Finally, as a consequence of synthesis of matrix as-
sembly related proteins, the old collagenous fiber network is either degraded 
together with fibrin deposits, or partly used in assembly of a new collagen-
ous matrix.  

However, further investigations are yet to be performed to complete this 
model, including; (i) investigation of the impact of higher concentration of 
fibrin in fibrin/collagen gels (increased stiffness of the gels) on the expres-
sion of the investigated genes, (ii) identification of potential transcription 
factors downstream of αVβ3 integrin that regulate the expression of matrix 
genes, (iii) development of an in vivo inflammation model to study the pro-
posed roles of fibrin during inflammation and edema clearance.  

Concluding remarks 
The results of this study propose new roles for fibrin and αVβ3 integrin in 
pathologies such as inflammation and carcinogenesis (Figure 8). This high-
lights a potential mechanism that could be manipulated in these conditions 
where fluid homeostasis is impaired. For example, during systemic inflam-
mation and anaphylaxis, induction of the αVβ3-mediated matrix contraction 
in situ leads to normalization of the IFV and a return to normal physiological 
conditions. This could possibly be achieved via (i) a peptide that could 
bridge cells to collagenous ECM, or (ii) a molecule that could induce the 
contractile machinery. In contrast, in solid tumors the interstitial fluid pres-
sure is elevated which in turn decreases the efficiency of the delivery of anti-
cancer drugs. Considering the existence of fibrin deposits and high level of 
PDGF-BB in tumor stroma, any drug that could block binding of fibrin to 
collagen, or the cellular contractile machinery, may increase the efficiency 
of delivery of anti-cancer drugs.  
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Figure 8. Proposed model for edema clearance program. (1) Demonstrates a 
fibroblast cell in interaction with its surrounding collagen fibers via collagen-
binding β1 integrins, through which the matrix is contracted and the IFV regulated. 
(2) Shows a fibroblast cell at an inflammatory site when the interactions with the 
collagenous ECM are impaired. Therefore, the fibroblast can no longer keep the 
matrix compact and thus, the IFV increases. (3) Shows a fibroblast cell using the 
fibrin fiber network to indirectly attach to collagenous matrix via αVβ3 integrins. 
(4) Normalization of the increased IFV by re-exertion of cellular tensile forces on 
the collagen fibers through the fibrin bridges and the αVβ3 integrin signaling. 
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