




                                                    To my parents 





List of original papers 

This thesis is based on the following papers. They will be referred to in the 
text by their Roman numbers: 

I Berg A, Hultgård-Ekwall A-K, Rubin K, Stjernschantz J and 
Reed R. Effects of PGE1, PGI2 and PGF2  analogs on collagen 
gel compaction in vitro and interstitial fluid pressure in vivo.
American Journal of Physiology, 274 (Heart Circ. Physiol. 43): 
H663-H671, 1998. 

II Hultgård-Ekwall A-K, Forsberg J and Rubin K. Prostaglandin 
E1 stimulates phosphorylation of caldesmon and depolymerizes 
F-actin in a cAMP- and PKA dependent manner in human der-
mal fibroblasts. Manuscript. 

III Hultgård-Ekwall A-K, Couloigner V, Rubin K and Rask-
Andersen H. Network organization of interstitial connective tis-
sue cells in the human endolymphatic duct. Journal of Histo-
chemistry and Cytochemistry, vol 51(11): 1491-1500, 2003. 

IV Hultgård-Ekwall A-K, Mayerl C, Rubin K, Wick G and Rask-
Andersen H. An interstitial network of podoplanin-expressing 
cells in the human endolymphatic duct. Journal of the Associa-
tion for Research in Otolaryngology, 2005. In press. 

Reprints were made with the permission from the publishers. 





Contents

Introduction...................................................................................................11
Interstitial connective tissue .....................................................................11
Interstitial fluid pressure...........................................................................12
The ECM..................................................................................................14
The fibroblast ...........................................................................................15
Cell adhesion ............................................................................................16
ntegrins....................................................................................................17

The actin cytoskeleton..............................................................................18
Actin-binding proteins..............................................................................19
Fibroblast contractility .............................................................................20
Prostaglandins ..........................................................................................21
Platelet derived growth factor ..................................................................22
Model for interstitial fluid pressure regulation.........................................24
The human inner ear.................................................................................25
The human endolymphatic duct and sac ..................................................26
Podoplanin................................................................................................27
Endolymph resorption ..............................................................................28
Ménière’s disease .....................................................................................29

Current investigation.....................................................................................31
Material ....................................................................................................31

Animal model ......................................................................................31
Endolymphatic duct specimens ...........................................................31
Cells .....................................................................................................31

Specific methods used in this thesis .........................................................32
Collagen gel contraction assay ............................................................32
Micro-puncture technique for interstitial fluid pressure measurements 
in vivo ..................................................................................................32
Edema and protein leakage measurements ..........................................33

Results and conclusions ...........................................................................33
Paper I ......................................................................................................34
Paper II .....................................................................................................34
Paper III....................................................................................................35
Paper IV ...................................................................................................36
Discussion ................................................................................................37



Future perspectives .......................................................................................39

Sammanfattning på svenska..........................................................................40
Fibroblast kontraktilitet in vivo och in vitro: effekter av prostaglandiner 
och betydelse för innerörats vätskebalans. ...............................................40

Acknowledgements.......................................................................................42

References.....................................................................................................45



Abbreviations

CT Connective tissue 
ECM Extracellular matrix 
GAG Glucosaminoglycans
ED Endolymphatic duct 
ES Endolymphatic sac 
IFP Interstitial fluid pressure 
IFV Interstitial fluid volume 
HPC Hydrostatic pressure of the capillary 
COPC Colloid osmotic pressure of the capillary 
COPIF Colloid osmotic pressure of the interstitium 

P Capillary net filtration pressure 
Jv Net filtration 
Kf Capillary filtration coefficient 
PGE1 Prostaglandin E1

PGI2 Prostaglandin I2 or prostacyclin 
PGF2 Prostaglandin F2

COX Cyclooxygenase
NSAID Non-steroid anti-inflammatory drugs 
PDGF Platelet derived growth factor 
cAMP Cyclic adenosine monophosphate 
IP3 Inositol triphosphate 
PKA Protein kinase A 
ADP Adenosine diphosphate 
ATP Adenosine triphosphate 
GTPase Guanosine triphosphatase 
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Introduction

Interstitial connective tissue 
Connective tissue can be defined as a mesodermally derived tissue, giving 
support and protection to other more highly ordered tissues and organs. The 
major types of connective tissues (CT) in vertebrates are bone, blood, carti-
lage and connective tissue proper (e.g. adipose tissue, tendons and liga-
ments) (Alberts et al., 1994). Bone, cartilage and CT proper are all character-
ized by a high content of extracellular matrix (ECM). Still, their morphology 
and properties differ considerably due to variable amount, types and organi-
zation of ECM components. The CT provides structural and mechanical 
support and takes part in the repair of damaged tissue. 

Interstitial CT, also referred to as areolar or loose CT, is a connective tis-
sue proper present within and around all organs in the animal body, forming 
a bed for epithelial layers and glandular structures, for the vasculature and 
for nerves. It is composed of a hydrated gel of glycosaminoglycans (GAG) 
in a framework of fibrous proteins and cells (Aukland and Reed, 1993). In 
skin, hyaluronan constitutes two-thirds of the total amount of GAG. Colla-
gen type I is the most abundant fibrous protein. The relative amount of col-
lagen and hyaluronan in rat skin has been estimated at 170 mg and 1,6 mg/g 
tissue respectively (Reed et al., 1989). Elastin fibers are present at low con-
centration (about 2% of the wet weight in skin). The characteristic cell type 
of the interstitial CT is the fibroblast, but mast cells and cells of the immune 
system are also present in varying numbers. 

The interstitium, i.e. the interstitial extracellular space, contains 75% of 
the extracellular fluid volume of the body but only a fraction of this intersti-
tial fluid volume (IFV) is present as a “free” tissue fluid (Aukland and Reed, 
1993). The major part is bound to the polyanionic GAGs forming the charac-
teristic gel phase of the ground substance. The interstitial tissue fluid con-
tains plasma proteins and salts in steady state concentrations similar to that 
of lymph (Aukland and Nicolaysen, 1981). However, there is an interstitial 
exclusion (estimated at up to 50% of IFV for albumin) of plasma proteins by 
collagen and hyaluronan resulting in an unequal distribution within the inter-
stitium (Aukland and Reed, 1993). This phenomenon leads to rapid concen-
tration equilibrium for plasma proteins and has been suggested to create 
preferential fluid “channels” in the interstitial gel (Aukland and Nicolaysen, 
1981). Despite the high water content, the interstitial gel is “dehydrated” 



12

under normal conditions with a capacity to bind even more water. The con-
stant state of dehydration creates an intrinsic negative swelling or imbibition 
pressure of the interstitial gel (Aukland and Nicolaysen, 1981). Meyer and 
co-workers demonstrated this fundamental property of interstitial CT in 
1983. They showed that an excised piece of loose CT placed in isotonic sa-
line takes up fluid and swells two-fold its in vivo volume (Meyer, 1983). 
Meyer concluded from further experiments that the collagen fiber networks 
physically restrain the swelling pressure of the interstitial gel (Meyer et al., 
1983).  

Research and development in the field in recent years has led to a partly 
revised view of interstitial CT function. It is now clear that the interstitial 
fibroblasts have an important function for interstitial fluid pressure (IFP) 
control and tissue homeostasis (Wiig et al., 2003). Fibroblasts exert tension 
on collagen fibers in the interstitial CT via 1-integrins (Reed et al., 1992) 
and intracellular actomyosin contractility (Berg et al., 2001). This cellular 
tension and the collagen fiber network, together with the net capillary filtra-
tion pressure and fluid removal through the lymphatics, maintain the dehy-
drated state of the interstitial gel and counteract its swelling pressure.

Interstitial fluid pressure 
The interstitial tissue fluid is an important transport medium for nutrients 
and waste products between the capillaries, the CT cells and the lymphatic 
system. There is a small net capillary filtration into the CT. The turn over 
rate of the interstitial tissue fluid has been estimated at 12–24 hours in rat 
skin (Wiig et al., 2003). The IFV is kept fairly constant by different auto-
regulatory mechanisms based on colloid osmotic- and hydrostatic pressures 
over the capillary wall, tissue compliance and lymph flow. The lymph flow 
is a consequence of the IFV and the IFP. The IFP is the hydrostatic pressure 
exerted by the interstitial fluid compartment on the environment. Frank Star-
ling stated that:

P = (HPC – IFP) – (COPC – COPIF),

i.e. the colloid osmotic pressure of the capillary (COPC) and the IFP  balance 
the hydrostatic pressure of the capillary (HPC) and the colloid osmotic pres-
sure of the interstitium (COPIF) to give the capillary net filtration pressure 
( P) (Starling, 1896) (Fig.1).  is the capillary reflection coefficient for pro-
teins. An increase in e.g. the hydrostatic pressure of the capillary will in-
crease the fluid flux into the interstitium with a subsequent increase in IFV 
and IFP to a level given by the interstitial compliance. The increase in IFP 
together with the concomitant decrease in interstitial protein concentration 
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and colloid osmotic pressure of the interstitium will counteract the increased 
capillary pressure and restore the normal filtration pressure. 

Figure 1. Schematic drawing of transcapillary-interstitial fluid exchange system 
according to Starling. The colloid osmotic pressure of the capillary (COPC) (and the 
IFP) is balanced by the hydrostatic pressure of the capillary (HPC) and the colloid 
osmotic pressure of the interstitium (COPIF). There is a net capillary filtration (Jv) at 
normal conditions. Redrawn from Wiig et al., 1990. 

In humans, the colloid osmotic pressure of the capillary is approximately 
26 mm Hg and the colloid osmotic pressure of the interstitium is approxi-
mately 15 mm Hg. The IFP in skin and skeletal muscle ranges between  –0.5 
and –1 mm Hg and the hydrostatic pressure of the capillary is on average 11 
(9-13) mm Hg. Hence, the net capillary filtration pressure is approximately 
0.5–1 mm Hg under normal conditions (Wiig et al., 2003). According to the 
Starling equation:  

Jv = P·Kf,

the net filtration (Jv) is a product of the net capillary filtration pressure and 
the capillary filtration coefficient (Kf), which depends on the area of the 
exchange and the hydraulic conductivity i.e. the water permeability of the 
vessel wall (Starling, 1896). 
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The ECM  
The interstitial ECM is an intricate network of macromolecules produced 
and organized locally by the CT cells. The two main structural constituents 
are GAGs and fibrous proteins.  

GAGs are polyanionic polysaccharide chains consisting of repeated di-
saccharide units of one hexosamine (N-acetylglucosamine or N-
acetylgalactosamine) and one uronic acid (glucuronic- or iduronic acid) or 
galactose unit. Carboxyl- and sulphate groups on the sugar units give the 
macromolecules a highly negative charge (Alberts et al., 1994). There are six 
different types of GAGs: hyaluronan, chondroitin sulphate, dermatan sul-
phate, heparan sulphate, and keratan sulphate (Aukland and Reed, 1993). All 
GAGs, except hyaluronan, are covalently bound to a protein backbone form-
ing a proteoglycan molecule. Proteoglycans make up a heterogeneous family 
of macromolecules with molecular weights up to 3 x 106 Dalton. Because of 
their hydrophilic nature, the hydrated GAGs form extended and entangled 
structures occupying much more space than in their unhydrated state. This 
property has important implications for interstitial fluid homeostasis and for 
the ability to withstand compressive forces on the tissue. Hyaluronan is the 
major GAG present in the interstitial CT in skin. It is synthesized in the 
plasma membrane of fibroblasts and other cells, and secreted into the 
pericellular space. Hyaluronan is catabolized locally or disposed via the 
lymph and cleared in the liver. The turn over is fairly rapid (T1/2 from 0.5 
days) (Laurent and Fraser, 1992). Hyaluronan has a molecular weight of 1-3 
x 106 Dalton and a hydrated quaternary structure extending its volume 100-
1000 times (Aukland and Reed, 1993). Proteoglycans associate non-
covalently with hyaluronan into supramolecular structures.

There are two functional groups of structural proteins in the ECM: the fi-
brous (e.g. collagen and elastin) and the adhesive (e.g. fibronectin and 
laminin). Collagen fibers impart tensile strength, and elastin gives elasticity 
to the tissue. Adhesive glycoproteins interact with and attach cells to the 
ECM.

The collagens are a large family of structural ECM proteins comprised of 
combinations of more than 20 different collagen -chains. The molecular 
mass of an -chain of fibrous collagens is approximately 95 kD. The colla-
gen molecule is a coiled-coil triple helical structure, composed of three col-
lagen polypeptide chains with glycine spaced at every third residue. Colla-
gen is also rich in proline and hydroxy-proline (van der Rest and Garrone, 
1991). Collagen type I is the major collagen present in the interstitial CT. 
The basic structural unit of this fibril-forming collagen is a triple helix of 
two - and one -polypeptide chains, synthesized inside the cell as a pro-
collagen molecule. The collagen type I synthesis in fibroblasts is regulated 
both at the level of transcription and translation (Ivarsson et al., 1998). Fol-
lowing secretion into the ECM, the pro-collagen molecules are processed 
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and assembled into collagen fibrils and fibers (Hulmes, 2002). Even in a 
loose CT, there is an apparent ordered organization of the fibers in the tissue.  

The ECM not only forms a lattice in which the interstitial cells reside and 
on which they migrate, but it also actively interacts with the cells via cell 
surface receptors conveying intracellular signals for different functions. 
ECM components also bind and sequester growth factors and other media-
tors to either induce or inhibit their actions. ECM components are constantly 
being degraded and resynthesized or remodeled by the actions of fibroblasts. 

The fibroblast 
The connective tissue cells fibroblasts, bone cells (osteocytes and os-
teoblasts), chondrocytes, adipocytes and smooth muscle cells are all derived 
from the mesoderm. They have a central role in the support and repair of 
virtually all tissues and organs in vertebrates. Fibroblasts are spindle-shaped 
cells of the interstitial CT with great heterogeneity and cellular plasticity 
(Eyden, 2004) (Sorrell and Caplan, 2004). Fibroblasts can trans-differentiate 
or interconvert into other members of the CT cell family. Hence, there are 
several “subtypes” of fibroblasts, which present different features and func-
tions depending on localization and influences from the environment.  

Fibroblasts in culture have a long bipolar shape, whereas fibroblasts in
vivo are spindle-shaped cells with a central elliptical nucleus having one or 
two nucleoli and multiple thin cytoplasmic protrusions extending in different 
directions (Fig.2). The fibroblasts synthesize and secrete ECM components 
and organize them in a highly ordered fashion in the surrounding tissue. 
Synthetically active fibroblasts are characterized by a high content of rough 
ER in contrast to another mature quiescent type, sometimes referred to as a 
fibrocyte. 

Fibroblasts are activated in inflammation and if the tissue is damaged, and 
continuously work to maintain tissue homeostasis. Trans-differentiation of 
fibroblasts into myofibroblasts is a crucial step in the process of wound heal-
ing and in the pathologic development of fibrocontractive diseases (Hinz and 
Gabbiani, 2003). The fibroblasts also control IFP and tissue volume by their 
contractile and matrix-organizing properties as will be discussed below. 
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Figure 2. Immunofluorescence staining of human dermal fibroblasts cultured in a 
collagen gel. Actin filaments (Bodipy-phallacidin) in green and intermediate fila-
ments (anti-vimentin antibody) in red. 

Cell adhesion 
All human nucleated cells interact with the environment using different cell 
membrane proteins and glycoproteins. One form of interaction is for the cell 
to adhere to other cells or to ECM components (Brunton et al., 2004). There 
are five major families of cell adhesion receptors integrins, selectins, cadher-
ins, the immunoglobulin super-family of adhesion receptors and mucins 
(Aplin et al., 1998). The integrins convey cell-ECM and cell-cell adhesion, 
while the other groups mediate homophilic or heterophilic cell-cell interac-
tions.

Cell adhesion molecules cluster to form specialized junctions and matrix 
adhesions (Alberts et al., 1994; Gumbiner, 1996). Tight- junctions connect 
epithelial cells and prevent the passage of most water-soluble substances and 
macromolecules through the epithelium. Gap-junctions are pores between 
cells that allow the passage of small molecules and ions. The gap-junctions 
enable synchronized actions of cellular sheets or networks. Structural cell-
cell and cell-ECM junctions hold cells in a tissue.  

 Matrix adhesions are dynamic structures that form around activated in-
tegrin clusters on the inside of the cell. In cultured cells, four different 
classes have been identified focal complexes, focal adhesions (or contacts), 
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fibrillar adhesions and podosomes (Geiger et al., 2001). Focal complexes are 
highly dynamic small adhesions seen at the edge of the lamellipodium in 
migrating or spreading cells. These complexes can mature into more com-
plex, stronger focal adhesions with slower turnover seen in vitro in resting 
cells. The small guanosine triphosphatase (GTPase), Rac, promotes the for-
mation of focal complexes and Rho-A stimulates their maturation into focal 
adhesions (Burridge and Wennerberg, 2004; Ridley and Hall, 1992). Fibril-
lar adhesion is a central, elongated form of matrix adhesion between tensin, 
integrin 5 1 and fibronectin. Podosomes are adhesion structures of e.g.
osteoclasts and neutrophils.

Fibroblasts form focal complexes and adhesions in vitro but little is 
known about the molecular compositions of matrix adhesions in vivo
(Cukierman et al., 2001). Functional gap-junctions are formed by fibroblasts 
in vivo in dermis (Salomon et al., 1988) and when fibroblasts are cultured in 
a three-dimensional collagen gel (Ehrlich et al., 2000). 

Cell adhesion serves different purposes for different cells and is highly 
regulated. It is important for cell survival, cell attachment and spreading, cell 
division, cell migration, and for connective tissue remodeling (Hinz and 
Gabbiani, 2003). The discussion in this thesis will be focused on the impor-
tance of cell adhesion in connective tissue organization and regulation of 
interstitial fluid pressure. 

ntegrins
The integrins constitute a family of heterodimeric transmembrane cell adhe-
sion receptors mediating cell-ECM and cell-cell adhesion (Hynes, 1992). 
Based on ligand specificity, four subfamilies are discernable collagen-, 
RGD- (e.g. fibronectin and vitronectin), laminin- and leukocyte-specific 
receptors. The integrin molecule is composed of non-covalently linked  and 

-subunits, both of which participate in ligand binding. The ligand binding 
requires divalent cations. Eighteen different -subunits and eight different -
subunits form at least 24 different integrins with major roles in development, 
platelet aggregation, leukocyte traffic, immune responses and cancer (Hynes, 
2002). Integrins sense the environment and modulate cell shape, polarity, 
migration, differentiation, proliferation and survival. Some integrins are 
present on the cell surface in an inactive state. Integrins participate in out-
side-in signaling, resulting in the activation of specific intracellular signaling 
molecules after ligand-binding (Hynes, 2002; Qin et al., 2004). The integrins 
are also involved in inside-out signaling, modulating the affinity and/or avid-
ity (i.e. clustering) of the integrins (Schwartz and Ginsberg, 2002; Shimaoka 
et al., 2002) (Fig.3). The affinity is supposedly regulated by conformational 
changes of the integrin (Springer and Wang, 2004). A possible mechanism 
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for integrin affinity modulation is tyrosine phosphorylation of the  cyto-
plasmatic tail (Brunton et al., 2004).  

Figure 3.  Schematic drawing of the heterodimeric integrins in inactive, activated 
(by ligand-binding (outside-in) or protein-binding to/phosphorylation of the  cyto-
plasmatic tail (inside-out), looking it in an active configuration) or clustered con-
figuration. Redrawn from Qin et al., 2004. 

The integrins, together with intracellular adaptor proteins, link the actin 
cytoskeleton to the ECM (Brunton et al., 2004; DeMali et al., 2003; 
Schoenwaelder and Burridge, 1999). More than 50 different proteins are 
assembled in focal adhesions to convey the strong interactions between the 
ECM and stress fibers (Miyamoto et al., 1995). The cytoplasmatic tails of 

-integrins have been shown to bind e.g. talin, -actinin, paxillin and vincu-
lin (Wiesner et al., 2005). The collagen-binding integrins 1 1, 2 1, 10 1
and 11 1 are important for fibroblast contractility and migration in wound 
healing and for IFP regulation (Popova et al., 2004). 

The actin cytoskeleton 
The actin cytoskeleton forms the backbone of the fibroblast. The actin fila-
ment is composed of globular actin monomers, arranged in a head-to-tail 
manner to form a polarized double helical polymer (Alberts et al., 1994). 
Actin filaments are also present in membrane protrusions such as lamellipo-
dia or filopodia, in matrix adhesions and contractile units.  

Actin polymerization can be initiated de novo or on pre-existing filaments 
that are either uncapped or severed (Pollard and Borisy, 2003). Actin poly-
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mers usually grow at the barbed end. The elongation is proportional to the 
actin monomer concentration and a fast turnover is needed for migrating 
cells. The highly dynamic, branched actin polymerization in the leading la-
mellae pushes the plasma membrane forward in directional migration. Since 
the actin polymerization is crucial for cell shape and movement, it is well 
regulated. The initiation requires activating factors but once started, the po-
lymerization is fast. According to the dendritic nucleation/array treadmilling 
model for membrane protrusions (Pollard and Borisy, 2003), an extracellular 
stimulus triggers signaling pathways involving GTPases and phosphatidyl 
inositol bisphosphates, which in turn activate nucleation-promoting factors. 
These factors stimulate the Arp2/3 complex to initiate actin polymerization 
on a pre-existing filament from a pool of adenosine triphosphate (ATP)-
stabilized profilin-bound actin monomers. Growing filaments push the 
membrane forward. Different capping proteins e.g. gelsolin terminate elon-
gation. ATP is hydrolyzed in aged filaments, but the dissociation of the 
phosphate is the final rate-limiting step for the disassembly of the actin fila-
ment. The  phosphate dissociation is promoted by cofilin, which is a major 
severing and depolymerizing factor, dramatically increasing the actin fila-
ment turnover (Bamburg et al., 1999). Cofilin is negatively regulated by 
phosphorylation (Moriyama et al., 1996). Profilin binds the barbed end of 
free adenosine diphosphate (ADP)-actin monomers and catalyzes the ex-
change of ADP for ATP, returning the subunits to the ATP-stabilized pool. 

Actin-binding proteins 
There are more than 60 classes of actin-binding proteins (Pollard, 1999). 
Many are involved in the polymerization process e.g. gelsolin, cofilin and 
profilin; others stabilize the actin filaments or take part in actomyosin con-
tractility. Actin-myosin interactions generate contractile force.

The myosins constitute a large family of actin binding motor proteins that 
hydrolyze ATP upon binding to the actin filament. There are at least 14 dif-
ferent myosins identified today, of which myosin II is the isoform involved 
in actomyosin contractility in fibroblasts (Mermall et al., 1998). Myosin-X is 
an unconventional myosin, which physically interacts with -integrin cyto-
plasmatic tails and mediates relocalization of these adhesion molecules on 
actin filaments. This logistics was shown to be crucial for filopodia exten-
sion and integrin-mediated cell adhesion (Zhang et al., 2004). In fibroblasts, 
myosin II is associated with actin filaments in stress fibers of resting cells or 
in a contractile network behind the lamellipodium of migrating cells. The 
activities of myosin are dependent on a tightly regulated phosphorylation of 
the light chain of the molecule. The myosin light chain (MLC) phosphoryla-
tion is regulated by MLC-kinases (e.g. MLCK and ROCK) and MLC-
phosphatase. MLCK is positively regulated by the Ca2+-calmodulin complex 
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and inactivated by phosphorylation via cAMP-mediated signaling (Howe, 
2004; Lamb et al., 1988; Totsukawa et al., 2004).  

Calponin and h-caldesmon are actin-binding proteins involved in inhibit-
ing actomyosin contraction in smooth muscle cells. Both proteins bind actin 
and prevent actin-myosin interaction. Caldesmon and calponin are both inac-
tivated by phosphorylation. In fibroblasts, a low molecular isoform of 
caldesmon (l-caldesmon) has been reported to promote actin polymerization 
and stabilize actin filaments (Castellino et al., 1992) on one hand, and to 
inhibit fibroblast contractility (actomyosin contraction) on the other 
(Helfman et al., 1999). However, one essential property of caldesmon in 
nonmuscle cells is to anchor actin filaments to the cell membrane (Bretscher 
and Lynch, 1985; Gusev, 2001). The inhibition of l-caldesmon by phos-
phorylation or by Ca2+-binding proteins, results in a reorganization or disas-
sembly of the actin cytoskeleton and a transient increase in contractility of 
stress fibers causing the cell to round up (Dabrowska et al., 2004).  

There are several isoforms of tropomyosin in non-muscle cells with dif-
ferent spatial and temporal expression. Tropomyosin binds actin and myosin 
and promotes contraction in fibroblasts (Gupton et al., 2005). Tropomyosin 
also reportedly increases the affinity of caldesmon for F-actin to stabilize 
and protect the filaments from severing (Velaz et al., 1989) and the inhibi-
tion of tropomyosin and caldesmon interactions in fibroblasts disrupts the 
cytoskeleton (Lamb et al., 1996).  

Hence, actin polymerization and actomyosin contraction are complex and 
dynamic processes, which need to be tightly regulated. For the complex 
process of migration, the actomyosin motor needs to be on and off at differ-
ent time points and localizations. It is also important to point out that differ-
ent mechanisms and regulatory proteins are active in different cell types. 

Fibroblast contractility 
Fibroblast migration involves polarized actin polymerization, synchronized 
cell adhesion and intracellular actomyosin contractility (Danen et al., 2005; 
Smilenov et al., 1999). Both actin polymerization and cell adhesion via in-
tegrins are highly dynamic and well-regulated processes. These activities 
continuously change depending on the motility state of the cell (Brunton et 
al., 2004). A broad actin polymerization in the front forms a lamellipodium, 
which moves the cell membrane forward in the migrating fibroblast. Cell 
adhesions to ECM components form continuously and some of them mature 
into strong focal adhesion complexes by the tension created by actomyosin 
contraction. Actomyosin contraction takes place both at the boundary be-
tween the lamellipodium and the rest of the cell, but also in the lamellipo-
dium as periodic retractions. These pulses of retractions are thought to exert 
tension on integrins and promote the formation of stable focal adhesions. 
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The focal adhesions stabilize the cell when a new wave of lamellipodia is 
protruding and pushing the cell forward (Giannone et al., 2004; Gupton et 
al., 2005; Kole et al., 2005).  

When matrix adhesions are anchored symmetrically and coupled to acto-
myosin contraction in a resident fibroblast, the attached ECM fibers will be 
drawn in towards the center of the cell (Smilenov et al., 1999; Wang et al., 
1993). This shuffling process is called “traction” and continues until the 
surrounding matrix is compacted (Sawhney and Howard, 2004). The activi-
ties of fibroblasts cultured in three-dimensional collagen gels are supposedly 
composed of both traction and true migration. 

Prostaglandins
Prostaglandins are ubiquitous short-lived hormone-like substances with a 
wide range of biological activities (Ushikubi et al., 1995). These mediators 
are synthesized locally from arachidonic acid in the cell membrane by the 
sequential actions of phospholipase A2, cyclooxygenase (COX) 1 or 2 and 
prostaglandin-synthase enzymes to maintain local homeostasis (Smith et al., 
2000). COX 1 is constitutively expressed in a variety of cells while COX 2 is 
induced at sites of inflammation. There are five principal prostanoids (pros-
taglandins and thromboxanes) generated in vivo: prostaglandin E2 (PGE2)
(Fig.4), prostaglandin F2 (PGF2 ), prostaglandin D2 (PGD2), prostacyclin 
(PGI2) and thromboxaneA2 (TxA2).

Figure 4.  The structure of prostaglandin E2. 

The prostanoids exert their autocrine or paracrine actions via heptahelical 
transmembrane G-protein coupled receptors denoted EP1-4, FP, DP, IP, TP 
and CRTH2 (Hata and Breyer, 2004; Narumiya et al., 1999; Ushikubi et al., 
1995). The latter “chemo attractant receptor homologous molecule present 
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on Th2 cells” was recently identified and characterized (Hata et al., 2005). 
The intracellular signals from prostanoid receptors involve inositol triphos-
phate (IP3)-elevation and Ca2+-release or cyclic adenosine monophosphate 
(cAMP)-elevation. The prostanoid signaling is complicated by the fact that 
each prostaglandin can bind and stimulate more than one receptor type. 
Thus, the expression of prostanoid receptors and the activity of the synthe-
sizing enzymes in each cell determine the biological actions of prostagland-
ins. The broad effects of the COX-inhibiting non-steroid anti-inflammatory 
drugs (NSAID) on inflammation, fever, pain, hemostasis/thrombocyte func-
tion, vascular tone and gastric acid production illustrate this problem.  

The pro-inflammatory and vasodilatory prostaglandins PGI2 and PGE2
have diverse effects in vascular biology but also in interstitial CT biology. In 
particular, they promote edema formation in the interstitium after induction 
of anaphylaxis in rats. On the cellular level, PGI2 and PGE2 inhibit fibroblast 
contractility and migration in collagen gels (Berg et al., 1998). PGE2 also 
induces cytoskeletal rearrangements in osteoblasts (Yang et al., 1998) and 
smooth muscle cells (Bulin et al., 2005) in vitro. Furthermore, PGE2 pro-
motes integrin v 3 -mediated spreading in a cAMP/protein kinase A 
(PKA)-dependent manner in endothelial cells (Dormond et al., 2002).  

PGF2  on the other hand, can reverse an induced increase in tissue vol-
ume and re-establish normal IFP (Berg et al., 1998). This prostaglandin also 
promotes stress fiber formation in a Rho-A and focal adhesion kinase 
(FAK)-dependent manner in vitro (Pierce et al., 1999). 

Platelet derived growth factor 
PDGF is not only a mitogen for fibroblasts and smooth muscle cells; it regu-
lates many other aspects of fibroblast biology such as adhesion, migration 
and ECM production. PDGF is a family of homo- or heterodimeric mole-
cules of A-, B-, C- and D-polypeptide chains. The PDGF-C and D isoforms 
only form homodimers. The PDGF-dimers signal via two different protein 
tyrosine kinase receptors: PDGFR-  (170kD) and (180kD) (Heldin et al., 
2002) (Fig.5). The receptors contain an intracellular tyrosine kinase domain 
and five extracellular immunoglobulin-like domains of which the three out-
ermost participate in ligand binding.  
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Figure 5.  Specificity of binding of PDGF isoforms to PDGF - and  receptors. 
Redrawn from Heldin et al., 2002. 

Gene ablation studies have shown that PDGF is important for the devel-
opment of the kidneys, blood vessels, lungs and central nervous system 
(CNS). In the adult, PDGF acts to maintain interstitial fluid homeostasis, in 
feed back control of platelet aggregation, in neuroprotection and regenera-
tion in CNS and in wound healing (Heldin and Westermark, 1999).  

Fibroblasts and smooth muscle cells predominantly express PDGF 
receptors and the expression is increased during inflammation and on cells 

in culture PDGF-BB binds to PDGFR-  with high affinity and induces a 
dimerization of the receptor and subsequent trans autophosphorylation 
(Heldin et al., 2002). PDGF- receptors can activate several intracellular sig-
naling pathways to exert its actions. In the context of cell migration and 
chemotaxis, PDGFR- signaling leads to lamellipodia-formation; loss of 
stress fibers and formation of circular ruffles (Heldin and Westermark, 
1999).  

There is a convergence of PDGF-receptor and integrin signaling in focal 
adhesions (Plopper et al., 1995) and several reports have presented results 
indicating a cross talk between PDGF and integrins (Sieg et al., 2000; 
Sundberg and Rubin, 1996; Yamada and Even-Ram, 2002) (Ahlen et al., 
2004). Schneller et al. even reported a physical association between the 
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PDGFR and v 3 integrins (Schneller et al., 1997). PDGF-BB promotes 
collagen gel contraction in vitro and reverses an induced negativity of IFP in
vivo in an animal model (Rodt et al., 1996).  

Model for interstitial fluid pressure regulation 
Studies of burn injuries in animal models have shown that the IFP can drop 
dramatically down to –150 mmHg and give a visible edema after 5-10 min-
utes. Similarly, the IFP can decrease to –10 mmHg in experimentally in-
duced anaphylaxis in rats (Lund et al., 1988). Although the hydraulic con-
ductivity (water permeability) over the capillary can increase 2-3 fold in 
acute inflammation, the rapid edema formation in these experiments was 
hypothesized to be a consequence of the lowered IFP. Subsequent studies 
have shown that pro-inflammatory substances like PGE1- and PGI2 analogs 
injected intradermally in rat skin can decease the IFP to –3 mm Hg (Berg et 
al., 1998). PDGF-BB and a PGF2 analog on the other hand, can restore an 
induced (by dextran or anti- 2 1 integrin antibodies) negativity of IFP to 
normal levels (Berg et al., 1998; Rodt et al., 1996). The mechanisms behind 
these effects are not clear but blockade of 1-integrins (by the injection of 
anti- 1 antibodies) (Reed et al., 1992) or actomyosin contractility (by cyto-
chalasin D) (Berg et al., 2001; Bronstad et al., 2002) result in a lowering of 
IFP to –6 and –3 mm Hg respectively.  

Based on these results, we have proposed a model for fluid pressure regu-
lation in the interstitial connective tissue (Rubin et al., 1998; Wiig et al., 
2003) (Fig.6). This model is based on Meyer’s observation that the collagen 
fiber network counteracts the intrinsic swelling pressure of the interstitial 
gel, comprised of GAGs (Meyer, 1983; Meyer et al., 1983). As discussed 
above, fibroblasts can generate mechanical force via collagen-binding in-
tegrins. This force is used for migration and for traction of collagen fibers. In
vivo, fibroblasts reside in the interstitial CT in a gel of polysaccharides 
within a framework of collagen fibers. We hypothesize that the traction 
forces exerted upon the fibers by the fibroblasts is the major mechanism 
behind the restraining force exerted on the propulsive interstitial gel. The 
synchronized actions of contractile fibroblasts thereby control the IFP and 
IFV. If the integrin-collagen interactions are lost or the force-generating 
intracellular actomyosin machinery is disrupted, the IFP will drop rapidly. 
Water will flow out from the blood vessels into the interstitium and edema 
will form as a consequence of the water-attracting property of the GAGs and 
the lowered IFP. The fibroblasts will immediately strive to re-establish nor-
mal IFP and tissue homeostasis. Any factor or substance, which interferes 
with the integrin-collagen interactions or the actomyosin contractility of 
fibroblasts, will affect the IFP and IFV of the interstitial CT. 
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Figure 6.. Schematic drawing of a model of interstitial fluid pressure regulation. A 
network, based on intercellular and cell-ECM contacts, of fibroblasts and collagen 
fibers counteract the swelling pressure of the ground substance. Disassembly of the 
network (loss of cell adhesion and contractility) will lead to edema. 

Fibroblasts have been shown to form intercellular contacts in vivo e.g. in
dermis (Salomon et al., 1988) and in the human endolymphatic duct of the 
inner ear (Hultgard-Ekwall et al., 2003). In addition, Salomon et al. demon-
strated the rapid cytosolic spreading of Lucifer yellow between the fibro-
blasts indicating a presence of functional gap junctions in these contacts 
(Salomon et al., 1988). Hence, the fibroblasts in these tissues form one func-
tional entity. Intercellular contacts and functional gap junctions have been 
shown to be important for collagen gel contraction in vitro (Ehrlich et al., 
2000) and it is plausible that this communication is also needed for the con-
trol of IFP. 

The human inner ear 
The human inner ear houses the organs of hearing and balance. It is localized 
in the petrous bone and consists of the perilymph-filled bony labyrinth in 
which the membranous labyrinth is embedded. The bony labyrinth forms the 
semicircular canals, the vestibule, the vestibular aqueduct and the cochlea. 
The continuous membranous labyrinth is composed of the three semicircular 
ducts, the utricle and saccule, the endolymphatic duct and sac and the co-
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chlear duct. It is coated with sensory epithelia and filled with a unique ex-
tracellular fluid the endolymph. 

The sense of balance is based on the flow of endolymph over stereocilia 
on hair cells in crista ampullaris of the semicircular canals and in the macu-
lae of the utricle and saccule. The movement of stereocilia transduces elec-
trical impulses in vestibular nerve fibers.

Hearing is a consequence of sound waves, transmitted and reinforced by 
the tympanic membrane and the middle ear ossicles, into a compression of 
the perilymph at the oval window. The subsequent pressure wave in the per-
ilymph in scala vestibuli and scala tympani, results in movements of the 
basilar membrane of the cochlea and of endolymph in scala media. In scala 
media, the tectorial membrane moves the stereocilia of hair cells in the organ 
of Corti, eliciting signals in the cochlear nerve fibers. The endolymph, with 
its high potassium concentration, is important for the function of the inner 
ear hair cells.  

The human endolymphatic duct and sac 
The tube-like endolymphatic duct (ED) originates in the vestibule and trans-
verses the petrous bone in the vestibular aqueduct (VA) to the endolym-
phatic sac (ES) (Anson and Bast, 1949) (Fig.7). The ES begins inside the 
aqueduct and terminates in the epidural space of the posterior cranial fossa 
juxta-positioned to the sigmoid sinus (Linthicum and Galey, 1981). Recent 
studies indicate that the ES consists of multiple canaliculi rather than a true 
sac (Hebbar et al., 1991; Lo et al., 1997). In addition, there are large individ-
ual differences in morphology and size of the ED and ES (Hebbar et al., 
1991). The VA is surrounded by multiple interconnected pneumatized cavi-
ties. Parallel to the VA, there are one or two accessory bone channels, which 
harbour the vein(s) of the VA (Ogura and Clemis, 1971; Wilbrand et al., 
1974). The fluid drainage from the endolymphatic system occurs via these 
veins or “directly” into intracranial sinuses. No true lymph vessels have been 
found in the ED or ES in humans.  

The ED epithelium consists of a single layer of cuboidal or low columnar 
cells with microvilli on the apical cell surface. There are both “dark cells” 
with electron-dense cytoplasm and “light cells” with a less electron dense 
cytoplasm. Tight junctions between the epithelial cells in the ES and ED 
prevent the passage of ions and solutes. In the ES there are multiple continu-
ous layers of tight junctions between the cells, whereas in the proximal part 
of the ED the tight junctions form a single frequently interrupted band along 
the epithelium (Bagger-Sjoback and Rask-Andersen, 1986). The basal sur-
face of the epithelial cells is extremely folded and contains many pinocytotic 
vesicles (Friberg et al., 1984). In the mid-/distal part of the ED, the epithe-
lium is folded and forms large protrusions into the lumen of the duct. The 
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ED and ES are embedded in a loose interstitial CT with sparsely distributed 
interstitial CT cells (Hultgard-Ekwall et al., 2003). 

Figure 7. Light microscopy picture of the mid part of the human ED in transverse 
section. L;lumen, CT;connective tissue, B;bone and V; Vein of the vestibular aque-
duct. 

The ES is believed to be involved in endolymph homeostasis, immune de-
fense of the inner ear, secretion of macromolecules and degradation of waste 
products (Rask-Andersen and Stahle, 1980) (Altermatt et al., 1990) (Rask-
Andersen et al., 1999). It has been suggested that the ES and ED play an 
important role for endolymph resorption in the inner ear (Kimura, 1967; Salt 
and Rask-Andersen, 2004; Wackym et al., 1986). Whether the ED is merely 
a connecting duct or has a role in regulating the flow of endolymph in the 
duct and fluid fluxes over the ED epithelium is not clear.  

Podoplanin
Podoplanin is a 43 kD mucin-type of glycoprotein present in the membrane 
of lymph endothelial cells and on epithelia involved in fluid fluxes, e.g.
glomerular epithelial cells (podocytes), choroid plexus, ependyma and meso-
thelia (Breiteneder-Geleff et al., 1997). Podoplanin has also recently been 
reported to be present in myofibroblasts of the prostate, glandular myoepi-
thelial cells and stromal reticular cells and follicular dendritic cells of lymph 
organs in humans (Schacht et al., 2005). Podoplanin is homologous to the 
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E11 and T1 alpha antigens; originally found selectively expressed on os-
teoblasts/osteocytes and alveolar type I cells in rat (Rishi et al., 1995; Wet-
terwald et al., 1996; Williams et al., 1996), and to the mouse gp38P 
(Boucherot et al., 2002), OTS-8 (Nose et al., 1990) and PA2.26 (Gandarillas 
et al., 1997) glycoproteins.  

Little is known about the biological functions of this mucin, but gene ab-
lation experiments have shown that podoplanin is crucial for the develop-
ment of proper lymph vessels. The knock-out mice develop congenital 
lymph edema and die at birth due to respiratory failure (Schacht et al., 2003). 
Studies in vitro have demonstrated that podoplanin is important for cell ad-
hesion and migration, and that over-expression in endothelial cells promotes 
the formation of cell membrane protrusions (Martin-Villar et al., 2005; 
Schacht et al., 2003).

In the kidney, podoplanin has been suggested to maintain the unique 
shape of the foot processes of podocytes (Matsui et al., 1999). Podocalyxin 
is another mucin, which is important for the integrity of foot process in po-
docytes. Podocalyxin links the actin cytoskeleton via linker proteins to the 
plasma membrane (Takeda et al., 2001). It is possible that podoplanin has a 
similar function in these cells. Both proteins are extensively O-glycosylated 
and have a high content of sialic acid and are therefore highly negatively 
charged.  This property has been suggested to protect the cell against sur-
rounding fluid compartments (Schacht et al., 2005). 

The mouse podoplanin homologue, PA2.26, is induced in keratinocytes 
during skin carcinogenesis and in dermal fibroblast-like cells during wound 
healing (Gandarillas et al., 1997; Martin-Villar et al., 2005). Furthermore, 
the expression of podoplanin is up-regulated in several tumors, suggesting a 
role in tumor progression (Schacht et al., 2005).   

Endolymph resorption 
Endolymph is produced in stria vascularis of the cochlea and dark cell region 
of the utricle (Ferrary and Sterkers, 1998). It has been suggested that the ED 
and ES are important for the resorption of endolymph but the mechanisms 
are largely unknown. The structure of the ES with its network of canaliculies 
and proximity to the vein of the VA and the sigmoid sinus support this idea. 
The turnover of endolymph in guinea pig is slow under normal conditions 
and a flow in the duct becomes evident only after increases in endolymph 
volume (Salt and DeMott, 2000).  

A flux of water over the tight junction-sealed epithelium could either be 
achieved by a hydrostatic pressure difference between the endolymph com-
partment and the intracranial sinuses or by active pumping of ions over the 
epithelium and concomitant passive flux of water.  
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The endolymph is a unique extracellular fluid in the body, as it contains a 
high concentration of potassium (150 mM) and a low concentration of so-
dium. The formation of the potassium gradient over the epithelium and the 
endocochlear potential is a complex process involving numerous ion chan-
nels and pumps in multiple cell types in stria vascularis of the cochlea 
(Marcus et al., 2002). The potassium concentrations of the endolymph in the 
ES, on the other hand, have been estimated at 15 mM (Wu and Mori, 1996). 
Thus, an active electrolyte shift is taking place along the ED, which may 
drive a transepithelial flow of water in the duct. In addition, the hydrostatic 
pressure of the intracranial sinuses is about  -10 mmHg (human sagittal sinus 
in the erect position) compared to the positive pressures of the endolymph. 
This pressure gradient will facilitate the convection of fluid from the ED, 
given that the IFP in the periductal/saccular space is kept between these val-
ues.

Figure 8. Schematic drawing of the human ED and the possible routes for endo-
lymph outflow through the interstitial CT into the Vein of the vestibular aqueduct. 

We have hypothesized that the periductal CT actively modulates the intersti-
tial fluid pressure to retain this pressure gradient and avoid edema formation 
in the interstitium (Fig.8). An impaired function of the pressure regulating 
interstitial CT could play a role in the pathophysiology behind endolym-
phatic hydrops and Ménière’s Disease. 
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Ménière’s disease 
Ménière’s disease (MD) is characterized histologically by endolymphtic 
hydrops, i.e. an edema of the endolymphatic system. The increased fluid 
pressure dislocates Reissners membrane and the basilar membrane of the 
cochlea, resulting in hearing loss.  

The etiology is still unknown and probably multifactorial. Inflammation 
and fibrosis in the periductal/saccular interstitial CT may prevail in some 
cases (Danckwardt-Lilliestrom et al., 1997), but vascular disturbances (as 
venous thrombosis) (Friberg and Rask-Andersen, 2002) and anatomical mal-
formations (hypoplasia of the VA) have also been found (Ogura and Clemis, 
1971) (Wilbrand et al., 1974). Autoimmunity and viral infections have been 
suggested to trigger the inflammatory response (Harris and Tomiyama, 
1987; Riente et al., 2004).  

The disease is characterized by the symptom triad of fluctuating hearing 
loss, vertigo and tinnitus. Many patients also sense an aural pressure in the 
affected ear. The reported incidence of MD ranges between 5-75/10 000. It 
affects both sexes equally and becomes bilateral in 40-50% of the cases 
(Stahle et al., 1991). The natural course of MD varies substantially between 
patients.

No efficient medical treatment presently exists but most patients have 
tried low salt diet, stress reduction and diuretics.  The second order therapy 
comprises surgical decompression of the endolymphatic sac or gentamicin-
induced destruction of the vestibular organ. Some patients with severe dis-
ease may be candidates for labyrinthectomy or vestibular nervectomy. 

The ultimate aim of this thesis is to elucidate the mechanisms underlying 
endolymph resorption and the pathophysiology of MD and in particular, to 
investigate whether treatment with a substance which interferes with pros-
taglandin or PDGF-BB signaling in the inner ear could be effective. 
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Current investigation 

Material 
Animal model 
In the first paper, female Wistar-Möller rats were used in the IFP experi-
ments. The animals were anesthetized by pentobarbital and an anaphylactic 
reaction was induced by an intravenous dextran-injection. In order to best 
study the effects on IFP alone, cardiac arrest was induced after the dextran 
administration by intravenous or intracardiac injection of saturated potas-
sium chloride. All animal experiments were performed according to the rec-
ommendations postulated by the Norwegian State Commission for Labora-
tory Animals. The IFP was measured with a micro puncture technique. 

Endolymphatic duct specimens 
The studies on the ED duct were performed on biopsies obtained during 
translabyrinthine skull base surgery on patients suffering from vestibular 
schwannoma but with no other known inner ear disease. Ethical approval for 
the procedure was obtained from The Uppsala Ethical Research Committee 
(no. 99398, 22/9 1999, 29/12 2003). The ED and intraosseous part of the ES 
were dissected out using a diamond burr and prepared for transmission elec-
tron microscopy or for immunohistochemistry. A small rim of bone was 
preserved around the structures in order to better preserve these delicate 
structures. The specimens were decalcified using 0.1 M Na-EDTA for 2 
weeks.

Cells
In this work, human diploid foreskin fibroblasts (Ag 1518) were used. Ag 
1518-cells have been used in previous studies in our research group and are 
well characterized with respect to integrin-expression, PDGF-receptor ex-
pression and ECM production. Human and rat primary dermal fibroblasts 
were used in some studies. 

In the inner ear study, explant cell cultures of interstitial CT cells from 
ED duct biopsies were established and characterized. Due to the fact that 
explants were used, the cell phenotypes changed over time in culture and 
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varied between the different cultures. However, the aim was to find out if 
interstitial CT cells and especially fibroblasts could be isolated from this 
tissue, and also whether these cells had the same tissue compact-
ing/organizing properties as dermal fibroblasts.  

Specific methods used in this thesis 
Collagen gel contraction assay 
Fibroblast-collagen interactions can be studied in vitro in a collagen gel con-
traction assay. In this assay, the fibroblasts are cultured in a three-
dimensional gel or lattice of collagen fibers. The cells organize and compact 
the lattice in 12-24 hours, and these activities can be measured as a reduction 
in the original gel area. The fibroblasts form a cellular network with exten-
sive contacts between the cells and the collagen fibers. The outer rim of this 
network is seen as a circle under a light microscope, and the area is calcu-
lated from the measured diameter of this circle using a graded ocular lens.  

The fibroblasts compact the gel to 5-10% of the initial gel area in about 
10 hours, depending on the number of cells and concentration of collagen. It 
is believed that the fibroblasts use both traction, i.e. shuffling of collagen 
fibers towards the cell center, and migration for this process (Grinnell, 
2003). Earlier studies by our group and others have shown that the compac-
tion or contraction process is dependent on 1-integrins (Gullberg et al., 
1990) and can be mediated by 1 1 (Carver et al., 1995), 2 1 (Schiro et al., 
1991), 11 1 (Tiger et al., 2001) and v 3 (Grundstrom et al., 2003) in-
tegrins. The compaction process is promoted by PDGF-BB (Gullberg et al., 
1990) and inhibited by cAMP and PGE2 (Ehrlich and Wyler, 1983).  

Fibroblasts cultured in collagen lattices assume a dendritic or spindle-
shaped morphology (Grinnell et al., 2003). Furthermore, fibroblasts form 
gap junctions in the gels, which have been shown to be important for the 
compaction process (Ehrlich et al., 2000).  

Micro-puncture technique for interstitial fluid pressure 
measurements in vivo 
This method for measurement of IFP was introduced by Landis et al. in 1926 
and further developed by Wiederhelm et al. in 1964. In the present study, a 
modified technique described by Wiig et al. in 1981 was used. The tech-
nique is based on a micropipette (1-3 m in tip diameter) connected to a 
servo-controlled counter-pressure system. The glass capillary was filled with 
0.5 M NaCl coloured with Evans blue and the system was calibrated. The 
hypertonic NaCl solution was used to direct the pipette to the interstitial 
fluid. IFP was measured in the dorsal hind paw of anaesthetized rats, 0.3-0.5 
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mm beneath the skin using a micromanipulator under the guidance of a ste-
reomicroscope (Berg et al., 1998).  

Edema and protein leakage measurements
The IFV was estimated from the measured extravascular distribution of 51Cr-
EDTA after nephrectomy. In brief, the total distributed volume was esti-
mated after i.v. injection of 51Cr-EDTA by counts per minute (cpm) 51Cr per 
gram dry tissue weight/cpm 51Cr per ml plasma, and the blood volume was 
estimated 5 minutes after i.v. injection of 131I-labelled human serum albumin 
(HSA) by cpm 131I per gram dry tissue weight/cpm 131I per ml plasma. IFV 
was calculated as total distribution volume – blood volume. Total tissue wa-
ter (TTW) in the tissue samples was estimated as the water content per gram 
dry tissue weight. Extravasation of radioactively labelled albumin was used 
as a measurement of the protein leakage from the vasculature after admini-
stration of the test substances, i.e. the prostaglandin-analogs. In the double 
tracer method, 125I-labelled HSA was injected i.v. 2 minutes after administra-
tion of the test substances and followed by a second 131I-labelled HSA-
injection 5 minutes before the end of the experiment. The duration of the 
second injection was long enough for an even distribution in the blood with a 
negligible extravascular leakage. The protein leakage was estimated from 
tissue and blood samples by subtracting the distribution volume of the 125I-
tracer from the 131I-tracer and expressed as per gram dry tissue weight (Berg 
et al., 1998).  

Results and conclusions 
The results obtained in the different studies are presented in detail in each 
paper. A summary of the aims and results of the different papers now fol-
lows. A short conclusion of the findings is included at the end of the sum-
mary of each paper. 
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Paper I 
The aim was to study the effects of prostaglandin E1, prostaglandin F2  and 
prostacyclin analogs on collagen gel contraction in vitro and interstitial fluid 
pressure in vivo.

During anaphylaxis, there is a rapid decrease in interstitial fluid pressure 
(IFP) concomitantly with an increased transcapillary fluid flux and intersti-
tial tissue volume. The control of IFP has been shown to depend on the ac-
tivities of interstitial fibroblasts. The fibroblasts exert tension on the collagen 
fiber network via 1-integrins, and increased negativity of IFP has been ob-
served if antibodies block -integrins. In this study, the micropuncture tech-
nique was used to measure IFP in anesthetized rats after administration of 
the prostaglandin analogs. The collagen gel contraction assay was assessed 
to evaluate their effects on a 1-integrin dependent process in vitro.

We showed that prostaglandin E1-isopropylester (PGE1) (0.91 mM) and 
carbaprostacyclin (PGI2) (1.28 mM) lowered IFP from a control value of –
0.8 mmHg down to –3.0 and –3.7 mmHg respectively (p<0.01). Both sub-
stances also significantly increased IFV. Latanoprost (PGF2 -analog) had no 
effect on IFP or IFV. However, latanoprost reversed the increased negativity 
of IFP accompanying dextran-induced anaphylaxis. Prostaglandin E1-
isopropylester and carbaprostacyclin both effectively inhibited fibroblast-
mediated collagen gel contraction at a concentration of 1.0 M, whereas 
latanoprost had no effect. PDGF-BB promotes collagen gel contraction and 
reverses an induced negativity of IFP. In combination with PDGF-BB, the 
effects of Prostaglandin E1-isopropylester were reduced down to control 
level. However, PDGF-BB could not overcome the inhibitory effects of car-
baprostacyclin.

These data demonstrated for the first time that prostaglandins can modu-
late IFP.

Paper II 
The aim of this study was to elucidate the intracellular mechanisms by which 
PGE1 inhibits fibroblast contractility, in particular in relation to PDGF-BB-
mediated signaling. 

Earlier studies of anaphylaxis have shown that prostaglandin E1 inhibits 
collagen gel compaction in vitro, and decreases IFP and promotes edema 
formation in vivo in rat dermis. PDGF-BB on the other hand promotes colla-
gen gel compaction and reverses an induced negativity of IFP. Hence, these 
two factors have opposite effects on interstitial CT function, but the intracel-
lular mechanisms behind these effects are largely unknown.  

We showed in this study that PGE1-methylester and dibuturyl-cAMP in-
dividually induces a complete but reversible depolymerization of F-actin in 
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human dermal fibroblasts in monolayer culture. The actin rearrangement was 
evident after 20 min stimulation and the cells appeared to lose a large part of 
its adhesion. However, short microspikes or filopodia were present in most 
cells. The fibroblasts had normal cell shape and stress fibers after 90 min. An 
inhibitor of protein kinase A (PKA), Rp-8-bromo-cAMP, abolished the 
PGE1-induced depolymerization of F-actin. We also demonstrated that Rp-8-
bromo-cAMP completely abolished the inhibitory effects of PGE1-
methylester and dibuturyl-cAMP on collagen gel compaction. Furthermore, 
we investigated the migration patterns in two-dimensional gel electrophore-
sis of intracellular proteins extracted from fibroblasts stimulated with PDGF-
BB alone or in combination with PGE1. Four proteins with different migra-
tion pattern in the two samples were identified by mass spectrometry: 
caldesmon (nonmuscle), calponin, tropomyosin and cofilin. These proteins 
are actin-binding proteins involved in the regulation of actin polymerization 
and actomyosin contraction. The changed migration of these proteins indi-
cated that the presence of PGE1 induced phosphorylation of caldesmon and 
dephosphorylation of tropomyosin and cofilin, i.e. inactivation of caldesmon 
and activation of tropomyosin and cofilin. Inhibition of nonmuscle caldes-
mon disassembles the actin cytoskeleton and induces a transient increase in 
actomyosin contractility causing fibroblasts to round up (Dabrowska et al., 
2004). Cofilin severs F-actin and promotes its depolymerization (Bamburg et 
al., 1999).  

Taken together, these data imply that the PGE1-induced effects on actin-
binding proteins could be responsible for the observed depolymerization of 
F-actin in 1518-fibroblasts.

Paper III 
The aim of this study was to analyse the interstitial CT encompassing the 
human ED with transmission electron microscopy (TEM) and immunohisto-
chemistry, in order to establish a morphological background for the potential 
physiological functions of the ED. 

The human ED and ES of the inner ear have been suggested to control in-
ner ear fluid volume and pressure, but the physiological mechanisms are 
unclear. We investigated the organization of the periductal interstitial CT 
cells and ECM in four freshly fixed human EDs by TEM and immunohisto-
chemistry (IH).  

We found that the periductal CT cells formed frequent intercellular con-
tacts, as well as focally occurring electron-dense contacts to ECM structures, 
creating a complex tissue network (Fig.9). The CT cells also formed contacts 
with the basal lamina of the ED epithelium and the bone matrix, connecting 
the ED with the surrounding bone of the vestibular aqueduct. The results 
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from IH implied that the interstitial CT cells were non-endothelial and non-
smooth muscle fibroblastoid cells.  

These findings indicated that the ED tissue network forms a functional 
mechanical entity that, according to our model of interstitial CT function, 
could take part in the control of inner ear fluid pressure and endolymph re-
sorption.

Figure 9. TEM picture of the network of cells and collagen fibers in the interstitial 
CT encompassing the human ED. Note the frequent intercellular contacts. 

Paper IV 
The aim of this study was to identify potential IFP regulating cells in the 
interstitial CT encompassing the human ED, and investigate whether the 
tissue is likely to respond to CT modulating factors like PDGF-BB. 

The human ED with encompassing interstitial CT is believed to be impor-
tant for endolymph resorption and fluid pressure regulation of the inner ear. 
The periductal CT cells are interconnected via numerous cellular extensions, 
but do not form vessel structures.  

We demonstrated in this study that the interstitial CT encompassing the 
human ED is populated by two distinct cell phenotypes. One cell type ex-
pressed podoplanin, a protein otherwise found on lymph endothelia and on 
epithelia involved in fluid fluxes, and the second expressed a fibroblast 
marker. No expression of the lymphatic endothelial cell markers hyaluronan 
receptor (LYVE-1) or vascular endothelial growth factor receptor-3 
(VEGFR-3) was found in the ED. The fibroblast marker positive cells were 
enriched under involuted epithelia and subepithelial CT cells expressed acti-
vated PDGF-  receptors. Furthermore, we established primary explant cul-
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tures of CT cells from human inner ear periductal and perisaccular speci-
mens. These cells were identified as fibroblasts and compacted a three-
dimensional collagen lattice by a process that could be promoted by PDGF-
BB.

These results are compatible with the notion that the periductal CT cells 
are involved in the regulation of inner ear fluid pressure. By active compac-
tion of the periductal CT and by the formation of villous structures, the CT 
cells could modulate fluid fluxes over the ED epithelium as well as the lon-
gitudinal flow of endolymph in the ED. 

Discussion 
The main focus of this thesis has been to study the mechanisms by which 
fibroblasts modulate interstitial fluid pressure and tissue volume. A particu-
lar interest has been to elucidate how prostaglandins affect the tissue com-
pacting activities of these cells. The thesis also deals with the question if the 
activities of fibroblasts in the interstitial connective tissue (CT) surrounding 
the human endolymphatic duct (ED) can modulate inner ear fluid pressure 
and endolymph resorption. 

Fibroblasts continuously use adhesion-receptors like integrins to sense the 
environment (Danen et al., 2005). 1-integrins bind to collagen fibers in the 
extracellular matrix (ECM). The cells preferentially sit in a tight matrix and 
need a rigid substratum to migrate on (Lo et al., 2000). Stable adhesion is a 
prerequisite for fibroblast survival and cell division. Fibroblasts strive to 
organize and compact the matrix or substratum around them. So-called trac-
tion forces by which the fibroblasts via integrin receptors shuffle the colla-
gen fibers towards the centre of the cell supposedly achieve this. At normal 
conditions, interstitial tissue fluid homeostasis is maintained by these trac-
tion forces, which restrain the intrinsic swelling tendency of the ground sub-
stance (Wiig et al., 2003).  

The “traction” and migration of fibroblasts are dependent on actomyosin 
contractions, on integrins binding to extracellular collagen fibers and on 
strong matrix adhesions with adaptor proteins linking the two systems to-
gether (Smilenov et al., 1999; Wang et al., 1993). Prostaglandins and PDGF 
are local factors that modulate interstitial CT function. Where in the contrac-
tility machinery of fibroblasts these factors act is not clear.  

We have demonstrated that PGE1 and PGI2 lower IFP and promote edema 
formation in vivo (Berg et al., 1998), affect the activity of 1-integrins in 
fibroblasts in vitro in a PKA-dependent manner and transiently depolymer-
izes the actin cytoskeleton by interfering with actin-binding proteins in cul-
tured fibroblasts. We suggest that these prostaglandins modulate the IFP by 
rapid and transient PKA-induced phosphorylations of proteins involved in 
the regulation of actin polymerization. The depolymerization will decouple 
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the integrins from the extracellular collagen fibers and inhibit the migration 
and traction process of fibroblasts in the interstitial CT (Danen et al., 2005). 

We have demonstrated that there is an extensive CT network based on in-
tercellular and cell-ECM contacts in vivo in the interstitial CT encompassing 
the human ED and that two different populations of CT cells are present; 
podoplanin-expressing cells, with plausible effects on fluid fluxes and CT 
cell contractility and subepithelial fibroblasts possibly involved in villi for-
mations in the ED. In addition, CT cells isolated from this tissue respond to 
CT modulating factors in the same way in vitro in collagen gel contraction as 
dermal fibroblasts. These findings are conceivable with the notion that these 
cells take part in the control of IFP and endolymph resorption in the inner 
ear.

Targeting the IFP-regulating system in the interstitial CT encompassing 
the ED and ES could be a possible medical intervention in Ménière’s dis-
ease. If the pathology causing the hydrops is associated with the epithelium 
and ion transport, PDGF-BB antagonists or PGE1-analogs could lower the 
IFP and imbibe the fluid surplus from the endolymph compartment. If an 
inflammation with edema in the periductal/saccular CT has disrupted the 
pressure gradient driving the transepithelial fluid fluxes, pharmaceuticals 
such as latanoprost  (Berg et al., 1998) or -trinositol (Rodt et al., 1994) 
could theoretically restore the IFP and the endolymph resorption. 
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Future perspectives 

In the second manuscript we initiated a study on the intracellular mecha-
nisms behind the effects of prostaglandins on cell adhesion and actomyosin 
contractility in fibroblasts. We intend to supplement the results from the 
mass spectrometry analysis by looking at the phosphorylation state of 
caldesmon and cofilin in western blot after immunoprecipitating these pro-
teins from lysates of PGE1 +/- PDGF-BB-stimulated fibroblasts. Specific 
effects on other key regulatory proteins of focal adhesions and the cytoskele-
ton such as Rac, Rho-A, ERK and FAK will be investigated as well. 

The studies of the interstitial CT in the ED have provided two important 
findings: (1) the constitutive expression of a lymph marker on interstitial CT 
cells and (2) the expression of activated PDGF -receptors on the ED epithe-
lium and/or subepithelial cells in the interstitial CT surrounding the human 
ED. The biological activities of podoplanin and PDGF in the inner ear are 
not known. It would be interesting to study the inner ear and especially the 
ED/ES morphology in mice with these two genes ablated. However, both the 
podoplanin and PDGF -receptor knock-out mice die at birth or perinatally, 
making this approach technically difficult and analysis of hearing impossi-
ble. There are however techniques to make inducible gene ablations in mice, 
which would provide important functional information.  

The PDGF-receptor antagonist imatinib (STI571) is a tyrosine kinase in-
hibitor clinically used in the treatment of chronic myelogenous leukemia and 
gastrointestinal stroma tumors (Pietras et al., 2003). A common side effect of 
imatinib treatment is mild interstitial edema but more severe forms and gen-
eral fluid retention have been described as well. Some patients also develop 
vertigo and tinnitus. We have initiated a project to evaluate the hearing and 
inner ear symptoms in these patients, which would give information about 
the physiological effects of PDGF in the inner ear.  

Furthermore, we have initiated a project to analyse the morphology of the 
interstitial CT encompassing the ED and ES in patients with Ménière’s dis-
ease. A few patients with intractable disease and disabling vertigo undergo 
surgical labyrinthectomy, which enables ethical approved studies on the 
removed tissue. Preliminary results indicate an evident change in CT cell 
morphology and matrix density. 
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Sammanfattning på svenska 

Fibroblast kontraktilitet in vivo och in vitro: effekter av 
prostaglandiner och betydelse för innerörats 
vätskebalans.
I mitt avhandlingsarbete har jag studerat kontraktilitet i humana fibroblaster 
och dess betydelse för reglering av interstitiellt vätsketryck (IFP). Dessa 
bindvävsceller arbetar konstitutivt för att organisera den extracellulära 
grundsubstansen och för att upprätthålla ett konstant vätsketryck i lucker 
bindväv. Fibroblaster bildar tillsammans med kollagenfibrer ett kontinueligt 
nätverk i bindväven som motverkar grundsubstansens strävan att binda vat-
ten och expandera. Denna kraft utövas synkroniserat av kollagenbindande 
integriner i cellmembranet och av intracellulära kontraktila element. 

Jag har i mitt arbete speciellt undersökt hur olika prostaglandiner påverkar 
dessa aktiviteter in vitro i cellodlingsförsök och in vivo i djurförsök. Jag har 
vidare studerat den luckra bindväven kring, och fibroblaster isolerade från, 
den endolymfatiska gången (EG) i innerörat hos människa för att försöka 
förstå mekanismer bakom omsättning av endolymfa och vätskereglering i 
innerörat. Det senare har betydelse vid Ménière’s sjukdom som karakterise-
ras av en svullnad i det endolymfatiska rummet i innerörat. Avhandlingen 
baseras på fyra delarbeten (se ”List of original papers”). 

I det första arbetet visade vi att prostaglandin E1 (PGE1) och prostacyklin 
sänker IFP och ger ödem i råtthud in vivo. Samtidigt demonstrerade vi att 
dessa proinflammatoriska prostaglandiner inhiberar 1-integrin-medierad 
kollagengels-kontraktion med fibroblaster in vitro. Prostaglandin F2 -
analogen, latanoprost, å andra sidan gav inte ödem utan kunde reversera ett 
inducerat negativt tryck till normala nivåer. 

I det andra arbetet studerade vi intracellulära mekanismer bakom effekten 
av PGE1 på fibroblasters kontraktilitet, och jämförde med platelet derived 
growth factor (PDGF)-BB som stimulerar kollagengels-kontraktion in vitro
och återställer ett negativt IFP in vivo i råtthud. Vi visade att PGE1:s häm-
mande effekter var proteinkinas A-beroende och gav en total depolymerise-
ring av aktin-cytoskelettet.Vi demonstrerade också med 2D-gelelektrofores 
och masspektrometri att det som skiljer PGE1 och PDGF-BB- signalering var 
en förändrad aktivitet av de aktinbindande proteinerna caldesmon, calponin, 
tropomyosin och cofilin. 
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I det tredje delarbetet visade vi med transmissions elektron-mikroskopi, 
att bindvävsceller i den luckra bindväven kring EG i människa bildade ett 
intrikat nätverk av intercellulära kontakter och kontakter med den extracellu-
lära grundsubstansen (ECM) och diskuterade dess möjliga betydelse för 
vätskereglering i innerörat.  

I det sista arbetet visade vi att majoriteten av bindvävscellerna kring EG 
uttrycker ett nyligen identifierat glykoprotein, podoplanin. Detta glykoprote-
in uttrycks också på lymfkärlsepitel och epitel som är inblandade i vätske-
flöden som t ex podocyter i njuren. Vi påvisade vidare att fibroblaster ut-
gjorde en annan cellpopulation i den periduktala bindväven och att dessa 
celler i kultur kunde kontrahera kollagengeler med samma kinetik som der-
mala fibroblaster och påverkades dessutom på samma sätt av PGE1 och 
PDGF-BB.

Sammantaget indikerar dessa resultat att bindvävscellerna kring den EG 
deltar i kontrollen av vätskebalansen i innerörat. Resultaten ger oss ökade 
möjligheter att förstå och kunna behandla Ménière’s sjukdom. 
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