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ABSTRACT 

 

Tissues are not solely composed of cells. The extracellular matrix is important for the cell 

well-being and cell-cell communication. The glycosaminoglycan hyaluronan (HYA) is a 

widely distributed extracellular matrix (ECM) component. The molecule has prominent 

physicochemical properties, foremost viscoelastic and osmotic, but participates in many 

biological processes such as cell migration, proliferation, tissue turnover, wound healing and 

angiogenesis. HYA is synthesised by either of three different hyaluronan-synthesising 

enzymes, HAS1-3, and its main ligand is the transmembrane receptor CD44. In the heart and 

vessels the matrix components are of great importance for endurance and elasticity which are 

prerequisites for a normal function. The aims of the study were to describe the distribution of 

HYA and its receptor CD44 in normal cardiovascular tissue and to investigate the ECM 

composition in myocardial hypertrophy.  

 

Normal conditions were studied in a rat model. These studies showed that the tunica 

adventitia in almost all vessels stained strongly for HYA. The expression in the tunica intima 

and media on the venous side, differed between the vessels and was almost absent on the 

arterial side. In the adult animals only minute amounts of CD44 were detected. The 

expression of both HYA and CD44 was increased in newborn rats. 

 

In the heart HYA was unevenly distributed in the interstitium. Strong HYA-staining was seen 

in the valves and in the adventitia of intramyocardial vessels. Almost no CD44-staining was 

observed. Notably, there was no obvious difference between newborn and adult animals. 

 

In an experimental rat model of pressure-induced cardiac hypertrophy the mRNA-levels of 

HAS1, HAS2, CD44, basic Fibroblast Growth Factor (FGF-2) and Fibroblast Growth Factor 

Receptor-1 (FGFR-1) were elevated on day 1 after aortic banding. HAS2, CD44 and FGFR-1 

were at basal levels on day 42. The HYA-concentration was significally elevated on day 1. 

HYA was detected in the interstitium by histochemistry and CD44 was detected mainly in and 

around the intramyocardial vessels. 

 

The HYA-staining was increased in myectomi specimens from patients with HCM compared 

to controls. HYA was detected in the interstitium, in fibrous septas and in the adventitia of 

intramyocardial vessels. No CD44 was detected in HCM or in control specimens. 
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Our results indicate that HYA and CD44 play an active role in the maturing vessel tree and 

that the ECM content of HYA is increased in experimental myocardial hypertrophy and 

human hypertrophic cardiomyopathy.  
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ABBREVIATIONS 
 
ECM extracellular matrix 
HYA hyaluronan 
HAS hyaluronan synthetase 
PG proteoglycan 
FGF-2 basic fibroblast growth factor 
FGFR-1 fibroblast growth factor receptor-1 
GAG glycosaminoglycan 
TGF transforming growth factor 
EGF epidermal growth factor 
IL interleukin 
PDGF platelet derived growth factor 
INF interferon 
TNF tumor necrosis factor 
SPAM sperm adhesion molecule 
HAPLN hyaluronan and proteoglycan binding link gene family 
CTRL cartilage link protein 
TSG-6 tumor necrosis factor alpha-stimulated gene-6 
RHAMM receptor for hyaluronan-mediated motility 
LYVE lymphatic endothelial vessel hyaluronan receptor 
TLR toll-like receptor 
ERM ezrin, radixin and moesin 
CMR cardiovascular magnetic resonance imaging 
DCM dilated cardiomyopathy 
HCM hypertrophic cardiomyopathy 
CT computerised tomography 
RCM restrictive cardiomyopathy 
HBW heart-to-body weight 
HABP hyaluronan binding protein 
GAPDH glycerol-aldehyde-3-phosphate-dehydrogenase 
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INTRODUCTION
  

Tissues are composed of cells and extracellular matrix (ECM). Tissue properties are 

determined by the composition of the ECM, which can differ from hard as in bone, 

transparent as in the cornea or rope-like as in tendons. Also the volume of ECM differs 

between different tissues. Previously the ECM was thought to be an inert component 

stabilising the tissue. Recent studies show that ECM is a dynamic compartment which takes 

part in many cellular activities such as migration, proliferation, metabolism and 

communication between cells. The two main constituents in the ECM are polysaccharides 

also called glycosaminoglycans (GAGs) and fibrous proteins like collagen and elastin. Most 

cell types can produce the ECM components but in the connective tissue the main production 

element is the fibroblasts. Comparing weight, collagen is dominating, but by volume GAGs 

fill up most of the extracellular space. Hyaluronan (HYA) is a GAG with unique structural 

and cell-biological properties. In this thesis the main focus is on the localisation and 

distribution of HYA and its receptor CD44. The findings are related to cardiovascular 

structure and function.  

 

 10 



BACKGROUND 

 

Glycosaminoglycans (GAGs)  

GAGs are long, unbranched polysaccharide chains composed of repeating disaccharide units. 

Because of their sulphate and carboxyl groups, GAGs are highly negatively charged and 

hydrophilic. They form random-coil conformations, which occupy a large volume, compared 

to their mass. GAGs form gels even at low concentrations. Their negative charges attract 

sodium ions that are osmotically active and attract water. This makes the matrix able to 

withstand compressive forces in contrast to collagens which resist stretching forces. The 

GAGs are presented in table 1.  

 

Table 1 

GAG Disaccharide unit Sulphated Core protein Molecular mass 

Hyaluronan 

 

Chondroitin-Sulphates 

 

Dermatan-Sulphate 

 

Keratan-Sulphate 

 

Heparan-Sulphate 

 

Heparin 

GlcA-GlcNAc 

 

Glc-GalNAc 

 

GlcA-/IdoA-GalNac 

 

Gal-GlcNAc 

 

GlcA-/IdoA-GlcNac 

 

GlcA-/IdoA-GlcNac 

- 

 

+ 

 

+ 

 

+ 

 

+ 

 

+ 

- 

 

+ 

 

+ 

 

+ 

 

+ 

 

+ 

4x103-8x106 

 

5x103-5x104 

 

15x103-4x104 

 

4x103-19x103

 

5x103-12x103

 

6x103-25x103

D-glucuronic acid (GlcA), N-acetyl-D-glycosamine (GlcNAc), N-acetyl-D-galactosamine (GalNAc), L-iduronic 

acid (IdoA), D-galactose (Gal).  

 

Except for HYA all GAGs are covalently bound to a “core” protein in forms of proteoglycans 

(PG:s). The PGs are not only secreted components in the ECM but can also be integrated into 

the plasma membrane. Due to the GAG ability to differ in protein content and molecular size, 

PGs have an almost limitless heterogeneity. This indicates that they can interact with their 

environment, such as cells and thus are more than just structural molecules. 
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Hyaluronan (HYA)  

In 1934 Meyer et al [1] isolated a viscous component from the vitreous body but it took 20 

years until they had established the precise structure [2]. Hyaluronan, formerly called 

hyaluronic acid or hyaluronate [3], is composed of repeating β(1, 4)-glucuronate and β(1, 3)-

N-acetylglycosamine disaccharides. HYA differs from the other GAGs in the aspect that it is 

the only non-sulphated GAG. Furthermore, it is not produced in the endoplasmic reticulum 

and modified by the Golgi apparatus but synthesised on the internal side of the plasma 

membrane by specific synthetases.  

 

High molecular weight HYA (6x105-1x106 kDa [4]; 2x103-105 sugars [5]) 

HYA of a very high molecular weight is a widely distributed extracellular and cell surface 

polysaccharide and is found in most adult and embryonic tissues. The molecule has unique 

physicochemical properties and interacts both with structures in the ECM and with cell 

surface HYA binding proteins, so called hyaladherins. Due to its molecular properties, both 

hydrophilic and hydrophobic, and its coiling and folding, HYA is able to encompass huge 

amounts of water. This leads to properties such as high viscosity and flow resistance which 

can act as a barrier against rapid changes in water content and as an osmotic buffer [6, 7]. The 

HYA network also acts as a dynamic sieve. Small molecules can pass easily whereas larger 

molecules are hindered. High molecular HYA is also believed to be part of the endothelial 

barrier and [8-10] and to have anti-angiogenic [11] and anti-inflammatory effects [12]. 

 

Low molecular weight HYA 

HYA-molecules of small molecular weight do not exhibit the same physiological properties 

but has been shown to act as signalling molecules. In contrast to high molecular HYA, low 

molecular HYA is angiogenic [11, 13, 14], can induce inflammatory response [4] and cause 

endothelial barrier disruption [10]. Low molecular HYA has also been studied in 

tumorgenesis. While invasive bladder cancers produce HYA fragments of 30-50 saccarides 

[15] that perhaps are related to invasive properties, HYA oligosaccharides inhibit B16F10 

melanoma cell proliferation [16]. Some of the effects that oligosaccharides induce in 

angiogenesis will be discussed later in the text. 

 

Intracellular HYA 

Intracellular HYA has been documented [17-19]. However, the exact function of HYA in this 

localisation is unknown.   
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D-glucuronic acid N-acetyl-glucosamine 

Figure 1: Hyaluronan disaccharide unit ~ 400 Da 

 

Hyaluronan synthesizing enzymes- Hyaluronan synthetases (HAS)  

The details of HYA synthesis were largely unknown until 1993 when DeAngelis et al [20, 21] 

reported the cloning and characterising of the Group A streptococcal gene encoding for the 

protein HasA. They were able to express the recombinant gene in E. coli and showed that it 

produced HYA [22]. The first two mammal HAS-genes, HAS1 and HAS2, were characterised 

in 1996 [23-26] and a third gene, HAS3 was found 1997 [27]. In humans HAS1 is located to 

chromosome 19q13.3-13.4, HAS2 to chromosome 8q24.12 and HAS3 to chromosome 16q22.1 

[28].  

 

Hyaluronan synthesis 

HYA is synthesised at the inner surface of the plasma membrane as a linear polymer and is 

transferred, by a not yet defined mechanism, to the outside of the cell [29, 30].  

The three different loci imply that each different HAS-protein have specific biological effects 

and can be separately regulated and their activities controlled. It has been shown that the 

molecular length and synthesising rate differ between the various HASs [31]. HAS1 and 

HAS2 synthesise HYA of an average molecular weight of ~2x105 to 2x106 and HAS3 ~1x105 

to 1x106and the synthesizing rate is in the order of HAS3>HAS2>HAS1. More recent studies 

indicate that all the HASs are able to produce HYA of high as well as low molecular weight 

in various types of transfected cells [32].  

 

Regulation of HYA-synthesis 

The HYA biosynthesis is regulated by many different growth factors and cytokines (Table 2). 

In human fibroblast-like synovial cells, transforming growth factor β (TGF-β) will increase 
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HAS1 activity but decrease HAS3 [33]. Pasonen-Seponnen et al [34] reported that TGF-β 

reduced and epidermal growth factor (EGF) induced activity of HAS2 and HAS3 in epidermal 

rat keratinocytes. Furthermore, interleukin 1β (IL-1β) has been shown to increase HAS2 

transcript levels in human intestinal mesenchymal cells [35] and total HYA production in 

human synovial lining cells [36]. HAS2 activity is stimulated by platelet derived growth 

factor (PDGF) in both human microvascular endothelial cells [37], and in human arterial 

smooth muscle cells [38]. In bovine corneal endothelial cells and in synovial fibroblasts from 

rabbits, HAS2 activity is stimulated by TGF-β1 [39, 40]. The effect of the growth factors and 

cytokines on the various HASs is summarized in table 2. 

 

Table 2 

Synthetase  Effector molecule Effect on HYA-synthesis 

HAS1 TGF-β1 

TGF-β 

PDGF-BB 

→ [39] 

↑ [33] 

→ [39] 

HAS2 TGF-β1 

TGF-β 

PDGF-BB 

PDGF 

EGF 

INF-γ 

TNF-α 

IL-1β 

↑ [37, 39, 40] 

→↓ [34, 35] 

↑ [37, 39] 

↑ [38] 

↑ [34] 

→ [35] 

→ [35] 

 ↑ [35] 

HAS3 TGF-β1 

TGF-β 

PDGF-BB 

EGF 

→ [39, 40] 

→↓ [33, 34] 

→ [39] 

↑ [34] 

→ = no effect, ↑ = increased mRNA-levels, ↓ = decreased mRNA-levels 

 

It has been shown that the changes in HAS mRNA-levels not always correspond to the 

amount of HYA secreted [41], which suggests that the type of effect, or product is modulated 

after the gene has been activated. The HAS activity can also be inhibited as shown for 

glucocorticoids that strongly reduce the HAS2 activity [42, 43]. 
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Degradation 

 The degradation of HYA takes place extracellularly by chemical/mechanical cleavage, by 

specific enzymatic degradation, or intracellularly in lysosomes. The human genome contains 

six hyaluronidase-like genes which are clustered in groups of three on two chromosomes, 

3p21.3 (HYAL1, HYAL2 and HYAL3) and 7q31.3 (HYAL4, PH-20/SPAM1 and HYALP1) 

[44]. The hyaluronidases cleave the β(1, 4)-glycosidic binding through hydrolysis. This 

generates tetra- and hexasaccharides as main end products [45].The half life of HYA varies 

between 1-3 weeks in cartilage [45], less than 24 hours in epidermis [45] and 2-5 min in blood 

(Fraser 1981). The most thoroughly described hyaluronidases are HYAL1, HYAL2 and PH-

20. HYAL1 and 2 are widely distributed, whereas PH-20 is mostly located to the testis [46]. 

 

HYAL1: HYAL1 is found in serum [47], urine [48] and in cellular lysosomes [45]. In a 

patient case with HYAL1-deficiency the clinical findings were a short stature, periarticular 

soft tissue masses and highly elevated concentrations of serum HYA [49, 50].  

 

HYAL2: Among the three hyaluronidases HYAL2 can not degrade HYA into disaccharides 

and the end products are a mass of low molecular HYA-polymers of about 20 kDa or 50 

disaccharide units [51]. HYA molecules of different weight have different biological effects 

and it has been speculated that the products of HYAL2 have specific signalling capacity [32].  

 

PH-20/SPAM1: The enzyme PH-20 was first identified on the head of sperms from guinea 

pig [52] and was found to be similar to a protein with hyaluronidase activity derived from bee 

venom [53]. PH-20 is a cell surface protein with hyaluronidase activity [54] necessary for 

fertilization [55]. 

 

Hyaladheriner  

Most of the known molecules that bind to HYA contain a similar link protein and are part of 

the link protein superfamily [32, 56].  

 

Lecticans: Lecticans are a group of four PG:s in which the link protein is comprised of an 

immunoglobulin domain and two link modules, also called proteoglycan tandem repeat, found 

in the G1 domains [57]. The PGs containing the link module are aggrecan [58], versican [59], 
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neurocan [60] and brevican [61]. Aggrecan is a PG mainly found in cartilage and contains 

both keratan sulphate chains and chondroitin sulphate chains attached to a central core 

protein. Aggrecan linked to HYA form a huge complex which creates a hyperosmotic 

reversible deformable gel suitable for repetitive load bearing [62]. Versican is a widely spread 

chondroitin-sulphate PG, and has for example been shown to form a network together with 

HYA that is required for proliferation and migration of smooth muscle cells in vitro [63]. 

Brevican and neurocan are found in the nervous system and are suggested to form a complex 

with HYA and organize the ECM of the central nervous system [64]. 

 

Hyaluronan and proteoglycan binding link gene family (HAPLN): The HAPLN family 

consists of four genes containing two link domains [65]. The proteins are widely distributed 

[66] and suggested to stabilize the binding between lecticans and HYA. The assembly and 

stability of the cartilage aggrecan-HYA aggregate is dependent on cartilage link protein 1 

(Crtl1/HAPLN-1) [67]. 

  

Tumour necrosis factor alpha-stimulated gene-6 (TSG-6): TSG-6 contains a single link 

module [56, 68]. The protein is believed to regulate inflammatory response and tissue 

remodelling [69, 70]. TSG-6 has been found in arthritis models, in sera from patients with 

bacterial sepsis and in patients with SLE [69].  

 

HYA-receptors: The HYA receptor group include CD44, Receptor for HYA-Mediated 

Motility (RHAMM), Layelin, Stabilin 1 and 2 and Lymphatic Endothelial Vessel HYA 

receptor (LYVE) which all posses a link module. The receptors are expressed with different 

tissue distribution, cellular localisation, specificity and regulation. HYA-receptor activity is 

found to be involved in a variety of biological processes eg tissue turnover, proliferation, 

migration and intracellular signalling (Reviewed by Spicer et al 2004 [32]). The receptor 

group also encompasses PH-20 and Toll-like receptor 4 (TLR4) of which the former besides 

its hydrolytic activity also has been shown to bind HYA [55]. The Toll-like receptor family 

has been described in the innate immune system [71] and TLR-4 has been associated with 

HYA after tissue injury [72, 73]. 
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CD44  

CD44 is a class 1 transmembrane glycoprotein which is expressed on a variety of cells [74]. 

Its main ligand is HYA but the receptor can bind several components of the ECM e.g. 

collagen types I and VI, fibrinogen and fibronectin [75-77]. CD44 is involved in several 

biological processes both in pathological, eg inflammation and cancer, and healthy conditions 

(Reviewed by Ponta et al 2003 [78]). CD44 has been shown to mediate leukocyte rolling in 

vitro [79] and CD44 expression is up-regulated on leukocytes and synovial cells in arthritic 

joints of humans and mice [80, 81]. Furthermore, CD44 has been detected on inflammatory 

cells in atherosclerotic plaques [82]. In some malignancies CD44 has been associated with 

metastatic growth. Metastatic growth in a pancreatic cell line was induced by transfection of 

CD44 encoding cDNA [83] and in another study metastasis formation was inhibited by CD44 

antibodies [84].  Since CD44 has both an extracellular and intracellular domain it is able to 

participate in processes both extracellularly and intracellularly. Through the ERM-proteins 

(ezrin, radixin and moesin) the cytoplasmic region has been shown to be associated with the 

cytoskeleton [85].  

 

CD44 synthesis  

CD44 is an 80-200 kDa large molecule that is encoded from a single gene on chromosome 11 

[86, 87]. The protein products are heterogenic and this is due to exons being capable of 

alternative splicing [86] and post-translational modifications [88]. The properties of CD44 are 

determined by isoforms and of the cell type on which it is expressed [89]. The most prevalent 

CD44 isoform is the standard hemapoietic, 85-90 kDa form of CD44, also named CD44s or 

CD44H. Many of the splicing variants are expressed during pathological processes. HYA 

bind to CD44 via a link module that is homologous to other members from the link module 

superfamily [90, 91].  

  

Collagen  

Collagen proteins are made up of three collagen polypeptide chains that form a stiff triple-

stranded helical structure. The single polypeptide chains are called α-chains and are rich in 

proline and glycine. Thus far, 20 distinct α-chains have been identified and they build up 

many different collagens of which the most common and best studied are collagens I-IV. In 

the cardiovascular system the main types in the heart are collagen I and III [92]. In the vessels 

the main type is collagen III and in their basal laminas collagen IV. The proteins are secreted 

by cells as procollagens. In the ECM, the end-petides are removed and the collagens can 
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assemble and manufacture the designated structure of a specific tissue. In skin, collagens form 

a network that is strong in all directions and in tendons the collagen is organized in parallel 

bundles along the major axis of stress. The collagens are degraded by collagenases (proteases) 

in the extracellular compartment, in a rate that is dependent of the type of tissue.     

  

Elastin 

Elastin is a highly hydrophobic non-glycosylated protein with the ability to recoil after 

transient stretch. Elastin is crosslinked and constructs a network that can stretch and recoil 

like a rubber band. Elastin is an important constituent of the elastic arteries.  

  

Non-collagen proteins 

The ECM consists of a number of adhesive glycoproteins that can bind both cells and ECM 

macromolecules. One of the best characterised glycoproteins is fibronectin, which has several 

different binding domains. Different domains bind to different cell surface receptors and 

components in the ECM. In this way fibronectin affects many activities e.g. cell migration and 

cell adhesion [62]. Laminins are adhesive glycoproteins that bind both to epithelial cells and 

collagen type IV and are a major component of the basal lamina [62]. 

  

Histology 

  

Vessels  

The circulatory system consists of two systems of vessels in series. The systemic vessels 

conduct blood from the heart, out to the tissues and back again. The pulmonary system 

transports the blood from the heart to the lung and back again. Arteries conduct blood from 

the heart and veins lead blood to the heart. The diameter of the vessels and the thickness of 

the vessel walls are largest close to the heart and smallest in the tissues. The vessel’s function 

depends on the size of the vessel and on the structural components of the vessel wall. As a 

general rule, veins have a larger diameter than the accompanying artery, but with a thinner 

wall containing connective tissue and less elastic and muscle fibres. The vessel wall consists 

of three layers; tunica intima, tunica media and tunica adventitia. Between the adventitia-

media and media-intima, there is a sheet of elastic fibres named external and internal lamina, 

respectively. 
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Tunica intima 

Tunica media 

Tunica adventitia 
Internal elastic lamina 

External elastic lamina 

Figure 2: Histology of the vessel wall. 

  

Arteries  

The tunica intima is composed of endothelial cells attached to a basal lamina that is resting on 

a thin layer of collagen fibres. The tunica media and the tunica adventitia mainly consist of 

smooth muscle cells and connective tissue, respectively. In elastic arteries the tunica media is 

prominent and with a high content of elastin between the smooth muscle cells. In medium 

sized arteries the amount of elastin in the tunica media is lower compared to in elastic arteries 

but instead the internal and external elastic laminas are more prominent. Furthermore, the 

adventitia is usually relatively thicker. Arterioles are smaller, with fewer layers within each 

tunica and the elastic lamina can be missing. Capillaries consist of a basal lamina encircling 

an endothelial tube and their large surface and thin walls are important for the ability to 

exchange substances with the surrounding tissue.  

 

Veins 

The venous vessels have a huge storage capacity and veins are more distensible than arteries 

of the corresponding calibre. Capillary blood first enters the post capillary venules. 

Postcapillary venules and small venules lack intimal layers but have an endothelium. 

Nutrients easily pass through the wall and due to the low pressure, which is lower than in 

surrounding tissue and capillaries, fluid tends to leak in. Small and medium sized veins have a 

thin tunica media and a well developed adventitia, but the internal elastic lamina is often 

discontinuous. Large veins have a thick tunica adventitia that contains collagen, elastic fibres 

and varying amounts of smooth muscle cells. The tunica media is poorly developed, whereas 

the tunica intima is relatevely thick.   
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Heart 

The heart is pumping the blood through the vascular systems. The heart rate is not constant 

and respond to nervous and humoral signals. The cardiac output can change depending on the 

demand. The heart has four chambers; the left and right atrium and ventricles. Through the 

inferior and superior caval veins the blood enters the right atrium. The right atrium is 

connected to the right ventricle and during diastole the blood flows from the atrium to the 

ventricle. When the ventricle contracts, during systole, the blood is ejected out of the heart 

into the pulmonary artery and further conducted to the lungs. Atrioventricular and 

ventriculoartrial backflows are prevented by the tricuspid and the pulmonary valves, 

respectively. Oxygenated blood from the lung re-enter the left atrium through the pulmonary 

veins. The left ventricle, which has been filled during diastole, pumps the blood out to the 

aorta. Regurgitation is prevented, similar to the right side, by valves; the bicuspid (mitral) and 

aortic valves, respectively.  

The cardiac wall consists of three layers; epicardium, myocardium and endocardium. 

 

Left ventricle 
Right ventricle 

Right atrium 
Left atrium 

Aorta 

Pulmonary truncus 
Pulmonary veins Superior caval vein 

Epicardium 

Interventricular septum 
Endocardium 

Myocardium 

  

Figure 3: Anatomy of the heart. 

 

 

Epicardium 

The outer layer, the epicardium, consists of a squamous-type mesothelium and a basal lamina. 

The basal lamina rests on a layer of collagenous and elastic fibers. The epicardial layer also 

contains the blood vessels and nerves that supply the heart and is thick with adipose tissue at 

sites at which the larger vessels are passing.  
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Myocardium 

The myocardium is mainly built up by cardiomyocytes, which form the network that allows 

for an efficient contraction of the heart. The myocardium is the thickest of the three layers that 

constitute the heart wall. The thickest myocardium is seen in the left ventricle, which 

generates the systemic blood pressure. The atria have the thinnest myocardium since the 

resistance is low during diastole when they contract. The inner surface of the myocardium 

protrudes and forms trabeculae in some parts of the heart. Papillary muscles are larger 

structures that via cordae tendinae (narrow tendon like cords) attach to the leaflets of the 

tricuspid and mitral valves.  

 

Endocardium 

The endocardial layer lines the inside of the four chambers and is thicker in the atria than in 

the ventricles. The inner lining of the endocardium consists of endothelial cells, which are in 

continuum with the vessels that are connected to the heart. The endothelial cells rest on a 

layer of regularly arranged collagen and elastic fibres and contain occasional myofibroblasts. 

The endocardium is connected with the myocardium through irregularly arranged collagen 

fibres which are intertwined with the collagenous fibres surrounding the cardiomyocytes. The 

matrix between the endocardium and myocardium may also contain Purkinje fibres, i.e 

specialised cardiomyocytes of the conducting system.  

  

Valves  

The thickness of the valves varies depending on many factors such as localisation, 

compressive forces, tensile forces and age. 

 

The aortic and pulmonary valves are located in the outflow tract of the left and right 

ventricles, respectively. Normal valves consist of three cup-like cusps, which when closed, 

closely fit together and prevent retrograde bloodflow. The valves are composed of a 

collagenous central plate, which is covered on both sides with elastic tissue and with an 

endothelial lining. The central plate extends to the collagenous valve ring that is attached to 

the surrounding tissue. 

 

The mitral- and tricuspidvalves also have a central collagenous plate , which in addition to the 

elastic fibres and endothelial lining may have a thin layer of muscle fibres on the atrial side of 

the valves. The side facing the ventricles is more jagged compared to that of aortic and 
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pulmonary valves since they include the insertion points for the cordae tendinae. The cordae 

not only connect with the central plate along the rim, but also have insertion points in several 

different locations on the leaflets.   

 

Hyaluronan and CD44 in the cardiovascular system  

 

Cardiac development 

During cardiac development the expression of HYA and CD44 is strictly regulated in time 

and place and has been investigated thoroughly in mouse models [93-98]. Day E8.5 to E10.5 

in mouse embryonic development approximately corresponds to week 3 and 4 in human 

embryological development [99]. During gastrulation HAS1 and HAS2 were detected at day 

E7.5 [94, 98]. By day E8.5 the HAS1 expression has diminished but HAS2 expression is 

evident in the myocardium and epicardium [96-98]. At this stage CD44 is expressed in the 

endothelial tubes and the surrounding muscular epimyocardium [93]. Both CD44 and HAS2 

are expressed in the heart at day E9.5 and in the endocardial cushions at day E10.5, although 

CD44 expression is weak in the endocardium and endocardial cushions [93, 96-98]. It has 

been shown that the dominant isoform during days E9.5 to E12.5 is CD44H [93] and that the 

HAS-expression also co-localise with HYA, present in the endocardium and endocardial 

cushions during mid-gestation in mouse [100].  

 

The importance of this regulation has been studied in both HAS-deficient and CD44 deficient 

mice models [93, 94, 96-98]. HAS2 -/- embryos die during embryogenesis [96] because of an 

impaired transformation of the cardiac endothelium to mesenchyme during the heart 

development. CD44 -/- mice are viable, fertile and display no cardiovascular malformations 

[95]. 

 

Adult heart 

During embryogenesis cardiomyocytes proliferate rapidly but exit the cell cycle soon after 

birth. The matured myocardium is highly structured and specialised and the further increase in 

cardiac mass is achieved by an increase in cell size i.e. hypertrophy [101, 102]. In the 

myocardium from healthy adult rats HYA is found in the connective tissue surrounding the 

muscle (epimysium) and the muscle fibre (endomysium), in septas and in the adventitia of 

intramyocardial vessels [103-105]. CD44 is not expressed by the normal human 

cardiomyocyte [74] but have been detected in the endocardium [106].  
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Heart valves have a complex connective tissue structure, which includes HYA and PGs [107-

109]. It has been shown that valve regions exposed to compressive forces are rich in HYA and 

PGs of a high molecular mass. Valve regions and chordae exposed to tensile forces are less 

rich in HYA and have a higher content of collagens and low molecular mass PGs [109].  

  

Vessel formation 

Formation of blood vessels (angiogenesis) occur throughout life and is essential in many 

processes e.g. embryogenesis and wound healing. High molecular weight HYA is anti- 

angiogenic [11], whereas low molecular weight HYA (3-10 disaccharide units) stimulates 

angiogenesis and endothelial cell proliferation [11, 13, 14]. Endothelial tube formation is 

induced by HYA [110]. Antibodies against CD44 inhibit endothelial cell proliferation [111] 

and migration [112]. CD44-deficient mice have impaired angiogenesis during wound healing 

and the ability of endothelial cell to form tubes is reduced [113]. In embryonic mice (E9.5-

E12.5) CD44 is expressed on the endothelial angioblasts lining the wall of dorsal aorta, in the 

intersomitic arteries, in the branchial arch arteries and in the umbilical artery [93]. HAS2 is 

expressed in the cardiovascular system at day E8.5 and HYA is detected in the umbilical 

blood vessels [100]. 

  

Adult vessels 

In adult human carotid artery and aorta, HYA is found in all three wall layers in contrast to 

CD44 [114, 115]. In the study by Levesque, the carotids from two newborn humans were 

examined with findings of a strong HYA expression in all three layers indicating a function of 

HYA in the maturing vessel wall. Picker et al [74] found a variable CD44 expression on 

vascular smooth muscle cells. In human saphenous vein, HYA was detected in all three vessel 

wall layers [116]. In a rat model, the normal carotid artery only exhibited minimal amounts of 

CD44 [117]. In normal adult rat aortas, a strong HYA staining was seen in the tunica 

adventitia, whereas only minute amounts were observed in the intima and media [118, 119]. 

In aortas from older rats the HYA staining was increased in the intima [118]. 
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Hypertrophy of the heart  

 

In cell biology and pathology hypertrophy refers to enlargement of cells in contrast to 

hyperplasia that means an increase in the number of cells. Cardiac hypertrophy is usually 

defined as disproportionate thickening of the ventricular wall, most common in the left 

ventricle, leading to increased myocardial mass. An increased myocardial mass may also 

occur if the heart is dilated with maintained or just slightly changed thickness of the 

ventricular wall. The diagnosis may be suspected on a clinical examination, on a standard 12-

lead electrocardiogram or on a chest X-ray. Cardiac hypertrophy is usually diagnosed using 

an echocardiogram assessing the wall thickness and the cavity diameter. However, the golden 

standard is calculating myocardial mass using cardiovascular magnetic resonance imaging 

(CMR) [120]. In most cases of cardiac hypertrophy, there is increased myocardial fibrosis 

[121] and thus involvement of the ECM. 

  

There are three main causes of myocardial hypertrophy; pressure overload (valvular stenosis, 

hypertension), volume overload (valvular regurgitation, shunts) and intrinsic causes such as 

mutations in genes encoding for sarcomeric or other proteins relevant for cardiomyocyte 

function. In some cases there are combinations of underlying causes, e.g. in mixed valvular 

disease. Initially, myocardial hypertrophy may represent an appropriate compensatory 

response on increased demands. Unless the underlying condition is adequately treated, 

prolonged cardiac overload may lead to ventricular dysfunction and remodelling, further 

hypertrophy and thus a vicious circle terminating in heart failure and possibly death.   

 

Pressure overload 

Hypertrophy due to pressure overload is one of the principal mechanisms by which the heart 

adapts to an increased hemodynamic burden. The heart responds to the increased pressure 

load with hypertrophy of the ventricles or atria. Contractile function is usually maintained for 

a long period but once there are symptoms, further deterioration may occur rapidly. Increased 

myocardial mass and elevated blood pressure leads to elevated oxygen consumption. When 

this is combined with increased end-diastolic pressure, coronary perfusion may be impaired, 

causing myocardial ischemia and angina pectoris. In pressure overload, the hypertrophy is 

typically concentric which refers to symmetrical thickening of the ventricular wall. 

Hypertrophy of the heart not only includes cardiomyocytes but also involves proliferation of 

fibroblasts and increases in collagens I and III.  
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Volume overload 

In valvular regurgitation, part of the stroke volume from the affected chamber regurgitates 

back, thus creating a volume overload in the chamber proximal to the leaking valve. The heart 

compensate for this with dilation and/or cardiomyocyte hypertrophy. This type of hypertrophy 

may also be described as eccentric. 

 

Intrinsic factors (Cardiomyopathies) 

Cardiomyopathies are a group of diseases that primarily involves the myocardium. Although 

the final manifestations may be similar, the aetiology varies. The disease group is divided into 

three main categories. 

 

Dilated cardiomyopathy (DCM): In DCM there is a dilatation of the ventricle(s) and the 

disease is mainly characterised by systolic contractile dysfunction that often leads to 

congestive heart failure. The increase in myocardial mass is caused by dilatation of the 

ventricles and atria but not necessarily by thickening of the ventricular wall. There are many 

documented causes of dilated cardiomyopathy e.g. viral, toxic, ischemic, immunologic and 

genetic. However, in most cases the underlying aetiology remains unknown and by definition 

the disease is not caused by any other cardiac abnormality.  

 

Hypertrophic cardiomyopathy (HCM): HCM is genetic defects, sporadic or inherited, that in 

many cases lead to sarcomeric abnormities and dysfunction [122]. The disease may be 

detected at screening of relatives to patients, in screening programs [123] or in evaluation of 

symptoms that often mimics ischemic heart disease. Unfortunately, the first manifestation of 

the disease may be malignant ventricular arrhythmia leading to sudden death. The typical 

cardiac manifestation of the disease is asymmetric thickening of the basal interventricular 

septum that may cause fixed and/or dynamic obstruction of the left ventricular outflow tract 

combined with systolic anterior motion of the anterior mitral leaflet and varying degrees of 

mitral regurgitation. “Thin” actin and “thick” myosin filaments constitute the structure in the 

cardiomyocyte that is responsible for change in cell length, i.e. muscle contraction. The most 

common mutation causing HCM affetcs the β-myosin heavy chain and the second most 

common affects Troponin C [122]. Troponin and tropomysin are bound to the actin filament 

and act as regulator proteins. On a histologic level the myocardium from HCM patients 

displays hypertrophied cardiomyocytes with bizarre shapes and disorganized nuclei. In 
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addition to the changes in cardiomyocyte architecture and sarcomeric function, the 

morphological profile also includes matrix remodelling. The best characterized ECM-

components in HCM are the collagens of which the most frequently found types are collagen I 

and III. Several studies have demonstrated that, beside fibrosis, the collagen amount is 

increased in the ECM in the majority of the HCM-hearts [124]. The increased matrix content 

of the heart also affects the contractile function [125]. 

 

 

Interventricular septum 
Aorta 

Left atrium 

Posterior wall 

Figure 4: Parasternal long-axis 2D echocardiographic image showing hypertrophy of the 

interventricular septum in a patient with HCM. The septum is thicker than the posterior wall. 

Printed with permission from dr. Stellan Mörner. 

 

 

Restrictive cardiomyopathy (RCM): RCM is the most unusual form. The ventricles are often 

of normal size but the diastolic function is impaired with rigid ventricle walls causing 

abnormal ventricular filling. The systolic function may be normal but this is not obligatory. 

Several mechanisms may lead to RCM such as fibrosis, infiltration, myocardial scarring and 

abnormal protein deposition (amyloidosis). Some of these processes lead to cardiac wall 

thickening and/or abnormal myocardial structure that can be detected on computerised 

tomography (CT), CMR and echocardiography. 

   

 

 26 



AIMS 

 

The overall aim of this thesis was to describe the distribution of HYA and CD44 in the heart 

and vessels of healthy rats and to study changes in the ECM during experimental cardiac 

hypertrophy and human HCM.  

 

 

• To describe the distribution of HYA and CD44 in arteries and veins in rats of different 

ages to evaluate possible regional differences in different vessels. 

 

• To describe the distribution of HYA and CD44 in the heart of normal rats in relation 

to age and localisation. 

 

• To test the hypothesis that HYA and CD44 are involved in the hypertrophic process of 

the heart in an experimental rat model of pressure-induced cardiac hypertrophy. 

 

• To test the hypothesis that HYA and CD44 are involved in the remodelling process of 

human hypertrophic cardiomyopathy (HCM).  
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PRESENTATION OF PAPERS 

 

Paper I + II 

In these two studies the distribution of HYA and its receptor CD44 was investigated in 

systemic vessels. The abdominal aorta, the ascending aorta, the internal carotid artery, the 

inferior caval vein, the internal and external jugular vein, the femoral artery and vein, the 

mesenteric artery and vein and cerebral arteries and veins were dissected from ten newborn, 

ten 3-week-old, six 3-month-old and five 6-month-old healthy rats. The vessels were fixed, 

paraffin embedded and processed for histochemical detection of HYA and CD44. The 

staining results from six newborn, six 3-week-old, six 3-month-old and five 6-month-old were 

evaluated by light microscopy.   

  

Paper III  

Hearts from newborn, 3-week-old, 3-month-old and 6-month-old healthy rats were fixed, 

paraffin embedded and processed for histochemical detection of HYA and CD44. The 

distribution of HYA and CD44 was evaluated in four newborn, two 3-week-old, two 3-month-

old and two 6-month-old by light microscopy. 

 

Paper IV  

This study was performed in a rat model for cardiac hypertrophy. Hypertrophy was induced 

by applying a clip around the abdominal aorta. A total of 122 male Wistar rats, weighing 

approximately 200 g, were operated. Hearts were collected 1, 6 and 42 days after the surgery. 

The tissues were processed for analysis of HYA content, HYA and CD44 histological 

detection, and analysis of genes coding for HAS 1-3, CD44, basic Fibroblast Growth Factor 

(FGF-2) and Fibroblast Growth Factor Receptor 1 (FGFR-1). The six hearts with the highest 

heart-to-body weight (HBW) ratio from each aorta banded group were used for quantitative 

analysis of HYA and mRNA-levels. The histochemical staining of HYA and CD44 in the 

hearts of twenty-two banded animals and 10 controls was evaluated by light microscopy. 

  

Paper V  

Myocardial tissue from five patients with HCM undergoing surgical myectomy due to left 

ventricular outflow tract obstruction was processed for histochemical detection of HYA and 

CD44. The distribution in HCM was compared to controls. Control myocardium was 
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collected at autopsy from four previously healthy individuals who had died a sudden 

unnatural death.   
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TISSUES AND PREPARATION 

 

Animals and tissues 

 

Paper I-III 

Newborn, 3-weeks old, 3-months old and two 6-months old healthy male Sprague-Dawley 

rats were kept in ordinary cages with free access to food and water. The animals were 

sacrificed by an intraperitoneally administered overdose of sodium pentobarbital. The heart 

and vessels were dissected immediately after death. The tissues were placed in a solution 

containing 2% formalin and 0.5% glutaraldehyde in 0.1 M phosphate-buffer at pH 7.35 

followed by fixation  in a microwave oven at a setting of 45°C using 700 W. The fixed tissues 

were dehydrated and embedded in paraffin. Serial four µm thick sections were cut and 

mounted on glass slides for histochemical localization of HYA, CD44 and for routine staining 

with Weigerts haematoxylin-eosin and Weigerts haematoxylin-van Gieson. The care and use 

of animals was approved by the local Ethics Committee on Animal Experiments at the Umeå 

University. 

 

Paper IV 

The rats were anesthetized with 0.2 ml sodium pentobarbital intra-abdominally. After 

abdominal incision, a titanium clip, inner diameter 0.15 mm, was put around the aorta just 

proximal to the renal arteries. Age-matched control rats were sham operated and subjected to 

exactly the same procedure except for placing the clip around the aorta. The rats were 

sacrificed at 1, 6 and 42 days postoperatively.  

 

The hearts were excised after an overdose of sodium pentobarbital and immediately washed in 

NaCl 0.9%, weighted, divided and prepared for three different methods of analysis. One piece 

was placed in RNAlater (Qiagen, Hilden, Germany) and one piece in liquid nitrogen for 

analysis of gene expression and HYA concentration, respectively. For histochemical analysis 

approximately 2 mm thick slices were dissected just below the bi- and tricuspid valves and 

placed in a solution containing 2% formalin and 0.5% glutaraldehyde in 0.1 M phosphate-

buffer at pH 7.35. The slices were then fixed in a microwave oven, dehydrated and embedded 

in paraffin. All handling and procedures of laboratory animals were performed according to 

French regulations. 
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Aorta 

Heart 
Diaphragm 

Renal artery 

Figure 5: Hypertrophy 
of the heart is induced 
by aortic banding just 
proximal of the renal 
arteries (Arrow). 

 

Patients and Tissues 

 

Paper V 

Five patients with HCM and a significant left ventricular outflow tract obstruction were 

included in the study. The subjects were three women and two men, aged 28 to 73 years. All 

individuals reported symptoms consistent with the diagnosis of HCM and had significant left 

ventricular outflow tract obstruction indicating intervention. Informed consent was obtained 

from each patient. Samples from left ventricular myocardium were obtained at surgical septal 

myectomy. Control myocardium from the left ventricle was collected at autopsy of previously 

healthy individuals that suffered a sudden unnatural death. All myocardial specimens were 

mounted in OTC compound (Tissue Tek®, Sakura Finetek, Zoeterwoude, Netherlands) and 

frozen in liquid propane chilled with liquid nitrogen and stored at –80º C. Serial eight µm 

thick sections were cut and mounted on glass slides for histochemical localisation of HYA, 

CD44 and for routine staining with Weigerts haematoxylin-eosin and Weigerts haematoxylin-

van Gieson. The protocol was approved by the Ethics Committee of the Medical Faculty, 

Umeå University. The autopsy specimens were collected in agreement with Swedish laws and 

regulations for autopsy and transplantation.   
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ANALYTICAL METHODS 

 

Histochemical localisation of HYA and CD44 

For the localization of HYA, a hyaluronan binding protein (HABP) from the HYA-binding 

region of the chondroitin sulphate proteoglycan was used. The isolation and biotin-labelling 

of the HABP has been described elsewhere [126]. The probe used in paper I was a kind 

donation from Pharmacia and the probe used in paper II-V was kindly donated from Corgenix 

Inc. (Westminster, CO, USA). The staining quality of both HABPs was compared in multiple 

testings and in different types of tissues. The two probes showed a similar staining pattern and 

staining intensity. 

 

The tissues were processed for histochemical analysis. In brief, endogenous peroxidase 

activity was quenched in a solution of 3% H2O2 in methanol. To block non-specific binding 

sites the sections were incubated with bovine serum albumin (10 mg/ml). Control slides were 

preincubated with Streptomyces hyaluronidase 50 units/ml (Sigma, St. Louis, MO, USA), a 

selective carbohydrate-digesting enzyme. All slides were incubated with biotinylated HABP. 

Via an Avidin-Biotin complex reagent kit (Vector Laboratories, Burlingame, CA., USA) 

followed by a 3, 3′-diaminobenzidine (DAB)-solution (Vector Laboratories) incubation, the 

distribution of HYA was visualised.  

 

For the localisation of CD44 a purified mouse anti-rat monoclonal antibody (Pharmingen, San 

Diego, CA, USA) was used in Paper I-IV and a purified mouse anti-human monoclonal 

antibody (Sigma, St. Louis, MO., USA) was used in Paper V. Endogenous peroxidase activity 

was quenched in a solution of 3% H2O2 in methanol and non-specific binding sites were 

blocked with bovine serum albumin (10 mg/ml). The samples were incubated with the 

primary antibody, anti-CD44, washed and incubated with a biotinylated secondary antibody. 

By use of an Avidin-Biotin complex reagent kit (Vector Laboratories) followed by a 3, 3′-

diaminobenzidine (DAB)-solution (Vector Laboratories) incubation, the distribution of CD44 

was visualised. In control slides the primary antibody was excluded from incubation. 

 

The HYA and CD44 stainings were performed on serial sections.  
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Photodocumentation 

For photodocumentation a Zeiss Axiophot photomicroscope and a Canon EOS 10D digital 

camera with a 100 mm macro lens and accessories were used (Canon Inc., Tokyo, Japan).  

 

Real-time PCR 

For each group, total RNA was isolated from heart tissue from 6 aortic banded and 6 sham 

operated rats, using the RNeasy Fibrous Tissue Kit (Qiagen, Stanford, CA, USA). The 

concentration of the RNA was measured in a NanoDrop ND-1000 Spectrophotometer 

(NanoDrop Technologies Inc., Wilmington, USA) and the integrity of the RNA was analyzed 

in a 2100 Bioanalyser (Agilent Technologies Inc., Palo Alto, CA, USA). 

 

Relative quantification of gene expression changes was performed using an Applied 

Biosystems Prism 7900HT Sequence Detection System according to the manufacturer’s 

specifications (Applied Biosystems, Foster City, CA, USA). Rat cDNA-specific TaqMan 

Gene Expression Assays for HAS1, HAS2, HAS3, CD44, FGF-2, FGFR-1, GATA4, MYH6 

and MYH7 from Applied Biosystems were used in the study. The rat glycerol-aldehyde-3-

phosphate-dehydrogenase (GAPDH) gene was used as an endogenous control (part number 

4352338E; Applied Biosystems). The gene-specific minor groove binder probes were FAM 

labelled and the GAPDH-specific minor groove binder probe was VIC labelled. The thermal 

cycler conditions were: initiation with 95°C for 10 min followed by a two-step PCR for 40 

cycles (95°C for 15 s followed by 60°C for 1 minutes). All samples were run in triplicates and 

amplification was analyzed using Applied Biosystems Prism Sequence Detection Software 

version 2.1 Relative quantification was calculated according to the comparative CT method 

(Applied Biosystems) using a statistical confidence of 99.9%. The amount of target gene 

mRNA, normalized to an endogenous control and relative to a calibrator, is given by 2-ΔΔCT. 

The gene expression fold change of the aorta banded animals is the average 2-ΔΔCT value 

relative to the average 2
-ΔΔCT value for the sham operated animals. To determine if cardiac 

hypertrophy developed in the aortic banded hearts, the HBW ratio was calculated. 

 

Quantitative analysis of HYA 

The wet weight of the tissue samples was measured before being dried in a rotary vacuum 

pump for 3 hours.  Dry weights were measured, and then the samples were homogenised. 

Sample weight was from 3 to 33 mg of homogenised tissue.  The samples were suspended in 
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a solution of pronase, 5 Units/ml (Pronase from Streptomyces griseus, BioChemica, Fluka, 

Buchs, Switzerland) in Tris-buffer (0.05 M Tris-HCL-0.01 M CaCl2).  Thereafter, 0.1 units 

protease per mg tissue were added to each tissue sample before they were incubated in a water 

bath at 55ºC for 16 hours.  The temperature was then raised to 100ºC, and the samples were 

boiled for 10 minutes. 50-100µl phenylmethanesulfonyl fluoride (0.1 M in ethanol, 

BioChemika) was added, and samples were centrifuged for 15 minutes at 15000 G.  The 

supernatant was diluted 20-100 times in PBS and analysed for HYA using an enzyme-linked 

binding protein assay (Corgenix Inc., Westminster, CO, USA) according to the 

manufacturer’s instructions. Absorbance was read at 450 nm with correction at 650 nm on a 

spectrophotometer (Multiscan Ascent, Thermo Labsystems, Helsinki, Finland).  

 

 Statistics 

All analyses were performed with SPSS statistical analysis package (version 13.0, SPSS Inc., 

Chicago, IL, USA). Data were expressed as mean±S.D. Differences between two groups were 

tested using the Mann-Whitney U test. Statistical significance was set to p<0.05. 
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MAIN RESULTS 

 

Paper I+II 

HYA: The adventitia of both arteries and veins stained strongly for HYA. The only exception 

i.e. weak staining in the adventitia, was seen in cerebral vessels. There was stronger staining 

for HYA in the intima-media of adult veins compared to arteries. The staining for HYA in the 

intima-media of veins differed between localisations. The intima-media of arteries from 

newborn stained stronger compared to vessels from adult animals. 

CD44: The adventitia of both veins and arteries expressed CD44 in newborn animals. Almost 

no CD44-staining was seen in arteries and veins from adult animals. CD44 was also detected 

in the venous intima and media of newborn animals but the expression differed between veins 

of different localisation. 

 

Paper III 

HYA: HYA was heterogeneously distributed in the interstitium of hearts in both newborn and 

adult animals. Stronger staining was seen in the endocardial half of the left ventricle of 

newborn animals and in the endocardial half of the free right ventricular wall in adult. The 

adventitia of intramyocardial vessels stained strongly. Strong HYA-staining was seen in the 

valves of all animals. 

CD44: Only scarce staining was seen in the myocardium. Weak CD44-staining was seen in 

some of the valves in both adult and newborn animals.     

 

Paper IV 

Expression of HAS1, HAS2 and FGF-2 was significantly up-regulated at day 1 and 6. Basal 

level of HAS2 mRNA was observed after 42 days. HAS3 showed no detectable expression at 

all. FGFR-1 and CD44 mRNA-levels were significantly up-regulated at day 1. The 

concentration of HYA was significantly increased in the hearts of aorta banded rats at day 1. 

The temporal pattern of HAS1 up-regulation paralleled up-regulation of FGF2. The HAS2 up-

regulation paralleled that of CD44 and FGFR-1. Histochemical analysis showed increased 

expression of CD44 in hypertrophied heart mainly in and around the intramyocardial arteries 

at day 6 and 42. HYA was heterogeneously distributed in the interstitium and in the adventitia 

of intramyocardial arteries. There was no obvious difference in staining intensity between the 

aorta banded animals and controls. 
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Paper V 

The morphological appearance of the HCM specimens in this study displayed an intercellular 

space which was often widened, cardiomyocytes with a swollen/hypertrophic appearance and 

an increase in both volume and number of fibrous septa.  

Interstitial HYA staining was observed in the space between the cardiomyocytes, in fibrous 

septa and in the adventitia of intramyocardial vessels in heart tissue of both HCM-patients and 

controls. All manifestations; perivascular, interstitial and septal fibrosis showed an intense 

HYA-staining which was clearly increased in the HCM-samples compared to that of controls.  
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DISCUSSION  

 

Tissue architecture and its properties are defined by the components of the ECM. In the 

circulatory system the physiological and mechanical demand differs between arteries and 

veins and between different localisation in the body. The glycosaminoglycan HYA has both 

viscoelastic and osmotic properties. HYA and its receptor CD44 are also involved in several 

biological processes such as angiogenesis, inflammation and tumorgenesis.  

 

In paper I and II we describe the difference in HYA- and CD44-distribution between various 

vessels. Differences in the HYA distribution, due to localisation, were seen on the venous 

side. Since the venous vessel wall is thin, an explanation for this difference is a need for 

structural support and elasticity which HYA can provide. Concerning exchange of molecules 

between the blood and the tissues, HYA properties such as flow resistance, osmotic capacity 

and barrier function [6, 7] may be of importance. The barrier function of the endothelium and 

the role of HYA has been described earlier [8, 9, 127].  

 

The HYA-staining pattern was similar in almost all arteries. The staining in the aortic wall 

was consistent with previous studies in rat [103, 118, 119] with strong HYA-staining in 

adventitia and a intima and media almost devoid of HYA. The conduction of a high blood 

pressure seems to be better provided by a thick elastic and muscular tunica media. This differs 

from findings in large human arteries in which HYA was found to be present in both the 

intima and media [114, 115]. At present we can not explain these interspecies differences. In 

contrast, an accumulation of HYA in atherosclerotic vessel lesions has been seen in both 

human and mouse atherosclerosis [82, 114, 128, 129], which indicate a similar role for HYA 

in the genesis of atherosclerosis. 

 

The cerebral vessels contained minor amounts of HYA. This might indicate that the support 

and/or protection provided by the cranium reduce the need for HYA in the cerebral vessels.  

 

Only scarce CD44 staining was seen in some of the adult arteries and veins. This is in 

accordance with an earlier study in rat carotid artery in vivo [117] in which only minor CD44 

was detected. This gives the impression that CD44 is not necessary for the function in the 

healthy adult vascular system.  
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In the vessels of the newborn animals both the HYA staining and CD44 expression were 

increased. Both molecules have been shown to be involved in migration and proliferation 

during angiogenesis [11, 13, 14, 110-112]. One explanation to our findings is that co-

localisation and an increased staining of the molecules is a feature of a growing vessel tree. 

Against this theory stands the fact that the occurrence of HYA and CD44 in 3-week-old rats 

was similar to that of the adults, although these animals were still growing. Another, perhaps 

more plausible explanation is that the expression is a sign of an ongoing maturation and/or 

differentiation. The maturation/differentiation hypothesis is also applicable to the findings in 

paper III in which no distinct difference in HYA staining was seen between newborn and 

older animals. This can also be related to the cardiomyocyte exit from the cell cycle soon after 

birth [101, 102].  

  

Few studies have investigated the distribution of HYA [103-105] and CD44 [74] in the heart  

and none with a systematic description. In paper III the distribution of HYA and CD44 in 

hearts of newborn and adult rats is described. HYA was present in the interstitium of the 

myocardium and in the adventitia of intramyocardial vessels. This finding is well in 

consistence with the previous studies of myocardial staining. In our study we observed minor 

differences in staining between different age groups and between the ventricles. The 

difference seen between ventricles in newborn and adult animals can be explained by different 

physiological demands. Furthermore, both the elastic and lubricating properties [6, 7] of HYA 

may play an important role for the contractile function.   

 

In human mitral valves HYA is found preferentially at sites in the leaflets that are exposed to 

compressive forces [109]. An important physiochemical property of the HYA network is to 

withstand repetitive compressive forces [62]. In our study in rats, HYA was not only occurred 

abundant in the mitral valves but also in all valves and in every age group. A weak CD44 

staining was found in the different valves but not in all animals. It can be speculated if this is 

a sign of a rapid turnover due to exposure of strong mechanical forces. Since nerves have 

been shown to express CD44 staining (Paper II) the staining may also represent nerve endings 

[130].  

 

The involvement of HYA and the receptor CD 44 in cellular growth and tissue proliferation in 

malignancies and wound healing have been reported in numerous studies (Reviewed in [131, 

132]). Remodelling of the ECM content of hypertrophic hearts has been described in both 
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humans with pressure overload [133], and in HCM patients [124]. In this thesis we have used 

a pressure overload hypertrophic rat model. In this model the HYA-concentration and the 

mRNA levels of HAS1, HAS2, CD44, FGF-2 and FGFR-1 are elevated in the very early 

phase of hypertrophic development. The levels of these molecules are decreasing with 

different rate, indicating their different roles in the hypertrophic process and with a specific 

temporal pattern. It can be speculated if the HYA produced in the very early phase is 

important for maintaining the contractile function of the heart, or if it merely acts as a 

spacefiller in the growing heart. The latter would explain why there was no obvious difference 

in HYA-staining intensity between hypertrophic hearts and controls. However, this does not 

explain why HYA concentration decreases at days 6 and 42. The activation of two different 

HASs with different temporal pattern is intriguing. Does this mean that two different chain-

lengths of HYA are synthesised, and if so, do they have different effects?  

 

The CD44 receptor was mainly expressed on cells in and around the intramyocardial vessels 

but not obviously in the myocardium. This may indicate that, in this experimental model, 

HAS1 or HAS2 together with CD44 is involved in the early vascular response. Assuming that 

genes with the same biological activity have a similar temporal expression pattern, CD44 and 

HAS2 may be involved in the vascular response and FGF2 and HAS1 may be involved in 

cardiac growth.  

 

An interesting follow up study would be to closer examine the intramyocardial vessels. 

Cardiomyocytes exit the cell cycle soon after birth, but cell division has been observed in 

adult hearts after ischemic injury [134]. Thus far, no studies have shown if this is sufficient to 

improve the clinical outcome. It would be interesting to investigate if the cells expressing 

CD44 are fibroblasts, smooth muscle cells, inflammatory cells or maybe even stem cells. 

 

The importance of HYA in the heart architecture is supported by the fact that the distribution 

in the rat myocardium was similar to that in human control samples. In our study of HCM the 

normal human myocardium contained HYA in the interstitium, septa and adventitia of 

intramyocardial vessels. The increased staining of HYA in the HCM sections may have 

several implications. One may be that hypertrophied cardiomyocytes need an expanded HYA 

coat to maintain their contractile function, that is, large cell equals large HYA coat. HYA 

could also act as a cushion, absorbing the elevated intramyocardial pressure. On the contrary 

it may also be that the widened interstitium and increased HYA content impair the contractile 
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function through a mechanical or biological blocking, which accelerates and maintains the 

development. Since HCM-patients can survive lifelong without symptoms it is interesting to 

speculate on which comes first; an increase in cardiomyocyte size or an increase in ECM? 

Maybe genetic defects also give rise to an ECM-accumulation which in the end contributes to 

compensatory mechanisms and cardiac hypertrophy.    

 

CD44 was not expressed in and around myocardial vessels in HCM specimens in contrast to 

that of the rat model. This may indicate that CD44 is involved in the early phase of 

remodelling but not in the long term, chronic, adaptation of the myocardium.  
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CONCLUSIONS 
 

The results of the studies in this thesis can be summarised as follows: 

 

• The distribution of HYA in the rat vessel wall differs between arteries and veins and 

between veins in different localisations. 

• The HYA and CD44 staining was increased in the vessel wall of newborn rats 

compared to adult animals. 

• In the heart, there were no obvious differences in HYA and CD44 staining between 

newborn and adult animals. 

• Strong HYA staining was observed in all animal heart valves. 

• In the experimental rat model with pressure induced cardiac hypertrophy elevated 

mRNA-levels of HAS1, HAS2, CD44, FGF-2 and FGFR-1 and increased 

concentration of  HYA were observed in the early hypertrophic process. 

• In the experimental rat model with pressure induced cardiac hypertrophy, CD44 was 

mainly localised in and around intramyocardial vessels. 

• In myectomies from patients with HCM, increased HYA staining was observed 

compared to controls. 

 

Our results indicate that HYA and CD44 play an active role in the maturing vessel tree. HYA 

is involved in the ECM-remodelling during experimental myocardial hypertrophy and human 

hypertrophic cardiomyopathy. 
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SAMMANFATTNING PÅ SVENSKA 
 

Kroppens organ och strukturer består inte bara av celler. Mellan alla celler finns bindväv som 

också kallas extracellulär matrix (ECM). Bindväven består av proteiner, framför allt kollagen 

men också polysackarider, så kallade glykosaminoglykaner (GAG). Hyaluronan (HYA) är en 

vanligt förekommande beståndsdel i all bindväv. Molekylen har viktiga fysikalkemiska 

egenskaper, främst viskoelastiska och osmotiska, men den deltar också i många biologiska 

processer såsom cellvandring, celltillväxt, sårläkning och kärlnybildning. HYA tillverkas i 

cellmembranen av tillverkningsenzymer som kallas HAS 1, 2, och 3. HYA binder sig till en 

receptor, CD44, som finns på många celler. 

 

I hjärtat och kärlväggen är sammansättningen av bindväven av stor vikt för uthålligheten och 

elasticiteten, vilka är avgörande egenskaper för dessa organs normalfunktion. 

I denna avhandling beskrivs förekomst och distribution av HYA och receptorn CD44 i normal 

hjärt- och kärlvävnad samt i sjukligt förtjockad hjärtmuskel, så kallad hjärthypertrofi, både 

från experimentdjur och från människa. 

 

I de två första arbetena undersöktes vener och artärer från råttor i olika åldrar. I artiklarna 

visas att det yttersta lagret av kärlväggen, den så kallade adventitian, innehåller särskilt 

mycket HYA i nästan alla kärl. Däremot var förekomsten av HYA i andra lager av 

kärlväggen, framför allt i venerna, varierande och i artärerna hos vuxna djur, obefintlig. 

CD44-färgning sågs endast fläckvis i det vuxna kärlträdet. Både HYA och CD44 var mer 

förekommande i kärl hos nyfödda djur jämfört med äldre djur, framför allt i artärer. 

 

I delarbete tre undersöktes hjärtat hos råtta. Endast små skillnader observerades i förekomsten 

av HYA mellan de fyra hjärtkamrarnas väggar. HYA fanns i bindväven mellan 

hjärtmuskelcellerna och i adventitian runt kärlen i hjärtmuskeln. Samtliga hjärtklaffar färgade 

starkt för HYA. Det fanns ingen stor skillnad i färgintensitet mellan nyfödda och gamla djur.  

 

I det fjärde arbetet studerades hjärtat hos råttor som utvecklat hjärtförstoring genom 

avsnörning av kroppspulsådern. I detta arbete undersöktes genuttrycket för flera molekyler 

som har med tillväxt att göra samt generna för de tre tillverkningsenzymerna HAS 1, 2, och 3. 

Genuttrycket för HAS 1 och 2 ökade omedelbart liksom totalkoncentrationen av HYA. 

Nivåerna sjönk sedan, för att efter 42 dagar vara tillbaka på ursprungsnivån. Histokemisk 
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undersökning visade att HYA fanns i hjärtmuskelns bindväv och främst sågs CD44 i och 

omkring kärlen i hjärtat. 

 

I det femte arbetet studerades förstorad hjärtmuskel från människa. Materialet utgjordes av 

biopserad hjärtmuskel från patienter med hypertrof cardiomyopati (HCM). Histokemisk 

undersökning visade en tydlig ökning av HYA i den sjuka hjärtmuskeln jämfört med friska 

kontroller. 

 

HYA är av betydelse för kärlens och hjärtats funktion ur flera aspekter. 

Sammanfattningsvis har följande påvisats: 

- Distributionen av HYA i kärlväggen skiljer sig mellan artärer och vener och mellan 

vener med olika lokalisation i kroppen. 

- Förekomsten av HYA och CD44 i kärlväggen skiljer sig mellan nyfödda och vuxna 

djur. 

- Samma tydliga skillnad i HYA- och CD44-förekomst mellan nyfödda och vuxna som 

observerades i kärlträdet sågs inte i hjärtat. 

- I den experimentella modellen med hjärthypertrofi hos råtta är genuttrycken av HAS1, 

HAS2, CD44, basic Fibroblast Growth Factor (FGF-2) och Fibroblast Growth Factor 

Receptor 1 (FGFR-1) samt koncentrationen av HYA förhöjda i det tidiga skedet av 

hypertrofiutveckling. 

- I den experimentella modellen med hjärthypertrofi hos råtta är CD44-uttrycket främst 

lokaliserat i och omkring kärl i hjärtmuskeln. 

- I hjärtvävnad från patienter med HCM ses en tydligt ökad förekomst av HYA jämfört 

med kontroller. 

 43



ACKNOWLEDGEMENTS 

 

A lot of time has been spent in the lab since I first began collecting the first material in 1999. I 

would like to thank all those people who made this thesis possible: 

 

Anna Engström-Laurent, my supervisor who introduced me to the research world and taught 

me all about hyaluronan. Thank you for teaching me, encouraging me and inspiring me. 

 

Bengt Johansson, my co-supervisor for encouragement, all the technical advises and teaching 

me about the cardiovascular system.  

 

Sten Hellström, my father and co-author for inspiration and support.   

 

Urban Hellman, co-author and conference collegue for interesting discussions and help. We 

have done Charleston, what more to say. 

 

Anders Waldenström, co-author for interesting discussions and lunch meetings. 

 

Stellan Mörner, co-author for interesting discussions. 

 

Cecilia Mattsson, co-author for the help and advises. 

 

Ellinor Ädelroth and Diana Berggren head of the units of medicine and Oto-rhino-

laryngology for providing good working conditions. 

 

Berith Lundström, technical assistant who taught me much of what I know about 

histochemical methodology. Catrine Johansson and Kristina Forsgren, the other members in 

the ENT-group, who knows all there is to know about histochemistry. 

 

Annika Hansson, for work-related tips and not work-related discussions. Good luck in 

England! 

 

Janne Hörnsten for computer support. 

 

 44 



Andrea Lutz, Helena Harding, Kerstin Rosenqvist and Eva Karlsson for helping me with the 

how?, who?, when? and why?. 

 

Mother and brothers and sisters for support and a life beside work. 

 

Everybody at UKBF for all the help and for being very nice company. 

 

…and last but not least. Helena Starefeldt, my fiancé, and Julia, our daughter, for support and 

for making my cloudy days, sunny. 

 

     

Financial support: 

This thesis were supported by the Swedish Medical Research Council (grants No K2000-73x-

06578-18C), the Söderberg Foundation, the Medical Faculty of Umeå University, the Swedish 

Heart-Lung Foundation and the Heart Foundation of Northern Sweden. 

 

Thank you all! 

 45



REFERENCES 

 
1. Meyer K, P.J., The polysaccharide in the vitreous humor. J Biol Chem, 

1934(107): p. 629-634. 
2. Weissman B, M.K., The structure of hyalobiuronic avid and hyaluronic acid 

from imbilical cord. J Am Chem Soc, 1954(76): p. 1753-1757. 
3. Balazs, E.A., T.C. Laurent, and R.W. Jeanloz, Nomenclature of hyaluronic acid. 

Biochem J, 1986. 235(3): p. 903. 
4. Termeer, C.C., et al., Oligosaccharides of hyaluronan are potent activators of 

dendritic cells. J Immunol, 2000. 165(4): p. 1863-70. 
5. Stern, R., A.A. Asari, and K.N. Sugahara, Hyaluronan fragments: an 

information-rich system. Eur J Cell Biol, 2006. 85(8): p. 699-715. 
6. Laurent, T.C. and J.R. Fraser, Hyaluronan. Faseb J, 1992. 6(7): p. 2397-404. 
7. Laurent, T.C., U.B. Laurent, and J.R. Fraser, Functions of hyaluronan. Ann 

Rheum Dis, 1995. 54(5): p. 429-32. 
8. Qiao, R.L., et al., Extracellular matrix hyaluronan is a determinant of the 

endothelial barrier. Am J Physiol, 1995. 269(1 Pt 1): p. C103-9. 
9. Henry, C.B. and B.R. Duling, Permeation of the luminal capillary glycocalyx is 

determined by hyaluronan. Am J Physiol, 1999. 277(2 Pt 2): p. H508-14. 
10. Singleton, P.A., et al., Transactivation of sphingosine 1-phosphate receptors is 

essential for vascular barrier regulation. Novel role for hyaluronan and CD44 
receptor family. J Biol Chem, 2006. 281(45): p. 34381-93. 

11. West, D.C. and S. Kumar, The effect of hyaluronate and its oligosaccharides on 
endothelial cell proliferation and monolayer integrity. Exp Cell Res, 1989. 
183(1): p. 179-96. 

12. McBride, W.H. and J.B. Bard, Hyaluronidase-sensitive halos around adherent 
cells. Their role in blocking lymphocyte-mediated cytolysis. J Exp Med, 1979. 
149(2): p. 507-15. 

13. West, D.C., et al., Angiogenesis induced by degradation products of hyaluronic 
acid. Science, 1985. 228(4705): p. 1324-6. 

14. Rooney, P., et al., The role of hyaluronan in tumour neovascularization 
(review). Int J Cancer, 1995. 60(5): p. 632-6. 

15. Lokeshwar, V.B., et al., Tumor-associated hyaluronic acid: a new sensitive and 
specific urine marker for bladder cancer. Cancer Res, 1997. 57(4): p. 773-7. 

16. Zeng, C., et al., Inhibition of tumor growth in vivo by hyaluronan oligomers. Int 
J Cancer, 1998. 77(3): p. 396-401. 

17. Evanko, S.P. and T.N. Wight, Intracellular localization of hyaluronan in 
proliferating cells. J Histochem Cytochem, 1999. 47(10): p. 1331-42. 

18. Evanko, S.P., W.T. Parks, and T.N. Wight, Intracellular hyaluronan in arterial 
smooth muscle cells: association with microtubules, RHAMM, and the mitotic 
spindle. J Histochem Cytochem, 2004. 52(12): p. 1525-35. 

19. Hascall, V.C., et al., Intracellular hyaluronan: a new frontier for inflammation? 
Biochim Biophys Acta, 2004. 1673(1-2): p. 3-12. 

20. DeAngelis, P.L., J. Papaconstantinou, and P.H. Weigel, Isolation of a 
Streptococcus pyogenes gene locus that directs hyaluronan biosynthesis in 
acapsular mutants and in heterologous bacteria. J Biol Chem, 1993. 268(20): p. 
14568-71. 

21. DeAngelis, P.L., J. Papaconstantinou, and P.H. Weigel, Molecular cloning, 
identification, and sequence of the hyaluronan synthase gene from group A 
Streptococcus pyogenes. J Biol Chem, 1993. 268(26): p. 19181-4. 

 46 



22. DeAngelis, P.L. and P.H. Weigel, Immunochemical confirmation of the primary 
structure of streptococcal hyaluronan synthase and synthesis of high molecular 
weight product by the recombinant enzyme. Biochemistry, 1994. 33(31): p. 
9033-9. 

23. Itano, N. and K. Kimata, Expression cloning and molecular characterization of 
HAS protein, a eukaryotic hyaluronan synthase. J Biol Chem, 1996. 271(17): p. 
9875-8. 

24. Itano, N. and K. Kimata, Molecular cloning of human hyaluronan synthase. 
Biochem Biophys Res Commun, 1996. 222(3): p. 816-20. 

25. Shyjan, A.M., et al., Functional cloning of the cDNA for a human hyaluronan 
synthase. J Biol Chem, 1996. 271(38): p. 23395-9. 

26. Spicer, A.P., M.L. Augustine, and J.A. McDonald, Molecular cloning and 
characterization of a putative mouse hyaluronan synthase. J Biol Chem, 1996. 
271(38): p. 23400-6. 

27. Spicer, A.P., J.S. Olson, and J.A. McDonald, Molecular cloning and 
characterization of a cDNA encoding the third putative mammalian hyaluronan 
synthase. J Biol Chem, 1997. 272(14): p. 8957-61. 

28. Spicer, A.P., et al., Chromosomal localization of the human and mouse 
hyaluronan synthase genes. Genomics, 1997. 41(3): p. 493-7. 

29. Philipson, L.H. and N.B. Schwartz, Subcellular localization of hyaluronate 
synthetase in oligodendroglioma cells. J Biol Chem, 1984. 259(8): p. 5017-23. 

30. Prehm, P., Hyaluronate is synthesized at plasma membranes. Biochem J, 1984. 
220(2): p. 597-600. 

31. Itano, N., et al., Three isoforms of mammalian hyaluronan synthases have 
distinct enzymatic properties. J Biol Chem, 1999. 274(35): p. 25085-92. 

32. Spicer, A.P. and J.Y. Tien, Hyaluronan and morphogenesis. Birth Defects Res 
C Embryo Today, 2004. 72(1): p. 89-108. 

33. Stuhlmeier, K.M. and C. Pollaschek, Differential effect of transforming growth 
factor beta (TGF-beta) on the genes encoding hyaluronan synthases and 
utilization of the p38 MAPK pathway in TGF-beta-induced hyaluronan synthase 
1 activation. J Biol Chem, 2004. 279(10): p. 8753-60. 

34. Pasonen-Seppanen, S., et al., EGF upregulates, whereas TGF-beta 
downregulates, the hyaluronan synthases Has2 and Has3 in organotypic 
keratinocyte cultures: correlations with epidermal proliferation and 
differentiation. J Invest Dermatol, 2003. 120(6): p. 1038-44. 

35. Ducale, A.E., et al., Regulation of hyaluronan synthase-2 expression in human 
intestinal mesenchymal cells: mechanisms of interleukin-1beta-mediated 
induction. Am J Physiol Gastrointest Liver Physiol, 2005. 289(3): p. G462-70. 

36. Kawakami, M., et al., Hyaluronan production in human rheumatoid fibroblastic 
synovial lining cells is increased by interleukin 1 beta but inhibited by 
transforming growth factor beta 1. Ann Rheum Dis, 1998. 57(10): p. 602-5. 

37. Suzuki, K., et al., Expression of hyaluronan synthase in intraocular proliferative 
diseases: regulation of expression in human vascular endothelial cells by 
transforming growth factor-beta. Jpn J Ophthalmol, 2003. 47(6): p. 557-64. 

38. Evanko, S.P., et al., Platelet-derived growth factor stimulates the formation of 
versican-hyaluronan aggregates and pericellular matrix expansion in arterial 
smooth muscle cells. Arch Biochem Biophys, 2001. 394(1): p. 29-38. 

39. Usui, T., et al., Expression regulation of hyaluronan synthase in corneal 
endothelial cells. Invest Ophthalmol Vis Sci, 2000. 41(11): p. 3261-7. 

 47



40. Tanimoto, K., et al., Effects of TGF-beta on hyaluronan anabolism in fibroblasts 
derived from the synovial membrane of the rabbit temporomandibular joint. J 
Dent Res, 2004. 83(1): p. 40-4. 

41. Recklies, A.D., et al., Differential regulation and expression of hyaluronan 
synthases in human articular chondrocytes, synovial cells and osteosarcoma 
cells. Biochem J, 2001. 354(Pt 1): p. 17-24. 

42. Jacobson, A., et al., Expression of human hyaluronan synthases in response to 
external stimuli. Biochem J, 2000. 348 Pt 1: p. 29-35. 

43. Zhang, W., et al., Glucocorticoids induce a near-total suppression of 
hyaluronan synthase mRNA in dermal fibroblasts and in osteoblasts: a 
molecular mechanism contributing to organ atrophy. Biochem J, 2000. 349(Pt 
1): p. 91-7. 

44. Csoka, A.B., G.I. Frost, and R. Stern, The six hyaluronidase-like genes in the 
human and mouse genomes. Matrix Biol, 2001. 20(8): p. 499-508. 

45. Stern, R., Devising a pathway for hyaluronan catabolism: are we there yet? 
Glycobiology, 2003. 13(12): p. 105R-115R. 

46. Csoka, A.B., S.W. Scherer, and R. Stern, Expression analysis of six paralogous 
human hyaluronidase genes clustered on chromosomes 3p21 and 7q31. 
Genomics, 1999. 60(3): p. 356-61. 

47. Frost, G.I., et al., Purification, cloning, and expression of human plasma 
hyaluronidase. Biochem Biophys Res Commun, 1997. 236(1): p. 10-5. 

48. Csoka, A.B., et al., Purification and microsequencing of hyaluronidase isozymes 
from human urine. FEBS Lett, 1997. 417(3): p. 307-10. 

49. Natowicz, M.R., et al., Clinical and biochemical manifestations of 
hyaluronidase deficiency. N Engl J Med, 1996. 335(14): p. 1029-33. 

50. Triggs-Raine, B., et al., Mutations in HYAL1, a member of a tandemly 
distributed multigene family encoding disparate hyaluronidase activities, cause 
a newly described lysosomal disorder, mucopolysaccharidosis IX. Proc Natl 
Acad Sci U S A, 1999. 96(11): p. 6296-300. 

51. Lepperdinger, G., B. Strobl, and G. Kreil, HYAL2, a human gene expressed in 
many cells, encodes a lysosomal hyaluronidase with a novel type of specificity. J 
Biol Chem, 1998. 273(35): p. 22466-70. 

52. Lathrop, W.F., et al., cDNA cloning reveals the molecular structure of a sperm 
surface protein, PH-20, involved in sperm-egg adhesion and the wide 
distribution of its gene among mammals. J Cell Biol, 1990. 111(6 Pt 2): p. 2939-
49. 

53. Gmachl, M. and G. Kreil, Bee venom hyaluronidase is homologous to a 
membrane protein of mammalian sperm. Proc Natl Acad Sci U S A, 1993. 
90(8): p. 3569-73. 

54. Gmachl, M., et al., The human sperm protein PH-20 has hyaluronidase activity. 
FEBS Lett, 1993. 336(3): p. 545-8. 

55. Cherr, G.N., A.I. Yudin, and J.W. Overstreet, The dual functions of GPI-
anchored PH-20: hyaluronidase and intracellular signaling. Matrix Biol, 2001. 
20(8): p. 515-25. 

56. Day, A.J. and G.D. Prestwich, Hyaluronan-binding proteins: tying up the giant. 
J Biol Chem, 2002. 277(7): p. 4585-8. 

57. Kohda, D., et al., Solution structure of the link module: a hyaluronan-binding 
domain involved in extracellular matrix stability and cell migration. Cell, 1996. 
86(5): p. 767-75. 

 48 



58. Watanabe, H., et al., Identification of hyaluronan-binding domains of aggrecan. 
J Biol Chem, 1997. 272(44): p. 28057-65. 

59. Zimmermann, D.R. and E. Ruoslahti, Multiple domains of the large fibroblast 
proteoglycan, versican. Embo J, 1989. 8(10): p. 2975-81. 

60. Rauch, U., et al., Cloning and primary structure of neurocan, a developmentally 
regulated, aggregating chondroitin sulfate proteoglycan of brain. J Biol Chem, 
1992. 267(27): p. 19536-47. 

61. Yamada, H., et al., Molecular cloning of brevican, a novel brain proteoglycan of 
the aggrecan/versican family. J Biol Chem, 1994. 269(13): p. 10119-26. 

62. Kreis, T. and R. Vale, Guidebook to the Extracellular Matrix, Anchor, and 
Adhesion proteins. 2nd ed, ed. V.R. Kreis T. 1999, Oxford: Oxford University 
Press Inc, New York. 359-361. 

63. Evanko, S.P., J.C. Angello, and T.N. Wight, Formation of hyaluronan- and 
versican-rich pericellular matrix is required for proliferation and migration of 
vascular smooth muscle cells. Arterioscler Thromb Vasc Biol, 1999. 19(4): p. 
1004-13. 

64. Yamaguchi, Y., Lecticans: organizers of the brain extracellular matrix. Cell 
Mol Life Sci, 2000. 57(2): p. 276-89. 

65. Spicer, A.P., A. Joo, and R.A. Bowling, Jr., A hyaluronan binding link protein 
gene family whose members are physically linked adjacent to chondroitin 
sulfate proteoglycan core protein genes: the missing links. J Biol Chem, 2003. 
278(23): p. 21083-91. 

66. Binette, F., et al., Link protein is ubiquitously expressed in non-cartilaginous 
tissues where it enhances and stabilizes the interaction of proteoglycans with 
hyaluronic acid. J Biol Chem, 1994. 269(29): p. 19116-22. 

67. Watanabe, H. and Y. Yamada, Mice lacking link protein develop dwarfism and 
craniofacial abnormalities. Nat Genet, 1999. 21(2): p. 225-9. 

68. Lee, T.H., H.G. Wisniewski, and J. Vilcek, A novel secretory tumor necrosis 
factor-inducible protein (TSG-6) is a member of the family of hyaluronate 
binding proteins, closely related to the adhesion receptor CD44. J Cell Biol, 
1992. 116(2): p. 545-57. 

69. Wisniewski, H.G. and J. Vilcek, TSG-6: an IL-1/TNF-inducible protein with 
anti-inflammatory activity. Cytokine Growth Factor Rev, 1997. 8(2): p. 143-56. 

70. Milner, C.M., V.A. Higman, and A.J. Day, TSG-6: a pluripotent inflammatory 
mediator? Biochem Soc Trans, 2006. 34(Pt 3): p. 446-50. 

71. Imler, J.L. and J.A. Hoffmann, Toll receptors in innate immunity. Trends Cell 
Biol, 2001. 11(7): p. 304-11. 

72. Taylor, K.R., et al., Hyaluronan fragments stimulate endothelial recognition of 
injury through TLR4. J Biol Chem, 2004. 279(17): p. 17079-84. 

73. Jiang, D., et al., Regulation of lung injury and repair by Toll-like receptors and 
hyaluronan. Nat Med, 2005. 11(11): p. 1173-9. 

74. Picker, L.J., M. Nakache, and E.C. Butcher, Monoclonal antibodies to human 
lymphocyte homing receptors define a novel class of adhesion molecules on 
diverse cell types. J Cell Biol, 1989. 109(2): p. 927-37. 

75. Wayner, E.A. and W.G. Carter, Identification of multiple cell adhesion 
receptors for collagen and fibronectin in human fibrosarcoma cells possessing 
unique alpha and common beta subunits. J Cell Biol, 1987. 105(4): p. 1873-84. 

76. Carter, W.G. and E.A. Wayner, Characterization of the class III collagen 
receptor, a phosphorylated, transmembrane glycoprotein expressed in nucleated 
human cells. J Biol Chem, 1988. 263(9): p. 4193-201. 

 49



77. Stamenkovic, I. and A. Aruffo, Hyaluronic acid receptors. Methods Enzymol, 
1994. 245: p. 195-216. 

78. Ponta, H., L. Sherman, and P.A. Herrlich, CD44: from adhesion molecules to 
signalling regulators. Nat Rev Mol Cell Biol, 2003. 4(1): p. 33-45. 

79. DeGrendele, H.C., et al., CD44 and its ligand hyaluronate mediate rolling under 
physiologic flow: a novel lymphocyte-endothelial cell primary adhesion 
pathway. J Exp Med, 1996. 183(3): p. 1119-30. 

80. Haynes, B.F., et al., Measurement of an adhesion molecule as an indicator of 
inflammatory disease activity. Up-regulation of the receptor for hyaluronate 
(CD44) in rheumatoid arthritis. Arthritis Rheum, 1991. 34(11): p. 1434-43. 

81. Mikecz, K., et al., Anti-CD44 treatment abrogates tissue oedema and leukocyte 
infiltration in murine arthritis. Nat Med, 1995. 1(6): p. 558-63. 

82. Kolodgie, F.D., et al., Differential accumulation of proteoglycans and 
hyaluronan in culprit lesions: insights into plaque erosion. Arterioscler Thromb 
Vasc Biol, 2002. 22(10): p. 1642-8. 

83. Gunthert, U., et al., A new variant of glycoprotein CD44 confers metastatic 
potential to rat carcinoma cells. Cell, 1991. 65(1): p. 13-24. 

84. Seiter, S., et al., Prevention of tumor metastasis formation by anti-variant CD44. 
J Exp Med, 1993. 177(2): p. 443-55. 

85. Tsukita, S., et al., ERM family members as molecular linkers between the cell 
surface glycoprotein CD44 and actin-based cytoskeletons. J Cell Biol, 1994. 
126(2): p. 391-401. 

86. Screaton, G.R., et al., Genomic structure of DNA encoding the lymphocyte 
homing receptor CD44 reveals at least 12 alternatively spliced exons. Proc Natl 
Acad Sci U S A, 1992. 89(24): p. 12160-4. 

87. Lesley, J., R. Hyman, and P.W. Kincade, CD44 and its interaction with 
extracellular matrix. Adv Immunol, 1993. 54: p. 271-335. 

88. Skelton, T.P., et al., Glycosylation provides both stimulatory and inhibitory 
effects on cell surface and soluble CD44 binding to hyaluronan. J Cell Biol, 
1998. 140(2): p. 431-46. 

89. Lesley, J., et al., CD44 in inflammation and metastasis. Glycoconj J, 1997. 
14(5): p. 611-22. 

90. Peach, R.J., et al., Identification of hyaluronic acid binding sites in the 
extracellular domain of CD44. J Cell Biol, 1993. 122(1): p. 257-64. 

91. Yang, B., et al., Identification of a common hyaluronan binding motif in the 
hyaluronan binding proteins RHAMM, CD44 and link protein. Embo J, 1994. 
13(2): p. 286-96. 

92. Weber, K.T., et al., Collagen network of the myocardium: function, structural 
remodeling and regulatory mechanisms. J Mol Cell Cardiol, 1994. 26(3): p. 
279-92. 

93. Wheatley, S.C., C.M. Isacke, and P.H. Crossley, Restricted expression of the 
hyaluronan receptor, CD44, during postimplantation mouse embryogenesis 
suggests key roles in tissue formation and patterning. Development, 1993. 
119(2): p. 295-306. 

94. Spicer, A.P. and J.A. McDonald, Characterization and molecular evolution of a 
vertebrate hyaluronan synthase gene family. J Biol Chem, 1998. 273(4): p. 
1923-32. 

95. Schmits, R., et al., CD44 regulates hematopoietic progenitor distribution, 
granuloma formation, and tumorigenicity. Blood, 1997. 90(6): p. 2217-33. 

 50 



96. Camenisch, T.D., et al., Disruption of hyaluronan synthase-2 abrogates normal 
cardiac morphogenesis and hyaluronan-mediated transformation of epithelium 
to mesenchyme. J Clin Invest, 2000. 106(3): p. 349-60. 

97. Camenisch, T.D., et al., Heart-valve mesenchyme formation is dependent on 
hyaluronan-augmented activation of ErbB2-ErbB3 receptors. Nat Med, 2002. 
8(8): p. 850-5. 

98. Tien, J.Y. and A.P. Spicer, Three vertebrate hyaluronan synthases are 
expressed during mouse development in distinct spatial and temporal patterns. 
Dev Dyn, 2005. 233(1): p. 130-41. 

99. Sadler, T.W. and J. Langman, Langman’s medical embryology. 10th ed. 2006, 
Philadelphia, Pa.: Lippincott Williams & Wilkins, cop. . 371. 

100. Fenderson, B.A., I. Stamenkovic, and A. Aruffo, Localization of hyaluronan in 
mouse embryos during implantation, gastrulation and organogenesis. 
Differentiation, 1993. 54(2): p. 85-98. 

101. Soonpaa, M.H., et al., Cardiomyocyte DNA synthesis and binucleation during 
murine development. Am J Physiol, 1996. 271(5 Pt 2): p. H2183-9. 

102. MacLellan, W.R. and M.D. Schneider, Genetic dissection of cardiac growth 
control pathways. Annu Rev Physiol, 2000. 62: p. 289-319. 

103. Laurent, C., et al., Localization of hyaluronan in various muscular tissues. A 
morphological study in the rat. Cell Tissue Res, 1991. 263(2): p. 201-5. 

104. Waldenström, A., et al., Accumulation of hyaluronan and tissue edema in 
experimental myocardial infarction. J Clin Invest, 1991. 88(5): p. 1622-8. 

105. Hällgren, R., et al., Accumulation of hyaluronan (hyaluronic acid) in myocardial 
interstitial tissue parallels development of transplantation edema in heart 
allografts in rats. J Clin Invest, 1990. 85(3): p. 668-73. 

106. Wilhelmi, M.H., et al., Upregulation of endothelial adhesion molecules in 
hearts with congestive and ischemic cardiomyopathy: immunohistochemical 
evaluation of inflammatory endothelial cell activation. Eur J Cardiothorac Surg, 
2005. 27(1): p. 122-7. 

107. Colvee, E. and J.M. Hurle, Maturation of the extracellular material of the 
semilunar heart values in the mouse. A histochemical analysis of collagen and 
mucopolysaccharides. Anat Embryol (Berl), 1981. 162(3): p. 343-52. 

108. Baig, M.M., G.R. Daicoff, and E.M. Ayoub, Comparative studies of the acid 
mucopolysaccharide composition of rheumatic and normal heart valves in man. 
Circ Res, 1978. 42(2): p. 271-5. 

109. Grande-Allen, K.J., et al., Glycosaminoglycans and proteoglycans in normal 
mitral valve leaflets and chordae: association with regions of tensile and 
compressive loading. Glycobiology, 2004. 14(7): p. 621-33. 

110. Rahmanian, M., et al., Hyaluronan oligosaccharides induce tube formation of a 
brain endothelial cell line in vitro. Exp Cell Res, 1997. 237(1): p. 223-30. 

111. Savani, R.C., et al., Differential involvement of the hyaluronan (HA) receptors 
CD44 and receptor for HA-mediated motility in endothelial cell function and 
angiogenesis. J Biol Chem, 2001. 276(39): p. 36770-8. 

112. Trochon, V., et al., Evidence of involvement of CD44 in endothelial cell 
proliferation, migration and angiogenesis in vitro. Int J Cancer, 1996. 66(5): p. 
664-8. 

113. Cao, G., et al., Involvement of endothelial CD44 during in vivo angiogenesis. 
Am J Pathol, 2006. 169(1): p. 325-36. 

 51



114. Lévesque, H., et al., Localization and solubilization of hyaluronan and of the 
hyaluronan-binding protein hyaluronectin in human normal and arteriosclerotic 
arterial walls. Atherosclerosis, 1994. 105(1): p. 51-62. 

115. Stevens, R.L., et al., The glycosaminoglycans of the human artery and their 
changes in atherosclerosis. J Clin Invest, 1976. 58(2): p. 470-81. 

116. van den Boom, M., et al., Differential regulation of hyaluronic acid synthase 
isoforms in human saphenous vein smooth muscle cells: possible implications 
for vein graft stenosis. Circ Res, 2006. 98(1): p. 36-44. 

117. Jain, M., et al., Role of CD44 in the reaction of vascular smooth muscle cells to 
arterial wall injury. J Clin Invest, 1996. 97(3): p. 596-603. 

118. Chajara, A., et al., Effect of aging on neointima formation and hyaluronan, 
hyaluronidase and hyaluronectin production in injured rat aorta. 
Atherosclerosis, 1998. 138(1): p. 53-64. 

119. Chajara, A., et al., The fibroproliferative response of arterial smooth muscle 
cells to balloon catheter injury is associated with increased hyaluronidase 
production and hyaluronan degradation. Atherosclerosis, 2001. 157(2): p. 293-
300. 

120. Keenan, N.G. and D.J. Pennell, CMR of ventricular function. Echocardiography, 
2007. 24(2): p. 185-93. 

121. Zipes, D.P., et al., Braunwald´s Heart disease. A textbook of cardiovascular 
medicine. 7th ed. 2005, Philadelphia: Elsevier Inc. 

122. Ivens, E., Hypertrophic cardiomyopathy. Heart Lung Circ, 2004. 13 Suppl 3: p. 
S48-55. 

123. Pelliccia, A., et al., Evidence for efficacy of the Italian national pre-
participation screening programme for identification of hypertrophic 
cardiomyopathy in competitive athletes. Eur Heart J, 2006. 27(18): p. 2196-200. 

124. Factor, S.M., et al., Pathologic fibrosis and matrix connective tissue in the 
subaortic myocardium of patients with hypertrophic cardiomyopathy. J Am Coll 
Cardiol, 1991. 17(6): p. 1343-51. 

125. Betocchi, S., et al., Regional left ventricular mechanics in hypertrophic 
cardiomyopathy. Circulation, 1993. 88(5 Pt 1): p. 2206-14. 

126. Tengblad, A., Affinity chromatography on immobilized hyaluronate and its 
application to the isolation of hyaluronate binding properties from cartilage. 
Biochim Biophys Acta, 1979. 578(2): p. 281-9. 

127. Singleton, P.A. and L.Y. Bourguignon, CD44v10 interaction with Rho-kinase 
(ROK) activates inositol 1,4,5-triphosphate (IP3) receptor-mediated Ca2+ 
signaling during hyaluronan (HA)-induced endothelial cell migration. Cell 
Motil Cytoskeleton, 2002. 53(4): p. 293-316. 

128. Papakonstantinou, E., et al., The differential distribution of hyaluronic acid in 
the layers of human atheromatic aortas is associated with vascular smooth 
muscle cell proliferation and migration. Atherosclerosis, 1998. 138(1): p. 79-89. 

129. Chai, S., et al., Overexpression of hyaluronan in the tunica media promotes the 
development of atherosclerosis. Circ Res, 2005. 96(5): p. 583-91. 

130. Jew, J.Y. and T.H. Williams, Innervation of the mitral valve is strikingly 
depleted with age. Anat Rec, 1999. 255(3): p. 252-60. 

131. Stern, R., Hyaluronan metabolism: a major paradox in cancer biology. Pathol 
Biol (Paris), 2005. 53(7): p. 372-82. 

132. Noble, P.W., Hyaluronan and its catabolic products in tissue injury and repair. 
Matrix Biol, 2002. 21(1): p. 25-9. 

 52 



133. Swynghedauw, B., et al., Biological basis of diastolic dysfunction of the 
hypertensive heart. Eur Heart J, 1992. 13 Suppl D: p. 2-8. 

134. Beltrami, A.P., et al., Evidence that human cardiac myocytes divide after 
myocardial infarction. N Engl J Med, 2001. 344(23): p. 1750-7. 

 
 

 53


	Cover illustration: Microscopic image of a cardiac myectomy specimen from a patient with hypertrophic cardiomyopathy stained for HYA (Brown).
	Umeå 2007
	Copyright © 2007 by Martin Hellström
	 
	To Helena and Julia
	 TABLE OF CONTENTS
	 ABSTRACT
	 ABBREVIATIONS
	 PUBLICATION LIST
	 BACKGROUND
	Glycosaminoglycans (GAGs) 
	Hyaluronan (HYA) 
	High molecular weight HYA (6x105-1x106 kDa [4]; 2x103-105 sugars [5])
	Low molecular weight HYA
	Intracellular HYA
	Hyaluronan synthesizing enzymes- Hyaluronan synthetases (HAS) 
	Hyaluronan synthesis
	Regulation of HYA-synthesis
	Degradation
	Hyaladheriner 

	CD44 
	CD44 synthesis 

	Collagen 
	Elastin
	Non-collagen proteins
	Histology
	Vessels 
	Arteries 
	Veins
	Heart
	Epicardium
	Myocardium
	Endocardium
	Valves 

	Hyaluronan and CD44 in the cardiovascular system 
	Cardiac development
	Adult heart
	Vessel formation
	Adult vessels

	Hypertrophy of the heart 
	Pressure overload
	Volume overload
	Intrinsic factors (Cardiomyopathies)


	 AIMS
	 PRESENTATION OF PAPERS
	Paper I + II
	Paper III 
	Paper IV 
	Paper V 

	 TISSUES AND PREPARATION
	Animals and tissues
	Paper I-III
	Paper IV

	Patients and Tissues
	Paper V


	 ANALYTICAL METHODS
	Histochemical localisation of HYA and CD44
	Photodocumentation
	Real-time PCR
	Quantitative analysis of HYA
	 Statistics

	 MAIN RESULTS
	Paper I+II
	Paper III
	Paper IV
	Paper V

	 DISCUSSION 
	 CONCLUSIONS
	 SAMMANFATTNING PÅ SVENSKA
	 ACKNOWLEDGEMENTS
	 REFERENCES

