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Abstract
Transgenic mice were used to evaluate the roles of collagens XV and XVIII in retinal vessel
development and to examine the roles of collagen XV and laminin α4 in peripheral nerve
development and function. Also, in vitro methods were used to study the functions of recombinant,
full-length human collagen XV produced in insect cells. 

The lack of collagen XVIII alone was found to result in overproliferation of astrocytes in the
mouse retina and deficient vascularization of the retina, which was ultimately rescued by the
persistent hyaloid vessels. VEGF mRNA expression was appropriately regulated in the retina of
the collagen XVIII deficient mice, which also showed reduced susceptibility to oxygen-induced
neovascularization. Lack of collagen XV alone had no obvious effect on the mouse eye, but an
abnormal migration of astrocytes onto the persistent hyaloid vessels could be seen in mice lacking
both collagens XVIII and XV. 

Recombinant full-length human collagen XV was seen in rotary shadowing EM as an extended
protein with numerous kinks and a globular domain at its N-terminus. The mean length of the
molecules was 241 nm and they had a tendency to form aggregates. Collagen XV attaches to the
collagen binding region of fibronectin and to a lesser extent to vitronectin and laminin. It was
rapidly bound to cultured cells with a staining pattern co-localizing with fibronectin. Collagen XV
was also found to inhibit the adhesion and migration of cells in vitro. 

Lack of collagen XV in mice was found to result in ultrastructural abnormalities in the sciatic
nerves, such as polyaxonal myelination and more loosely packed C-fibres, mild impairment of BM
assembly and mild motor dysfunction with a lower sensory nerve conduction velocity. Polyaxonal
myelination and a failure in the segregation of axons were evident in laminin α4 null mice, which
also had diminished amounts of C-fibres, BM abnormalities, diminished myelin and a greater
myelin period compared with wild-type mice. They performed poorly in the round beam test and
showed diminished compound muscle action potentials. A simultaneous lack of collagen XV and
laminin α4 resulted in a permanent defect in the segregation of axons and C-fibre development.
The performance of the double null mice on the round beam was poor relative to the other
genotypes. 

Keywords: cell migration and adhesion, collagen XV, collagen XVIII, laminin α4,
peripheral nerve development, retinal vascularization
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Tiivistelmä
Tässä väitöskirjatyössä on tutkittu kollageenien XV ja XVIII merkitystä silmän verkkokalvon
verisuonituksen kehittymiselle sekä kollageeni XV:n ja laminiini α4:n merkitystä ääreishermon
kehittymiselle ja toiminnalle käyttäen hyväksi muuntogeenisiä hiiriä. Lisäksi tässä työssä on
käytetty in vitro –menetelmiä hyönteissoluissa yhdistelmä-DNA-tekniikalla tuotetun kollageeni
XV:n toiminnan tutkimiseksi. 

Kollageeni XVIII:n puutteen todettiin johtavan verkkokalvon astrosyyttien määrän lisäänty-
miseen sekä verkkokalvon suonituksen kehittymiseen epänormaalilla tavalla lasiaissuonista, jot-
ka eivät olleetkaan hävinneet kehityksen aikana. VEGF:n lähetti-RNA:n ilmentyminen oli asian-
mukaisesti säädelty eri verkkokalvon alueilla kollageeni XVIII:n suhteen poistogeenisillä hiiril-
lä, joilla kehittyi myös vähemmän uudissuonia matalalle hapen osapaineelle altistamisen jäl-
keen. Kollageeni XV:n puute ei johtanut havaittaviin muutoksiin silmässä, mutta molempien
kollageenien XV ja XVIII puuttuessa havaittiin silmässä epänormaalia astrosyyttien soluvaellus-
ta lasiaissuonten päälle. 

Tässä väitöskirjatyössä osoitetaan, että yhdistelmä-DNA-tekniikalla tuotettu kokopitkä ihmi-
sen kollageeni XV näytti elektronimikroskopiassa pitkältä molekyyliltä, jonka pituus oli keski-
määrin 241 nm ja joka sitoutui helposti toisiin kollageeni XV -molekyyleihin. Kollageeni XV
sitoutuu fibronektiinin kollageenia sitovaan osaan sekä vitronektiiniin ja laminiiniin. Viljeltyi-
hin soluihin kollageeni XV sitoutui siten, että vasta-ainevärjäyksellä todettiin sen paikallistuvan
samoille alueille fibronektiinin kanssa. Kollageeni XV:n todettiin myös vähentävän solujen kiin-
nittymistä ja liikkumista. 

Hiirissä kollageeni XV:n puutoksen todettiin johtavan iskiahermoissa polyaksonaaliseen
myelinisaatioon, C-säikeiden lievään kehityshäiriöön, tyvikalvon koostumuksen häiriöön, lie-
viin motorisiin vaikeuksiin ja matalampaan tuntohermojen johtonopeuteen. Laminiini α4 –puut-
teisilla hiirillä oli todettavissa myös polyaksonaalista myelinisaatiota ja lisäksi häiriö aksonien
erottelussa. Niiden hermoista löytyi myös tyvikalvon epämuodostumia, vähemmän myeliiniä ja
C-säikeitä sekä suuremmat myeliinijaksot verrattuna villityypin hiiriin. Ne selviytyivät huonosti
kävelytestissä ja niiden lihasten aktiopotentiaalit olivat pienemmät kuin kontrollihiirillä. Saman-
aikainen kollageeni XV:n ja laminiini α4:n puutos johti pysyvään aksonien erottelun ja C-säikei-
den kehittymisen häiriöön. Kävelytestissä tuplapoistogeeniset hiiret selviytyivät huonoiten mui-
hin genotyyppeihin verrattuna. 

Asiasanat: kollageeni XV, kollageeni XVIII, laminiini α4, soluvaellus ja solujen
kiinnittyminen, verkkokalvon verisuoniston kehittyminen, ääreishermojen kehittyminen
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1 Introduction 

Collagens are the most abundant proteins in the ECM of mammals, and among 

them the homologous collagens XV and XVIII are expressed in the basement 

membrane zones of endothelial and epithelial structures and surrounding certain 

mesenchymal cells. Many ECM proteins are proteoglycans containing 

glycosaminoglycan chains; e.g. collagen XV is a chondroitin sulphate 

proteoglycan and collagen XVIII a heparan sulphate proteoglycan. Another class 

of carbohydrated proteins consists of the glycoproteins, in which the carbohydrate 

content is smaller and the carbohydrate chains are of different composition. The 

laminins, for example, belong to the glycoprotein group of proteins. Laminin α4 

is expressed in endothelial BMs and surrounding certain mesenchymal cells, 

showing a somewhat similar expression pattern to that of collagen XV.  

Collagen types XV and XVIII belong to a collagen subgroup of 

MULTIPLEXINs (multiple triple-helix domains and interruptions) and are both 

characterized by large N and C-terminal non-collagenous domains and a highly 

interrupted collagenous domain in between. The C-terminal end of collagen 

XVIII, named endostatin, has been found to inhibit endothelial cell growth and 

migration, and the corresponding region in collagen XV, termed restin, has also 

been shown to have anti-migratory functions. Collagens XV and XVIII are 

expressed widely, albeit in low amounts, in basement membrane zones. Their 

distribution is partly overlapping, but some tissue-specific differences exist: 

collagen XV is more prominent in muscle basement membranes, whereas 

collagen XVIII is expressed more in the liver. Both can be found in the basement 

membranes of capillaries. The C-terminal ends of these collagens have been 

studied widely as possible treatments for cancer because of their anti-angiogenic 

functions.  

Collagen XV deficient mice have been shown to be susceptible to exercise-

induced muscle damage and to have diminished sensitivity of the heart to β-

adrenergic stimulation. Mice lacking collagen XVIII were found to have eye 

abnormalities, including delayed regression of the hyaloid vessels in the vitreous 

body. They also showed abnormal outgrowth of the retinal vessels and structural 

changes in the iris and ciliary body. Mutations in the human collagen XVIII gene 

lead to what is known as Knobloch syndrome, which is characterized by high 

myopia, vitreoretinal degeneration, retinal detachment, macular abnormalities and 

occipital encephalocele. 
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The aim of this research was to evaluate the functions of the basement 

membrane zone collagen XV in vitro and in vivo. More specifically, the roles of 

collagen XV in the development of vascularization in the mouse eye and the 

development of the peripheral nerves were evaluated. Mice deficient in both 

collagens XV and XVIII were studied to investigate the possibility of 

compensatory mechanisms, and the effects of recombinant full-length human 

collagen XV on cell migration and adhesion were tested under cell culture 

conditions. We also looked for possible binding partners through which collagen 

XV could exert its effects. Another component of the basement membrane zone, 

the laminin α4 chain found in laminins 8, 9 and 14, which bears certain 

similarities to collagen XV in its functional properties, was chosen for the in vivo 

examination of possible synergistic or compensatory effects.  
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2 Review of the literature 

There is a high degree of similarity between human and mouse genomes, and 

most human genes have counterparts in the mouse genome. As mammals, mice 

have roughly the same body functions and patterns of development in their 

specialized tissues and organs as are found in humans. Mice breed easily and they 

have been sustained in captivity for over a hundred years, as a result of which 

inbred strains with little genetic variation have been formed, and these can be 

used for scientific purposes to reduce the effect of genetic variation on the results. 

Their genome can be altered by various techniques and they provide a relatively 

fast way of studying the effects of gene mutations, drugs or environmental factors. 

For all the above reasons, two of the studies included in this thesis were carried 

out with genetically engineered mice to obtain an understanding of the effects of 

collagens XV and XVIII and laminin α4 in vivo. 
The review of the literature presented here includes a brief summary dealing 

with collagens in general and more detailed descriptions of collagens XV and 

XVIII and laminin α4. The two specific tissues examined in this work, the eye 

and the peripheral nerve, are introduced. The review also describes some general 

aspects of the extracellular matrix (ECM) components.  

2.1 The extracellular matrix 

The function of the ECM is to provide appropriate circumstances in which the 

cells can live; it serves as a mechanical support, protects them against 

environmental hazards, acts as a thermal insulator and protects them from harmful 

substances, microbes and radiation. It can also act as storage for growth factors 

and as a source of cryptic regulatory molecules. Basement membranes (BM) are 

specialized parts of the ECM which can be found throughout the body, supporting 

epithelial and endothelial cells and certain specialized structures (Barkan et al. 
2010, Bruckner-Tuderman et al. 2010, Ferrara 2010, Germain et al. 2010, Iozzo et 
al. 2009, Ko & Marinkovich 2010, Van Agtmael & Bruckner-Tuderman 2010, 

Volonghi et al. 2010). 

The ECM contains numerous components, some of which form families of 

certain types of molecules, such as the laminins and collagens. Tissues that are 

susceptible to mechanical shear, tensile or pressure forces (skin, tendon, bone, 

cartilage) contain fibrillar collagens which provide them with tensile strength. 

The collagens form a family of 28 molecules characterized by the possession of 
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one or more triple-helical domains (Gordon & Hahn 2010). Collagens I, II, III, V 

and XI self-assemble into fibrils in the extracellular space through the cleavage of 

procollagen peptides from the termini of individual collagen molecules. Collagens 

are mostly synthesized by cells embedded in the ECM, but some are also 

synthesized by epithelial or endothelial cells, or by parenchymal cells in organs or 

tissues. The major BM-associated collagen is type IV, which forms a network 

supporting the BM, but there are also other known BM-associated collagens, such 

as types XV, XVIII and XIX (Gordon & Hahn 2010).  

Laminins are abundant in the BM, but can also be found elsewhere in the 

extracellular space. They are composed of three individual chains (α, β and γ, Fig. 

1) and the known five α, three β and three γ chains can associate in many ways to 

create combinations (Aumailley & Smyth 1998, Colognato & Yurchenco 2000, 

Durbeej 2010, Miner et al. 1997). The laminins can bind nidogen, syndecans and 

integrins, and therefore they participate in the regulation of cell differentiation, 

adhesion and migration in addition to having a structural role (Durbeej 2010, 

Ryan et al. 1996) (Fig. 1). The laminins can be numbered either directly as 

laminin 1 to laminin 17, or by means of three digits describing the types of the 

individual α, β and γ chains, respectively, e.g. laminin-411. 

  

Fig. 1. Structures of laminin-111 and laminin-411, with binding partners and the 

corresponding regions indicated.  
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2.1.1 Basement membranes 

One special form of ECM is the basement membrane, an electron-dense matrix 

layer that is formed adjacent to epithelial and endothelial cells, other covering cell 

sheets, muscle and Schwann cells and adipocytes. The major molecular 

constituents of BMs are collagen IV, laminins, heparan sulphate proteoglycans 

(HSPGs, such as perlecan or collagens XV and XVIII), and nidogen (LeBleu et al. 
2007, Khoshnoodi et al. 2008, Timpl & Brown 1996, Timpl 1996). The six 

collagen IV α chains and the various compositions of laminin chains, together 

with tissue-specific proteoglycans and minor components, lead to the formation 

of different tissue-specific BMs (Misumi et al. 2004, Zheng et al. 2005, Nakano 

et al. 2007, Baba et al. 2007).  

BMs are seen in electron microscopy as three-layered structures with a 

translucent lamina lucida opposing the epithelial or endothelial cells and a lamina 

fibroreticularis on the connective tissue side. In between is the electron-dense 

lamina densa, made up of type IV collagens, laminins, entactin and heparan 

sulphate proteoglycans (HSPG). On the ECM side of the lamina densa there are 

anchoring fibrils of type VII collagen that loop through strands of fibrillar 

collagen in the lamina reticularis and then reattach to the lamina densa itself 

(Merker 1994). Collagens XVIII and XV are BM-associated proteoglycans, with 

the C-terminal domain of collagen XVIII inserted in the lamina densa, where it 

binds laminin and perlecan (Elamaa et al. 2005). Collagens I, III, V and VI can be 

found in the lamina reticularis. Within and around these collagen fibrils are 

fibronectin, tenascin and proteoglycans (Merker 1994). Laminin 5 provides 

integrity for the cutaneous BM zone through protein–protein interactions with a 

number of BM zone components, including α6β4 integrin in epithelial cells and 

type VII collagen, a component of the anchoring fibrils extending from the 

basement membrane to the underlying extracellular matrix (Chen et al. 1999, 

Spinardi et al. 1995, Xia et al. 1996).  

The BM is not only a passive support for the cells but is involved in 

embryonic development, wound healing, tumour metastasis and tissue 

remodelling. In the mouse embryo BM components are produced at the 2-4-cell 

stage, before differentiation into the ectoderm and the primitive endoderm. All in 

all, laminin, nidogen/entactin, type IV collagen, HSPG and fibronectin can be 

detected in the BM structures of 5-day-old blastocysts (Leivo & Wartiovaara 

1989). It has also been shown in the Drosophila embryo that collagen IV 

participates in dorsal-ventral patterning by regulating bone morphogenetic protein 
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signalling (Wang X et al. 2008). During wound healing the vessels encounter the 

surrounding ECM and begin to synthesize and deposit BM, the keratinocytes 

detach and migrate to cover the wound area and then the dermal-epidermal BM is 

gradually regenerated, producing collagen IV and other BM components (Larjava 
et al. 1993). Angiogenesis is required to vascularize wounds and tumours, during 

which the endothelial cells of the existing proteins such as laminin and collagen 

IV form new sprouts (Sephel et al. 1996). The BM itself also participates in the 

regulation of angiogenesis (and tumorigenesis), since the proteolytic processing 

of BM collagens IV, XV and XVIII results in a release of anti-angiogenic and 

anti-tumorigenic C-terminal fragments (Ortega & Werb 2002). Moreover, the 

proteolytically cleaved NC1 domain of collagen IV has been shown to be a 

regulator of collagen IV synthesis and proteolysis and an essential for branching 

morphogenesis in the submandibular gland (Rebustini et al. 2009). 

2.1.2 Collagens 

The collagen family of proteins consists to date of 28 known collagen types 

involving 42 distinct polypeptide chains (Gordon & Hahn 2010, Myllyharju & 

Kivirikko 2004, Veit et al. 2006). The collagens can be divided into subgroups 

depending on the supramolecular structure which they form in the ECM. There 

are fibrillar collagens such as types I, II, III, V and XI, which assemble into fibrils, 

and collagens XXIV and XXVII are structurally similar to these. The non-fibril 

forming collagens can be divided into seven subgroups depending on the 

supramolecular structure that they form: 1) fibril-associated collagens with 

interrupted triple helices (FACIT), which include collagens IX, XII, XIV, XVI, 

XIX, XXI, XXII and XXVI and possibly XX, 2) collagens VIII and X, which 

form hexagonal lattices, 3) the basement membrane-associated collagen IV, with 

six possible α chains, which is expressed exclusively in all BMs, 4) the beaded 

filament-forming collagen VI, which is present in all connective tissues close to 

the BM and in certain cells, 5) collagen VII, a component of the anchoring fibrils 

between the lamina densa of the BM and the dermis of the skin, 6) the 

transmembrane collagens XIII, XVII, XXIII and XXV, which contain a 

hydrophobic transmembrane domain in the N-terminus and are thus in what is 

known as a type II orientation, and 7) the MULTIPLEXINs, collagens with 

multiple tripe-helix domains and interruptions, namely collagens XV and XVIII.  
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2.2 Collagen XV 

Collagen XV was originally identified by the characterization of cDNA clones. 

Cloning of the mouse and human collagen XV α 1 chains revealed that, although 

they are highly homologous and similar in their overall domain structure, the 

mouse chain contains only seven collagenous domains, whereas the human chain 

contains nine (Hägg et al. 1997b). This difference was found to be due to the lack 

of two exons and a codon divergence in one exon (Eklund et al. 2000).  

2.2.1 Structure of collagen XV 

Human collagen XV is a homotrimer with α chains predicted to be comprised of 

1363 amino acid residues containing a highly interrupted collagenous domain of 

577 amino acids and flanked by large non-collagenous N and C-terminal domains 

of 530 and 256 amino acids, respectively (Kivirikko et al. 1994, Muragaki et al. 
1994). The signal peptide is predicted to comprise 25 amino acids, and thus the 

whole polypeptide is 1388 residues in size (Kivirikko et al. 1994). The nine 

collagenous domains vary between 15 and 114 amino acid residues in length, with 

interruptions of 7 to 45 residues (Kivirikko et al. 1994). Five additional short 

imperfections of two to three residues were found in four of the collagenous 

domains (Kivirikko et al. 1994). The central collagenous domain has several 

possible sites for glycosylation and glycosaminoglycan chain attachment, and 

collagen XV indeed carries chains of chondroitin sulphate alone, with occasional 

heparan sulphate chains in its non-collagenous domains (Fig. 2) (Amenta et al. 
2005, Li et al. 2000, Myers et al. 1992). Although both the N and C-terminal non-

collagenous domains contain cysteine residues, the three α chains are covalently 

linked by interchain disulphide bonds in the collagenous region (Li et al. 2000). 

The human collagen XV gene is located on chromosome 9q21-22 and is 

approximately 145 kb in size, with 42 exons encoding nine collagenous domains 

with interruptions and large non-collagenous termini (Fig. 2) (Hägg et al. 1998, 

Huebner et al. 1992, Muragaki et al. 1994).  

The amino acid sequences of the mouse and human α 1(XV) chains exhibit 

an overall identity of 72%, with the highest homology in their C-terminal non-

collagenous domains (Hägg et al. 1997b). Mouse collagen XV comprises 1367 

amino acid residues, including a signal peptide with a predicted size of 25 amino 

acids, an N-terminal non-collagenous domain of 579 residues, a C-terminal non-

collagenous domain of 256 residues and an interrupted collagenous sequence of 
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507 residues in which the collagenous domains are 15 to 114 amino acids in size 

and the non-collagenous interruptions 10 to 34 residues (Hägg et al. 1997b). 

Additional short imperfections of two to three amino acids are present in four of 

the collagenous domains, as in human collagen XV, and several glycosylation and 

glycosaminoglycan chain attachment sites can be found in mouse collagen XV 

(Hägg et al. 1997b). The mouse collagen XV gene is located on chromosome 

4B1-3 and is approximately 110 kb in length, with 40 exons encoding seven 

collagenous domains with interruptions and large non-collagenous termini 

(Eklund et al. 2001, Hägg et al. 1997b). The non-collagenous C-terminal domain 

contains a trimerization domain, the three-dimensional structure of which 

resembles the corresponding part of collagen XVIII that shows a highly efficient 

trimerization ability at picomolar concentrations (Boudko et al. 2009). 

 

Fig. 2. Schematic drawing of the human collagen XV molecule. 

Collagen XV shares structural homology with collagen XVIII, the highest 

similarity being in the C-terminal endostatin domain, which is also called restin in 

collagen XV (Hägg et al. 1998, Ramchandran et al. 1999, Rehn & Pihlajaniemi 

1994, Rehn et al. 1994). EM rotary shadowing of collagen XV extracted from 

human umbilical cords revealed the presence of collagen XV mostly in a 

curled/pretzel–like configuration with an estimated length of 190 nm (Myers et al. 
2007). Occasionally there were three globular nodules in the N-terminus of 

collagen XV, while the other end of the molecule lacked any globular domain or 

contained only a small knob (Myers et al. 2007).  



 23

2.2.2 Localization of collagen XV 

Collagen XV is widely distributed in various tissues, where it has been localized 

to the BM zones (Hägg et al. 1997a, Kivirikko et al. 1995, Myers et al. 1996). 

Northern blotting showed collagen XV mRNA expression in humans and mice to 

be strong in the heart and skeletal muscle, and moderate in the kidney and lung 

(Hägg et al. 1997b, Kivirikko et al. 1995, Myers et al. 1996). Antibody stainings 

of human tissues revealed that collagen XV is localized mainly to the BM zones 

of capillaries and larger vessels, muscle cells and the epidermis, and that there 

may be some developmental shift in its expression (Hägg et al. 1997a, Myers et 
al. 1996). In a recent study collagen XV was found to be produced by osteoblasts 

isolated from tibial bone, lining bone trabeculae and endothelial cells, and its 

expression was down-regulated by extracellular free ionized calcium (Lisignoli et 
al. 2009). Collagen XV in humans has been found by immuno-EM to be 

associated with the fibrillar collagen network in very close proximity to the BM, 

linking banded collagen fibres to the BM, and also in bone matrix, mainly 

associated with large banded collagen fibrils (Amenta et al. 2005, Lisignoli et al. 
2009).  

Collagen XV expression has been studied in detail in mice, where this 

collagen has been found to be a prominent component of most capillary BMs that 

are continuous or fenestrated, but absent from sinusoidal endothelia, such as those 

in the liver and spleen (Muona et al. 2002). Collagen XV was seen in the 

capillaries of the developing central nervous system in mice, but was absent from 

this site in adult mice, whereas its expression was sustained into adulthood in the 

peripheral nerves, where it could be localized to both the endoneurial and 

perineurial BMs and to the capillary BMs, but not to the neuromuscular junction 

(Muona et al. 2002). Collagen XV expression in the heart and skeletal muscle 

increased during foetal development and was ultimately seen to surround 

individual muscle cells in the adult (Muona et al. 2002), while expression in the 

mouse lung increased during development and was most prominent in newborn 

mice, decreasing dramatically after birth (Muona et al. 2002). Mouse collagen 

XV could also be detected in the developing bone and kidney, and its expression 

in the kidney was also strong in adulthood (Muona et al. 2002).  

In the mouse eye, collagen XV expression is seen at the sphincter, in the BM 

zones of the iris and the ciliary body capillaries, in the lens capsule and in the BM 

zone between the iris epithelia and stroma (Ylikärppä et al. 2003b). A collagen 

XV immunosignal is also seen in the BM zones of some retinal capillaries, the 
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vasa hyaloidea propria and the tunica vasculosa lentis (of the developing eye), 

and also in Bruch's membrane and some of the choroidal capillaries (Ylikärppä et 
al. 2003b). In humans, collagen XV in the frontal area of the eye is located at the 

epithelial BM of the limbus and conjunctiva and also in the stroma of the scarred 

cornea (Määttä et al. 2006). 

2.2.3 Function of collagen XV 

So far no disease-causing mutations in the collagen XV gene have been found in 

humans, but its role has been studied in relation to fibrosis and tumours. 

Pronounced renal interstitial collagen XV accumulation has been seen in patients 

with kidney fibrosis of diverse origin (Hägg et al. 1997a), and it may also be 

involved in the invasiveness of tumours, since collagen XV is lost in malignant 

epithelial BMs of colonic adenocarcinomas and ductal carcinomas (Amenta et al. 
2000, Amenta et al. 2003) and since melanocytic nevi and malignant melanomas 

in situ were positive for it, whereas melanomas with dermal invasion were 

negative (Fukushige et al. 2005). In fact, highly tumorigenic human cervical 

carcinoma cells transfected with the full-length cDNA of the human collagen XV 

gene lost their tumorigenity in a dose-dependent manner (Harris et al. 2007). 

Using a microarray technique, the collagen XV α 1 chain gene was found to be 

downregulated in the palmar fascia of patients with Dupuytren’s contracture 

(Satish et al. 2008). 

Mice lacking collagen XV were found to be viable and fertile, but exhibited 

myopathic findings with ageing, showing focal degeneration, regeneration and 

variation in fibre size, especially in the back and paraspinal muscles (Eklund et al. 
2001). They were also more vulnerable to exercise-induced muscle injury than 

control mice, as witnessed by damage to the lower limb and cardiac muscles. 

When subjected to β-adrenergic stimulation, the hearts of collagen XV null mice 

showed diminished responses and were unable to develop pressures similar to 

controls, with a decrease in the cAMP response in the left ventricle (Eklund et al. 
2001). Ultrastructural examination revealed changes in the capillaries of the 

skeletal and cardiac muscles, with a narrowed lumen and swollen and folded 

endothelial cells (Eklund et al. 2001). In zebrafish embryos a loss of collagen XV 

was shown to cause defects in notochord differentiation and in fast and slow 

muscle formation (Pagnon-Minot et al. 2008). 

The role of collagen XV in eye development has been studied using mice 

lacking both of the homologous collagens XV and XVIII. A lack of collagen 
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XVIII alone was found to result in various eye abnormalities, including delayed 

regression of the foetal vasculature and rupture of the iris – features which are 

also discussed in detail in the subsequent sections of this thesis. A lack of collagen 

XV alone did not result in significant changes in the regression of the vasa 

hyaloidea propria or the tunica vasculosa lentis, but studies with double-deficient 

mice revealed that collagen XV participates in regression of the capillaries 

surrounding the lens, the tunica vasculosa lentis, and that a lack of collagen XV is 

compensated to some extent by collagen XVIII in the regression of the hyaloid 

vessels (Ylikärppä et al. 2003b). 

The functions of the proteolytically cleaved C-terminal restin domain have 

been studied to some extent, due to its similarity to the anti-angiogenic and anti-

tumorigenic endostatin fragment of collagen XVIII. Restin has no 

posttranslational modifications and has different binding partners from endostatin 

in the ECM (Ramchandran et al. 1999, Sasaki et al. 2000). In particular, collagen 

XV derived restin was shown to bind to fibulin-2 and nidogen-2 (Sasaki et al. 
2000). Restin can be found in serum (John et al. 2005), and it has been shown in 
vitro to inhibit endothelial cell migration, although its effect on proliferation has 

not definitely been proved (Ramchandran et al. 1999, Xu et al. 2002). Restin is 

less potent as a tumour suppressor than the endostatin derived from collagen 

XVIII (John et al. 2005).  

2.3 Collagen XVIII 

Collagen XVIII was first discovered in the early 1990’s as a collagen chain with 

several interruptions in the collagenous sequence (Abe et al. 1993). It is well 

conserved in animals, and a homologue with three polypeptide variants is also 

found in C. elegans and Xenopus laevis (Ackley et al. 2001, Elamaa et al. 2002). 

Collagen XVIII, and especially its C-terminal endostatin domain, have been 

studied widely due to their anti-angiogenic nature.  

2.3.1 Structure of collagen XVIII  

The genes encoding the mouse and human collagen XVIII α chains have been 

mapped to chromosomes 10 and 21q22.3, respectively (Oh et al. 1994). The 

mouse gene is approximately 102 kb in size with 43 exons, and the human gene 

105 kb, also with 43 exons (Elamaa et al. 2003, Rehn et al. 1996, Suzuki et al. 
2002). Both have three polypeptide variants, which differ in their N-terminal non-
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collagenous sequences (Fig. 3) (Rehn & Pihlajaniemi 1995, Suzuki et al. 2002). 

The expression of the variants is driven by two alternative promoters, separated 

by 50 kb in both the mouse and man (Elamaa et al. 2003, Rehn et al. 1996).  

The shortest mouse collagen XVIII α chain, that encoded by the upstream 

promoter, consists of 1315 residues, including a 25-residue signal peptide, a 301-

residue N-terminal non-collagenous domain, a 674-residue collagenous sequence 

with nine interruptions of 10–24 residues, and a 315-residue C-terminal non-

collagenous domain (Rehn et al. 1994). The two other polypeptide variants, those 

encoded by the downstream promoter, were found to be 1527 and 1774 residues 

in length with N-terminal non-collagenous domains of 517 and 764 residues, 

respectively, which partly overlap with the N-terminal non-collagenous domain of 

the short variant. The mRNA of the longest variant is subjected to alternative 

splicing to form the 1527-residue polypeptide. The central collagenous and C-

terminal non-collagenous sequences are identical in all three variant forms. The 

lengths of the variants in humans are 1336, 1516 and 1751, with N-terminal non-

collagenous domains of 303, 493 and 728 residues, respectively (Elamaa et al. 
2003, Saarela et al. 1998a).  

All three variants of collagen XVIII contain a thrombospondin-1 homology in 

the N-terminal non-collagenous domain, and the longest variant also includes a 

cysteine-rich domain having homology with the extracellular part of the Wnt-

binding frizzled receptor (Rehn & Pihlajaniemi 1994, Rehn & Pihlajaniemi 1995). 

The collagenous domains and both the N and C-terminal non-collagenous 

domains share homology with the collagen XV α chain, with conserved cysteines 

in the C-terminal non-collagenous domain and conserved exon-intron 

organization in the collagenous region (Rehn et al. 1994). There are several 

possible glycosylation and glycosaminoglycan attachment sites, and collagen 

XVIII has indeed proved to be a heparan sulphate proteoglycan in chicken tissues 

and in the human kidney (Halfter et al. 1998, Rehn & Pihlajaniemi 1994, Saarela 
et al. 1998a) (Fig. 3). 

The C-terminal non-collagenous domain of collagen XVIII contains an 

effective trimerization domain which can form a trimer at picomolar 

concentrations (Boudko et al. 2009), and also an anti-angiogenic endostatin 

fragment which can be proteolytically cleaved by several enzymes, including 

MMPs, cathepsin L and elastase (Figure 2.) (Felbor et al. 2000, Ferreras et al. 
2000, Heljasvaara et al. 2005, Wen et al. 1999). Endostatin can bind to several 

ECM components, including heparin, laminin-1, fibulin-1, fibulin-2, nidogen-2, 

perlecan, heparan sulphate and fibronectin (Hohenester et al. 1998, Ricard-Blum 
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et al. 2004, Sasaki et al. 1998, Sasaki et al. 1999, Sasaki et al. 2000). Binding to 

tropomyosin has also been suggested (MacDonald et al. 2001). Determination of 

the crystal structure of endostatin revealed that it exhibits a globular structure 

with two disulphide bridges (Hohenester et al. 1998).  

 

Fig. 3. Schematic drawing of human collagen XVIII with its three N-termini.  

2.3.2 Localization of collagen XVIII 

Collagen XVIII is expressed widely in the BM zones of many human tissues 

(Muragaki et al. 1995, Saarela et al. 1998a). Its short form is predominant in most 

tissues, including the heart, kidney, retina and foetal brain, whereas the longer 

forms are predominant in the liver (Lietard et al. 2000, Saarela et al. 1998b, Sertie 
et al. 2000, Suzuki et al. 2002). Northern analysis of adult and foetal tissues 

revealed marked amounts of longer collagen XVIII mRNA transcripts in the liver, 

while the heart, kidney, placenta, prostate, ovaries, skeletal muscle and small 

intestine contained the short variant (Saarela et al. 1998b). Collagen XVIII is 

expressed in the liver by the hepatocytes, the endothelial and epithelial cells in the 

BM zones along the sinusoids, the arteries and capillaries of the portal areas and 

under the epithelium of the bile duct (Musso et al. 1998, Saarela et al. 1998a). It 

can be found in the mature kidney in the BM zones of the blood vessels and 
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tubules and in the glomerular mesangium and Bowman’s capsule (Saarela et al. 
1998a). In the placenta it has been localized to the villous BMs and the 

endothelium as well as to the placental and decidual stromal cells (Pollheimer et 
al. 2004). RT-PCR studies have identified the mRNA for the longest variant of 

human collagen XVIII in the foetal liver, lung, skeletal muscle and spleen, with 

weaker signals in the kidney and thymus, and also in the adult skin (Elamaa et al. 
2003). The longest variant of collagen XVIII has been localized in the foetus by 

antibody staining to the areas around the branching bronchioles in the developing 

lung, on the luminal side of the epithelial cells and weakly to the cell BM zone 

lining the mesenchyme of the lung, and also to the developing skeletal muscle of 

the fingers (Elamaa et al. 2003). Collagen XVIII is likewise seen in the 

subendothelial BMs of the capillaries in a variety of tissues (Saarela et al. 1998a, 

Tomono et al. 2002). 

mRNAs for the longer collagen XVIII variants were found in the murine lung, 

liver, skeletal muscle and kidney, while the short variant was seen predominantly 

in vascular structures (Muragaki et al. 1995, Rehn & Pihlajaniemi 1995). 

Transcripts of collagen XVIII are seen during development originally at the 

mesoderm and subsequently in the head mesenchyma, gut, neural tube, ganglia, 

heart and blood vessels, where its expression is sustained (Miosge et al. 2003). As 

the internal organs start to develop, collagen XVIII can be localized in the BM 

zones of the kidney, liver and lung, and also in the skin (Miosge et al. 2003). 

Antibody stainings have revealed it in various BM zones of both embryonic and 

adult tissues, such as Reichert’s membrane, the endothelial BM, ganglia, the 

endoneurium, branching bronchi, the choroid plexus, arterioles and Bowman’s 

capsule in the kidney, the blood vessels of the intestine and placenta and the 

basement membrane zones of the skin, liver, intestine and heart (Miosge et al. 
2003, Muragaki et al. 1995).  

Collagen XVIII is abundant in the basal laminae of the retina, epidermis, pia 

mater, cardiac and striated muscle, kidney, blood vessels and lung of the chicken, 

with its main expression in the embryo being in the kidney and the peripheral 

nervous system (Halfter et al. 1998). In C. elegans, the collagen XVIII 

homologue CLE-1 is associated with the nerve ring and the dorsal and ventral 

nerve cords, and it is also observed in the BMs surrounding the gonad, pharynx 

and intestine, and under the body wall muscles (Ackley et al. 2001). Expression 

of collagen XVIII in X. laevis during development can be detected in the eye, 

mid-brain, heart, pronephros and branchial arches, at the midbrain-hindbrain 

boundary, in the areas around the otic vesicle and underneath the olfactory 
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placode, in the cranial sensory ganglia and between the somites, probably in the 

intersomitic arteries (Elamaa et al. 2002).  

In the mouse eye, collagen XVIII is expressed in the inner limiting membrane, 

the iris posterior pigment epithelial BM, the ciliary body non-pigmented BM, the 

BM zones of the iris and the ciliary body capillaries. It is also expressed in the 

lens capsule, in the BM zone between the iris epithelia and stroma, in Bruch’s 

membrane, in some of the choroidal capillary BMs and in the outer plexiform 

layer of the retina. In the developing eye it is present in the vasa hyaloidea propria 

and the tunica vasculosa lentis (Fukai et al. 2002, Ylikärppä et al. 2003b).  

Immuno-EM labelling has demonstrated a polarized orientation of this 

collagen within the BM zone, with the N-terminal domain localized to the sub-

lamina densa and the endostatin domain forming part of the BM molecular 

network within the lamina densa (Elamaa et al. 2005, Marneros et al. 2004).  

2.3.3 Function of collagen XVIII and endostatin 

There is a human condition known as the Knobloch syndrome which is caused by 

mutations in the collagen XVIII gene (Menzel et al. 2004, Sertie et al. 2000). 

These can result in a deficiency of either the short collagen XVIII isoform or all 

three isoforms, which can be demonstrated as a lack of collagen XVIII in skin 

biopsies (Keren et al. 2007, Menzel et al. 2004, Sertie et al. 2000, Suzuki et al. 
2009, Suzuki et al. 2002). In addition to heterogenous symptoms in various 

organs, the findings associated with this syndrome include eye abnormalities such 

as severe myopia, lens abnormalities, vitreoretinal degeneration, macular 

abnormalities, iris pigment on the anterior lens capsule, lowered anterior 

chambers and retinal detachment, and also an occipital midline scalp defect with 

meningocele or encephalocele, or anomalies of the brain such as polymicrogyria 

of the frontal cortex, dilatation of the ventricles and heterotopic nodules on the 

ventricle walls (Cohen & Lemire 1982, Keren et al. 2007, Kliemann et al. 2003, 

Menzel et al. 2004, Sertie et al. 2000, Suzuki et al. 2002). When all the isoforms 

are lacking, neuronal migration defects also appear and the eye phenotype is more 

severe and leads to blindness at an earlier stage. Collagen XVIII has also been 

found in humans to be involved in obesity among type 2 diabetics and in liver 

fibrosis (Errera et al. 2008, Musso et al. 1998).  

In the light of the findings in collagen XVIII deficient humans, it is not 

surprising that collagen XVIII deficient mice show various eye and brain defects. 

Hyaloid vasculature regression in the vitreous body is delayed, and the pattern of 
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retinal vessel outgrowth is abnormal (Fukai et al. 2002, Marneros & Olsen 2003, 

Ylikärppä et al. 2003a), but besides these defects associated with the blood 

vessels, collagen XVIII deficient mice also exhibit abnormalities in the anterior 

part of the eye, where atrophy of the ciliary body and fragility of the iris can be 

detected (Marneros & Olsen 2003, Ylikärppä et al. 2003a). The vision of collagen 

XVIII mice is attenuated increasingly with age (Marneros et al. 2004), with a 

52% decrease in b-wave amplitude in electroretinograms from 16-month-old mice. 

It has been suggested that the loss of vision in mice may be due to alterations in 

the properties of the retinal pigment epithelium and the neural retina (Marneros et 
al. 2004). The cause of this vitreoretinal degeneration was suspected to be a lack 

of collagen fibrils in the peripheral vitreous, which in wild-type mice seemed to 

connect the vitreous to the inner limiting membrane of the retina (Fukai et al. 
2002). The eyes of elderly mice were found to contain pigmented cells at the 

surface of the iris and ciliary body and at the interface of the retina and the 

vitreous, and these macrophage-like cells were shown to penetrate into the retina 

(Marneros & Olsen 2003). Also, dilatation of the brain ventricles is a finding 

shared by both humans and mice (Keren et al. 2007, Kliemann et al. 2003, 

Utriainen et al. 2004), but the encephalocele/meningocele seems to be a human-

specific feature, and the hydrocephalus involving additional genetic features may 

be specific to mice (Utriainen et al. 2004). The BMs of the choroid plexus, 

epidermis, atrioventricular valve and proximal tubule in collagen XVIII null mice 

were studied in detail and were found to be broadened compared with wild-type 

mice (Utriainen et al. 2004). Interestingly, a lack of collagen XVIII in mice 

resulted in accelerated cutaneous wound healing with increased numbers of 

capillaries, and excess endostatin resulted in delayed healing, with capillary 

abnormalities (Seppinen et al. 2008). A loss of collagen XVIII has also been 

shown to enhance atherosclerosis by increasing plaque angiogenesis and vascular 

permeability to lipids, and enhanced corneal lymphangiogenesis has been 

proposed as a corneal wounding model for mice (Kojima et al. 2008, Moulton et 
al. 2004). 

Endostatin is a 22 kDa C-terminal proteolytic fragment of collagen XVIII 

that inhibits angiogenesis and regulates endothelial cell proliferation, migration, 

adhesion and cytoskeletal organization (Dixelius et al. 2002, O'Reilly et al. 1997, 

Sasaki et al. 1998, Sasaki et al. 2002). Endostatin serum levels are often elevated 

in patients with cancer, and this is thought to be a sign of a poorer prognosis 

(Folkman 2006, Sund & Kalluri 2009). It is believed that endostatin is released 

from the vascular and epithelial BMs as the tumour cells break down the 
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surrounding ECM, and that the endostatin released in this way may inhibit 

neovascularization of the tumour (Folkman 2006, Sund & Kalluri 2009). 

Endostatin has also been shown to reduce the growth of many tumours, although 

some do not respond to such therapy (Folkman 2006). Overexpression of 

endostatin in mice results in a reduced number of dermal lymphatic vessels in the 

skin, skin papillomas and chemically-induced carcinomas, and also in a reduced 

number of lymph node metastases (Brideau et al. 2007).  

Endostatin is able to reduce angiogenesis by inhibiting the recruitment of 

pericytes into capillaries and the mobilization of endothelial progenitor cells into 

the circulation (Schuch et al. 2003, Skovseth et al. 2005). Adenovirus-derived 

endostatin has been shown to prevent choroidal and retinal neovascularization and 

retinal detachment in the mouse eye (Campbell et al. 2006, Mori et al. 2001, 

Takahashi et al. 2003), but when endostatin is overexpressed in the lens, mice 

develop a cataract (Elamaa et al. 2005).  

The functional properties of endostatin differ between the trimeric and 

monomeric forms. The binding of a laminin-nidogen complex and perlecan to the 

NC1-domain is better than that to endostatin, for example, and the 

disruption/disassembly of cellular structures (such as vessel-like tubes) by the 

NC1-domain in vitro can be antagonized by the endostatin-domain (Sasaki et al. 
2002). This latter effect is also seen in C. elegans, where a neuronal migration 

defect could be induced by deleting the NC1 domain or overexpressing the 

endostatin domain (Ackley et al. 2001). The antitumour, antimigration and 

antipermeability activities of endostatin can be mimicked by a peptide 

corresponding to the N-terminal zinc-binding domain of endostatin, showing that 

the zinc-binding site is essential for the functioning of endostatin (Tjin Tham Sjin 
et al. 2005), although the ability of endostatin to bind heparan sulphate 

proteoglycans is also essential for its functions (Iozzo 2005).  

Integrins α5β1 and αvβ1 and glypicans 1 and 4 have been found to be 

receptors for endostatin (Karumanchi et al. 2001, Rehn et al. 2001). The binding 

of endostatin to integrin receptors leads to activation of the Src pathway, with loss 

of focal adhesions and reorganization of the actin cytoskeleton (Wickström et al. 
2002, Wickström et al. 2003). Endostatin can also bind directly to VEGFR-1, 

VEGFR-2 and VEGFR-3, thus preventing the binding of VEGF molecules to 

their receptors (Kim et al. 2002, Kojima et al. 2008). It can inhibit the activation 

of certain MMPs and Wnt/βcatenin signalling and can downregulate several genes 

(Hanai et al. 2002a, Hanai et al. 2002b, Kim et al. 2000, Nyberg et al. 2003, 

Shichiri & Hirata 2001).  
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2.4 The laminin α4 chain  

Laminins are composed of three chains, named α, β and γ, and the five α, three β 

and three γ chains known so far can associate in numerous ways to form at least 

17 heterotrimers which bind to various integrins, sulphatides and proteoglycans. 

The laminin heterotrimers have been numbered in the order in which they have 

been discovered, so that the laminin α4 chain, for example, can be found in 

laminins 8, 9 and 14, where the combinations of chains are α4β1γ1, α4β2γ1 and 

α4β2γ3 respectively (Colognato & Yurchenco 2000, Libby et al. 2000, Scheele et 
al. 2007). Another, newer form of nomenclature is a three-digit system for 

identifying laminin isoforms in which all the constituent α, β and γ chains are 

numbered, e.g. laminin-411, which is composed of chains α4, β1 and γ1 

(Aumailley et al. 2005). Laminins serve as a scaffold for the attachment of other 

ECM proteins, such as collagens, perlecan, nidogens and agrin, and also have an 

impact on cell differentiation and phenotype maintenance (Scheele et al. 2007).  

Laminin α4 is expressed widely by mesenchymal and epithelial cells in the 

basement membrane zones of various tissues (Lefebvre et al. 1999, Iivanainen et 
al. 1997). Laminin α4 mRNA is most easily detectable in adult mice in the lung, 

heart and skeletal muscle, and the protein is mainly located in the lung alveolar 

septa, around the cardiomyocytes, in the perineurium and in the subendothelial 

basement membranes of the capillaries (Iivanainen et al. 1997). During 

development laminin α4 is transiently expressed in the sarcolemma of skeletal 

muscle cells in mice and in the BMs surrounding individual axons of the sciatic 

nerves in humans (Hallmann et al. 2005, Iivanainen et al. 1997, Petäjäniemi et al. 
2002). Where laminin α4 is abolished from the Schwann cell BMs of the sciatic 

nerves in adults, it is retained in the Schwann cell BMs of the nerves of the adult 

pancreas (Petäjäniemi et al. 2002).  

It has been shown previously that a lack of laminin α4 results in diffuse 

subcutaneous haemorrhages during the embryonic and neonatal period and also 

extensive bleeding and deterioration of microvessel growth in cases of 

experimental angiogenesis (Thyboll et al. 2002). In addition, the active zones and 

junctional folds in the skeletal neuromuscular junction are not precisely apposed 

to each other (Patton et al. 2001). Laminin α4 deficient mice gradually develop 

cardiac hypertrophy and cardiac dysfunction, as indicated by larger left 

ventricular diameters, increased frequency of sudden death during non-invasive 

procedures, enlarged hearts with an increase in cardiomyocyte size, interstitial 

and perivascular fibrosis and cardiomyocyte degeneration (Wang et al. 2006). The 
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levels of HIF-1α, VEGF-A and ANF transcripts were increased, indicating 

sustained cardiac hypoxia (Wang et al. 2006).  

2.4.1 Laminins in the peripheral nerves 

Laminins participate in Schwann cell migration, differentiation and myelination 

(Anton et al. 1994, McGarvey et al. 1984), and laminin substrates promote 

neurite extension from both central and peripheral neurons (Sephel et al. 1989) 

and modulate the activities of neurotrophic factors, regulate the expression of 

transmitter enzymes and have a number of effects on the differentiation of 

neurons (Acheson et al. 1986, Kalcheim et al. 1987). In humans, the absence of 

laminin-2 (α2β1γ1), one of the major proteins in the peripheral nerve basal lamina, 

leads to merosin-deficient congenital muscular dystrophy (MDCMD) (Helbling-

Leclerc et al. 1995), in which the peripheral nerves display severe dysmyelination, 

lack of basal lamina and axon degeneration, as is also the case in laminin α2 

knock-out mice (Helbling-Leclerc et al. 1995, Nakagawa et al. 2001, Xu et al. 
1994). The peripheral nerves of laminin α2 deficient mice contain bundles of 

unsheathed axons that resemble embryonic fascicles (Biscoe et al. 1974, Bradley 

& Jenkison 1973). This presumably represents incomplete radial sorting and has 

therefore been termed "amyelination” (Yang et al. 2005). Myelination is impeded 

only in the spinal roots and cranial nerves of mice with a mutation in laminin α2, 

however, as the sciatic nerves are only partially affected and the brachial nerves 

are practically normal (Bradley & Jenkison 1973, Stirling 1975, Weinberg et al. 
1975), implying that BM structural components have limited roles in radial 

sorting (Nakagawa et al. 2001, Previtali et al. 2003, Previtali et al. 2003). It has 

also been shown that laminin γ 1 is needed for differentiation and BM formation 

and for sorting and myelination, and that regeneration is also impaired in γ 1 

deficient mice (Chen & Strickland 2003). 

Laminin α4 is found in the BMs of the sciatic nerves during human 

embryonic development, including the BMs of Schwann cells and the 

perineurium (Petäjäniemi et al. 2002). In adult human sciatic nerves, however, 

laminin α4 is not found in the Schwann cell BMs, whereas it is still present in 

those of the pancreatic peripheral nerves (Petäjäniemi et al. 2002). Laminin α4 is 

found in the perineurium and in both endoneurial and vessel-like structures in 

human sural nerves (Wallquist et al. 2002), and it has also been found in the 

endoneurium of mouse embryos and during the first 2 postnatal weeks (Patton et 
al. 1997). During postnatal development of the rat sciatic nerve, laminin α4 
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mRNA is strongly expressed at P0, with a maximum at P2 and a rapid decline to 

only half of the initial level at P3 (Wallquist et al. 2002). No significantly positive 

signal was detected in the adult rat unless the nerve was injured, whereupon 

laminin α4 mRNA was up-regulated 3 days later (Wallquist et al. 2002). In adult 

mice, laminin α4 could be detected with antibody stainings in the perineurium and 

at the neuromuscular junctions (Patton et al. 1997). Laminins α2 and α4 are 

coexpressed in the developing muscles and nerves (Patton et al. 1997), where 

laminin α4 is up-regulated in cases of α2 deficiency (Nakagawa et al. 2001, 

Patton et al. 1997).  

The loss of laminin α4 in the synapse of laminin α4 deficient mice is not 

compensated for by other chains, and this results in improperly localized active 

zones in the junctional folds (Patton et al. 2001). These mice lacking laminin α4 

suffered from ataxia and trembling (Wallquist et al. 2005) and exhibited abnormal 

use of the hind limbs when examined by lifting them by the tail ,and their sciatic 

nerves were also discovered to contain bundles of axons lacking a myelin sheath, 

indicating defective radial sorting (Wallquist et al. 2005, Yang et al. 2005). The 

bundles were mostly devoid of Schwann cell processes, and naked axons were 

occasionally detected (Wallquist et al. 2005, Yang et al. 2005). Premyelinating 

Schwann cells were associated with the large bundles and occasionally with 

extended processes between axons, or else had established a promyelinating 

relationship with a solitary axon, but many bundles were polyaxonally myelinated 

(Wallquist et al. 2005, Yang et al. 2005). These deficits were thought to result 

from diminished proliferation of Schwann cells relative to the controls (Yang et al. 
2005). The peripheral nervous system phenotype resembled that of laminin α2 

mutants, and indeed quantitative analysis revealed no significant differences 

between laminin α2 and laminin α4 deficient mice in the number of amyelinated 

axons or their distribution in the bundles of the tibial branch, with some isolated 

well myelinated axons to be found in both mutants (Yang et al. 2005). CNS 

myelination was also unaffected in both laminin α4 and α2 mutants (Yang et al. 
2005). The myelin layer was thinner in the laminin α4 knock-out mice than in 

wild-type animals, but no difference in axon diameter was observed (Wallquist et 
al. 2005). The difference in myelin thickness was not detected 6 weeks after a 

nerve crush injury, but it was evident once more 5 months after the injury 

(Wallquist et al. 2005).  

Schwann cells adhere willingly in vitro to laminin-8, which contains the α4 

chain, a fact that also supports the notion of Schwann cell migration and 

proliferation at low cell density (Wallquist et al. 2005, Yang et al. 2005). 
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Adhesion was shown to require the presence of integrin α6β1, since antibodies 

blocking these integrin subunits caused inhibition or reduction in the binding of 

Schwann cells (Wallquist et al. 2005, Yang et al. 2005). Schwann cells cultured 

on laminin-8 were able to extend much longer processes from the cell body than 

those cultured on laminin-2, but axon growth was poor when cultured on laminin-

8 (Wallquist et al. 2005).  

2.5 Development of the peripheral nerves and eye vasculature 

The human body is a population of cells living in specialized circumstances 

provided by the ECM. On the one hand, the cells keep up and mould the 

environment they live in, and there is a constant interplay between the cells and 

the ECM which regulates the cell growth and migration, for example. It is 

fascinating how the cells develop organs and tissues with such accuracy in size, 

shape and function, and how this development is regulated so delicately. Small 

changes or disturbances in ECM assembly during development can affect the 

ultimate structure of an organ or tissue, and this thesis sets out to examine the 

effects of the lack of collagens XV and XVIII and laminin α4 in two highly 

specialized environments, the eye and the peripheral nerves.  

2.5.1 Peripheral nerve structure and development 

The axons of the peripheral nerves are surrounded by Schwann cells  that form a 

myelin sheath around them. The Schwann cells are the glial cells of the peripheral 

nervous system; in the central nervous system the myelin sheath is provided by 

oligodendrocytes. The function of myelin is to act as an electric insulator to 

ensure rapid depolarization of the plasma membrane of an axon, in which it is 

assisted by the nodes of Ranvier, where the passage of ions is allowed between 

the axon and the extracellular space.   

Myelination and radial sorting/segregation 

During embryonic development the axons become selectively ensheathed by 

immature Schwann cells and form 1:1 relationships with them, a process known 

as radial sorting. This is a prerequisite for myelination, which in rodents begins 

around birth, at which time the numbers of axons and Schwann cells need to be 

matched. Because developmental neuronal death is over by the late embryonic 
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stage, the number of axons and Schwann cells is controlled by regulating 

Schwann cell survival and proliferation (Woodhoo & Sommer 2008).  

The maximum rate of proliferation of Schwann cells is observed at 

embryonic day 15 in mice (Feltri et al. 2008, Woodhoo & Sommer 2008). 

Proliferation is induced by mitogenic signals such as NRG1 and TGF from the 

axons, but also by laminins (Woodhoo & Sommer 2008). The survival of 

Schwann cells at the late embryonic and perinatal stages is probably regulated by 

both survival and death signals, involving the phosphatidylinositol 3-kinase route 

and Rho GTPases, while TGF, for example, also acts as a death signal (Feltri et al. 
2008, Woodhoo & Sommer 2008).  

Schwann cells differentiate into myelinating and non-myelinating types and 

send cytoplasmic processes into axon groups to defasciculate them (Feltri et al. 
2008, Woodhoo & Sommer 2008). The larger axons undergo radial sorting to gain 

a 1:1 relationship with the Schwann cells in preparation for myelination (Feltri et 
al. 2008, Woodhoo & Sommer 2008). The smaller axons are surrounded by non-

myelinating Schwann cells, some of which also gain a 1:1 relationship with axons 

(Woodhoo & Sommer 2008). The laminins of the Schwann cell basal lamina, with 

their receptors, integrins in Schwann cells, are essential to radial sorting (Feltri & 

Wrabetz 2005, Jessen & Mirsky 2008, Woodhoo & Sommer 2008), while other 

molecules that control radial sorting include the GTPases Rac and Cdc2, FAK and 

leucine-rich glioma-inactivated 4 (LRGI4), and possibly neuregulin-1 (NRG1) 

(Jessen & Mirsky 2008).  

There is an extensive change in the genes that are expressed in myelinating 

Schwann cells as compared with immature Schwann cells, whereas the 

morphology and protein expression of non-myelinating Schwann cells resembles 

that of immature Schwann cells (Woodhoo & Sommer 2008). The myelination-

promoting factors include Oct-6, Krox-20, Brn-2 and Sox-10, and the 

inhibiting/reversing factors c-Jun, Krox-24, Sox-2, Egr-3, Pax-3 and the Notch 

signalling pathways (Jessen & Mirsky 2008, Svaren & Meijer 2008, Woodhoo & 

Sommer 2008). Myelination is also inhibited if the functioning of β1 integrin is 

affected (Chernousov et al. 2008). Disruption of β1 integrin causes a 

dysmyelinating peripheral neuropathy with impaired radial sorting, similar to that 

observed in laminin α2 mutant mice, indicating that the function of laminin in 

radial sorting is primarily mediated through β1 integrin (Feltri et al. 2002). The 

effect on Schwann cell proliferation and survival is not the same in mice lacking 

laminin α2 or with disrupted β1 integrin, however. A lack of dystroglycan, which 

also functions as a laminin receptor (Previtali et al. 2001, Previtali et al. 2003), in 
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Schwann cells results in abnormally folded myelin sheaths and a reduction in 

sodium channels at the nodes of Ranvier (Saito et al. 2003). It has been 

demonstrated in vitro that ECM deposition on the Schwann cell plasma 

membrane is dependent on collagens, and that collagens in turn affect Schwann 

cell adhesion, spreading and myelin assembly, and also neurite outgrowth and the 

growth of axons (reviewed by Chernousov et al. 2008). It has also been shown in 
vitro that collagen V is involved in Schwann cell adhesion and the spreading and 

outgrowth of neurites, and likewise in myelin assembly, and that Schwann cells 

can attach to and spread on collagen IV, which also promotes axonal growth 

(Chernousov et al. 2008). No specific in vivo roles for the members of the 

collagen family have been demonstrated so far, however.  

C-fibres 

C-fibres participate in the regulation of body functions and can be found in 

peripheral nerves. They are unmyelinated and thus their conductance velocity is 

less than 2 m/s. Afferent C-fibres can respond to different kinds of stimuli, such 

as noxious heat, noxious cold, warming and cooling of the skin, low and high-

threshold mechanical stimuli and chemical stimuli, including various 

combinations of these (Bessou et al. 1971, Raja et al. 1988), as is also true of the 

polymodal nociceptors. Most afferent C-fibres in the rat, monkey and man are 

nociceptive (Kumazawa & Perl 1977, Lynn & Carpenter 1982, Torebjork 1974). 

Efferent C-fibres are part of the autonomic nervous system and carry impulses 

from the central nervous system to the periphery, e.g. for the control of blood 

pressure, the sweat glands, the heart, the digestive system and other organs.  

The unmyelinated C-fibre axons are surrounded by non-myelinating Schwann 

cells, referred to as Remak fibres with Remak Schwann cells. Usually one 

Schwann cell ensheaths several axons, each of which is deposited in its own 

mesaxon (Griffin & Thompson 2008). Close to their termini in the skin, the 

unmyelinated axons and non-myelinating Schwann cells approach a 1:1 ratio, and 

the C-fibre nociceptors lose their Schwann cell ensheathment as they enter the 

epidermis (Griffin & Thompson 2008). It has been suggested that the 

unmyelinated axons may have an important role in renervating injured areas to 

gain protective sensibility (Griffin & Thompson 2008).   
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2.5.2 Eye structure and development 

The mammalian eye consists of light-refracting and light-permeating substances, 

such as the cornea, anterior chamber, lens and vitreous body, with retinal neural 

cells facing the pigment epithelium and choroid underneath the sclera, which 

together with the cornea limit the eyeball, the bulbus oculi (Fig. 4). On top of the 

light-sensing rods and cones are the horizontal, bipolar, amacrine and ganglion 

cells. The optic nerve fibres originating from the ganglion cells are positioned on 

top of the neural retina and are covered by the inner limiting membrane 

separating the retina from the vitreous body. The structure of the eye is roughly 

the same in all primates, with some small differences such as the lack of a macula 

(and fovea) in mice and the large size of the mouse lens as compared with that of 

the human eye (Bishop et al. 2002, Danysh & Duncan 2009, Lamba et al. 2008).  

 

Fig. 4. Structure of the human eye.  

Astrocytes 

Astrocytes are glial cells of the central nervous system (CNS) that in the eye are 

located in the innermost region of the nerve fibre layer, the ganglion cell layer of 

the retina in both the human and mouse eye (Provis et al. 1997, Schnitzer 1988, 

Zhuo et al. 1997). In humans astrocytes can also be found at the interface of the 

deeper ganglion cell layer and the inner plexiform layer (Provis 2001). They play 

an important role in the early phase of retinal vascular development, as they 

migrate from the optic nerve head to form a physical template for the growing 



 39

vessels (Fruttiger et al. 1996, Ling et al. 1989, Provis et al. 1997, Stone & Dreher 

1987). In the mature eye they form a close network with the blood vessels and are 

involved in the formation of the blood-brain barrier (Abbott 2002). Astrocytes are 

also the major source of vascular endothelial growth factor (VEGF) in the retina, 

which – at least in part – explains their important role in the development of the 

retinal vasculature (Carmeliet et al. 1996, Stone et al. 1995, Stone et al. 1996). 

Astrocyte movement and differentiation in the developing retina are 

controlled by tissue oxygen levels, as hyperoxia in situ inhibits stellation in the 

neonatal rat retina and hypoxia induces stellation and reduces migration (Zhang et 
al. 1999). In addition, the regulation of astrocyte morphology and migration has 

been shown to be mediated by diffusible factors released from retinal cells in vivo 

(Zhang et al. 1999). More specifically, platelet-derived growth factor A (PDGF-A) 

has been found to regulate astrocyte proliferation in vivo, as blocking of the 

PDGF-A signalling pathway prevented astrocyte migration and spreading 

(Fruttiger et al. 1996). Another regulatory molecule is the orphan nuclear receptor 

T1x (Uemura et al. 2006), the lack of which in mice results in abnormal 

morphology of the retinal astrocytes and dramatically delayed retinal 

vascularization due to impaired extracellular assembly of fibronectin matrices 

(Kubota & Suda 2009). Hence, although VEGF is considered the central player in 

retinal vessel formation, the patterning of the vasculature is also dependent on 

other factors. The important role of astrocytes in the development of vessels has 

also been demonstrated with mice overexpressing PDGF-A in their retinal 

ganglion cells, which resulted in hyperproliferation of astrocytes with excessive 

vasculogenesis (Fruttiger et al. 1996). Retinal gliosis induced by the 

overexpression of PDGF-A in photoreceptors has nevertheless been shown to 

protect the retina from oxygen-induced neovascularization (Yamada et al. 2000).  

Vascularization  

The vasculature of the mammalian eye undergoes specific changes during 

development. The embryonal primary vessels in the vitreous and around the lens 

regress and the retinal vasculature forms (Goldberg 1997, Wechsler-Reya & 

Barres 1997). This change occurs during the first postnatal weeks in mice (Fukai 
et al. 2002, Ito & Yoshioka 1999), whereas in humans it happens before birth 

(Strek et al. 1993, Zhu et al. 2000). Some species, like frogs and rabbits, differ 

from mice and humans in that the hyaloid vasculature adjacent to the inner 
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limiting membrane nourishes the frog retina and the rabbit retina has preretinal 

vessels with astrocyte surroundings (Miodonski & Bar 1987, Schnitzer 1988).  

The regressing mouse hyaloid vessels move towards the lens as a 

consequence of secondary vitreous body formation in the space between it and the 

retina (Bischoff et al. 1983, Fukai et al. 2002, Ito & Yoshioka 1999). 

Simultaneously, the endothelial cells and pericytes undergo apoptosis, the 

capillary walls become acellular in appearance and the lumina are filled with 

debris and tissue macrophages. Ultimately, all the embryonal primary vessels 

have disappeared by the end of the third postnatal week. The regression of the 

hyaloid vasculature is linked to the formation of the retinal vasculature, as 

demonstrated by the hyperoxia-induced persistence of the hyaloid vasculature in 

humans and mice (Heidary et al. 2009, Smith 2004). During normal development 

the retinal vasculature is formed simultaneously with the pruning of the hyaloid 

vasculature (Fig. 5).  

Retinal vessel formation involves migratory cells such as retinal vascular 

endothelial cells, astrocytes, microglia, pericytes and amacrine-like cells, and is 

believed to occur through angiogenetic sprouting from the optic artery (Fruttiger 

2002, Provis 2001). In the first phase, the superficial primary vessels are formed 

at the nerve fibre layer-ganglion cell layer interface, after which the deeper 

vascular beds are formed by angiogenetic sprouting from the primary vessels at 

border of the inner plexiform layer with the inner nuclear layer, to create what is 

called the superficial inner nuclear layer plexus (SINL). The deeper plexus is then 

formed from sprouts from the SINL to the border of the inner nuclear layer with 

the outer plexiform layer (Provis 2001). Astrocyte migration precedes the 

formation of the superficial primary retinal vasculature, as they form a physical 

template for the growing vessels and secrete VEGF (Fruttiger 2002, Kubota & 

Suda 2009), but they are lacking in the deeper vascular beds, where the source of 

VEGF is the Müller cells (Provis 2001, Stone et al. 1995).  
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Fig. 5. Schematic drawing of the regression of the foetal hyaloid vasculature and 

simultaneous formation of the superficial retinal vascular bed. A) Astrocytes on the 

mouse foetal retinal surface secrete VEGF and the Müller cells PDGF-A. The hyaloid 

vasculature nourishes the eye and the neural retina. B) Soon after birth new sprouts 

from the central optic artery grow to form the superficial retinal vascular bed. VEGF is 

downregulated where the retinal vasculature has formed and upregulated in hypoxic 

areas. Pruning of the hyaloid vessels begins and they gradually disappear.  
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3 Outlines of the present research  

This work was started when genetically engineered mice lacking collagen XV and 

collagen XVIII had just been bred and were under evaluation. Originally, 

Folkman and co-workers found an anti-tumorous agent which was shown to be 

the C-terminus of collagen XVIII (O'Reilly et al. 1997). This gave rise to much 

research to discover the functions of collagen XVIII and its C-terminal endostatin 

fragment. The similarity of collagen XV to collagen XVIII has been of great 

interest partly because of the finding regarding the anti-tumorous function of 

endostatin. The purpose of this thesis study was to focus on the functions of these 

collagens in certain specific organs in vivo. Also, since the expression pattern of 

laminin α4 proved to resemble that of collagen XV, we raised the question of the 

functions that these might share. The aims of this work were thus: 

1. to analyse the effects of the lack of both of these homologous collagens on 

vessel formation using the developing mouse retina as a model, 

2. to produce recombinant human full-length collagen XV and to characterize 

the purified protein and study its functions, and 

3. to study the possible interactions or shared functions of collagen XV and 

laminin α4 in vivo using single and double knock-out mice. 
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4 Materials and methods 

The materials and methods used in this thesis are detailed in Table 1. Detailed 

descriptions of the experimental procedures are presented in the original papers I–

III.  

Table 1.  Methods used in the original publications. 

Method Original publication 

Whole mount preparations I 

Tissue stainings I, II, III 

Morphometric analysis I, II, III 

Retinal whole mount in situ hybridization I 

Oxygen-induced neovascularization I 

Western blotting I, II 

Quantitative PCR I 

Construction of a baculovirus expressing human collagen XV II 

Production of an N-terminal fragment of collagen XV and an antibody II 

Production of recombinant collagen XV in insect cells II 

Purification of recombinant collagen XV II 

Proteolytic digestion of recombinant collagen XV II 

Rotary shadowing EM II 

Cell culture experiments (adhesion, migration, proliferation) II 

Solid phase assay II, III 

Electron microscopy and immunoelectron microscopy III 

Electrophysiological measurements III 

Behavioural analyses III 

X-ray diffraction analysis III 

Statistical analyses II, III 

Mouse behavioural analysis III 
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5 Results 

In summary, it was found that collagen XVIII is important for proper vessel 

formation and for regulation of the amount of astrocytes in the mouse eye. 

Purified recombinant human collagen XV was shown to bind to fibronectin in 
vitro and to regulate cell adhesion and migration. In vivo, collagen XV appeared 

to regulate the migration of astrocytes in the mouse eye, and also its absence led 

to mild neuropathic findings. A lack of laminin α4 led to severe neuropathy and a 

lack of both collagen XV and laminin α4 resulted in permanent defects in the 

sciatic nerves of the mice.  

5.1 Lack of collagen XVIII affects retinal vessel formation and the 
astrocyte population (I) 

The retinal vasculature of the mice lacking collagen XVIII was in part formed 

abnormally by persistent hyaloid vessels which penetrated through the inner 

limiting membrane to give rise to retinal vessels. Neovascularization was also 

compromised/affected in the knock-out mouse retinas. The number of retinal 

astrocytes was increased in the absence of collagen XVIII, and their response to 

hypoxia was altered. The PDGF-A mRNA level was unchanged in the retinas of 

the collagen XVIII knock-out mice, and regulation of VEGF mRNA was normal. 

5.1.1 Lack of collagen XVIII induces an increase in the amount of 
astrocytes in the mouse retina (I) 

As the early growth of the retinal vessels is known to be dependent on prior 

astrocyte migration, we regarded defects in the retinal astrocyte population as a 

potential primary cause of the previously observed abnormal outgrowth of retinal 

vessels in collagen XVIII deficient mice (Fukai et al. 2002). Staining with 

antibodies against the astrocyte markers glial fibrillary acidic protein (GFAP) and 

vimentin on postnatal day 4 showed that, contrary to our expectations, the poor 

outgrowth is not associated with defective astrocyte proliferation and migration. 

Instead, immunofluorescence staining of retinal whole mounts on postnatal day 

10 revealed an increase in GFAP-positive cells, the astrocytes. In view of the 

morphology of the cells and their location in the innermost layer of the retina, we 

ruled out the possibility that the increased GFAP staining could be caused by 

GFAP expression in the retinal Müller cells, as can happen when the retina has 
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degenerated, for example, and therefore the increased GFAP staining must have 

been due to an increased number of astrocytes. No such increase was detected 

anywhere else in the central nervous system when examined by means of Western 

blotting and immunostained histological sections. One known inducer of astrocyte 

migration and proliferation is PDGF-A (Luo & Miller 1999), but the amount of its 

mRNA in the collagen XVIII knock-out mice retinas did not differ from those of 

age-matched wild-type controls in quantitative real-time PCR on day 10.  

5.1.2 The retina in the collagen XVIII knock-out mouse is 

vascularized by anomalous anastomoses from the persistent 
foetal vasculature in the vitreous body (I) 

Both the collagen XVIII knock-out mice and wild-type mice had developed a 

retinal vasculature by day 10, covering the inner surface of the retina and 

expanding to its outer layers. The vasculature in the collagen XVIII knock-out 

mouse eyes was abnormal, however, as some hyaloid vessels had not undergone 

proper regression but had submerged into the retina to give rise to a vasculature 

that supported a major part of the retinal blood flow. We found that the hyaloid 

vessels in the collagen XVIII knock-out mice were in close contact with the retina 

postnatally, and removal of the hyaloid vasculature was difficult compared with 

the situation in the wild-type mice. In whole mount preparations of retinas stained 

with antibodies specific to astrocytes and endothelial cells the wild-type samples 

showed a “starfish-like” pattern of major veins and arteries, whereas the 

regressing hyaloid vessels, distinguished by their plane of focus, had a thin, 

rudimentary appearance and intense CD34 and collagen IV reactivity but were 

lacking in GFAP staining. By contrast, the pattern of veins and arteries in the 

collagen XVIII knock-out mice was varied, and the retina was supported only by 

a few blood vessels originating from the optic nerve head, and these vessels were 

characterized by abnormal, tortuous routes inside the retina. All the collagen 

XVIII knock-out whole-mounted retinas studied on day 10 still had numerous 

thick, persistent hyaloid vessels resting on the flattened retinas during dissection. 

Some of these persistent vessels in the vitreous were seen to penetrate through the 

inner limiting membrane into the peripheral retina, as seen in whole mounts, 

posterior eye-cup preparations and ophthalmoscopic examinations. It thus became 

apparent that a considerable part of the retina was perfused through anomalous 

anastomoses from the hyaloid vessels (Fig. 6). Both the superficial and deeper 
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vascular beds were present in the adult collagen XVIII knock-out mice, however, 

despite the highly abnormal pattern of the development of the retinal vasculature. 

 

Fig. 6. Schematic drawing of the development of the retinal vasculature and 

astrocytes in collagen XVIII knock-out (A) and collagen XV/XVIII double knock-out (B) 

mice. A) Part of the retinal vasculature in collagen XVIII null mice is formed by 

persistent hyaloid vessels penetrating into the retina through the inner limiting 

membrane. The number of retinal astrocytes is increased (compare with Fig. 5). B) In 

the collagen XV/XVIII double null mice the persistent hyaloid vessels in the vitreal 

space are covered with astrocytes (see discussion in section 5.3.1 below). 

5.1.3 Collagen XVIII knock-out mice show reduced susceptibility to 
high oxygen-induced neovascularization (I) 

Since it was discovered that the retinal vessels do not form normally in collagen 

XVIII knock-out mice, the effect of the lack of collagen XVIII was analysed by 

subjecting newborn mice to a high oxygen atmosphere, which induces pruning of 

the retinal vasculature. When returning to normal room air, the retina becomes 

hypoxic and neovascularization is induced. In contrast to their wild-type 

littermates, the collagen XVIII knock-out mice developed no appreciable 

neovascular tufts in the mouse model of hypoxia-induced neovascularization. On 

average, the number of nuclei on the vitreal side of the ILM of the collagen XVIII 

knock-out eyes was 0–3 per section (regardless of the collagen XV genotype), 

whereas the wild-type littermates exhibited 70–120 nuclei per section. Retinal 

whole mounts confirmed that this was not due to carelessness in the preparation 

of the histological sections.  

Moreover, the response of the astrocyte population to hypoxia was altered in 

the collagen XVIII knock-out mouse retinas. The astrocytes around the optic 
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nerve head in the wild-type mice expressed very little GFAP after oxygen 

treatment, whereas the Müller cell end feet were clearly visible due to GFAP 

expression in the Müller cells after damage to the retina by hypoxia. Interestingly, 

the astrocytes around the optic nerve head in the collagen XVIII knock-out mice 

were not influenced by hypoxia, as the GFAP staining resembled that of an 

untreated animal. The Müller cells around the optic nerve head in the collagen 

XVIII knock-out mice also expressed GFAP, however, due to damage to the retina 

by hypoxia after vascular pruning. 

5.1.4 VEGF mRNA expression is appropriately regulated spatially in 
collagen XVIII knock-out mice (I) 

The hyaloid vasculature in the collagen XVIII knock-out mice was very close to 

the retina, as if adhering to it, even in perinatal mice, where the anastomoses 

between the retinal and hyaloid vessels had not yet formed. In theory, hyaloid 

vessels in such close apposition to retinal astrocytes have the potential to 

oxygenate the inner retina, at least in part, and cause downregulation of VEGF, 

which could explain the delayed and abnormal formation of the retinal 

vasculature in these mice. We therefore tested the distribution of VEGF mRNA in 

retinal whole mounts from day 4 mice, an age at which the retinal vessel network 

has normally expanded about halfway across the retina and VEGF expression is 

high in the avascular periphery of the retina and low in the vascularized centre. 

We found no indication in the collagen XVIII knock-out mice that the hyaloid 

vessels affect the pattern of expression of VEGF in the retinal astrocytes. 

Although the retinal vasculature was less developed, VEGF was downregulated in 

the central areas where patent vessels were present, whereas it remained high in 

the peripheral retina. Even though there were more retinal astrocytes expressing 

VEGF, the retinal vasculature in the collagen XVIII knock-out mice was 

underdeveloped. In these mice we occasionally found parts of the retinal 

vasculature which appeared to have collapsed and remained non-perfused, 

although this could not be confirmed in electron microscopic studies of sectioned 

eyes. 

5.2 Analysis of recombinant human collagen XV (II)  

Recombinant human full-length collagen XV produced in insect cells proved to 

be a trimer. Sequencing revealed that its N-terminal signal peptide is cleaved 
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three amino acids earlier than had previously been predicted, and the S-S bonds 

were ascertained to be in the collagenous region. Rotary shadowing EM showed 

collagen XV to be an elongated protein with kinks, and with a globular domain at 

one end and an occasional trident structure at the other.  

5.2.1 Expression, purification and characterization of recombinant 

collagen XV (II) 

We set up a recombinant expression of human collagen XV in insect cells with 

the baculovirus expression system. The recombinant protein, equipped with a C-

terminal His-tag to facilitate detection and purification, was present both in the 

cell lysates and in the culture medium as a secreted protein. It is known that co-

expression of collagens and prolyl-4-hydroxylase, the key enzyme of collagen 

synthesis, is required for the production of thermally stable triple-helical 

collagens such as types I, II and III. As expected, co-infection of the insect cells 

with viruses encoding prolyl-4-hydroxylase resulted in a more stable collagen XV 

with less degradation in the recombinant protein found in the culture medium.  

A protocol for purifying collagen XV from serum-free cell culture medium 

using metal affinity was developed. The estimated recovery was 15 mg/l of cell 

culture medium. The purity of the recombinant collagen XV was determined by 

Coomassie staining. Collagen XV migrated at 220 kDa under reducing conditions, 

and larger collagen XV molecules corresponding to disulphide-linked trimers 

were detected under non-reducing conditions. MALDI-TOF and N-terminal 

sequencing confirmed that collagen XV was present on the SDS-PAGE gels as a 

220 kDa protein.  

The N-terminus of the recombinant protein was determined by N-terminal 

sequencing (LPAVTQTRGA), revealing that the signal peptide had been cleaved 

between amino acid residues Pro22-Lys23, which is three residues earlier than 

previously predicted (Kivirikko et al. 1994, Muragaki et al. 1994).  

Antibodies against the N and C-termini recognized the recombinant protein 

visible in Coomassie staining. The collagen XV protein was detected with an 

antibody against the C-terminal histidine tag. A monoclonal antibody DB157.F1 

generated against the N-terminal domain of collagen XV expressed in E. coli 
recognized the recombinant collagen XV protein both in Western blotting and by 

immunostaining of native collagen XV produced by cultured cells. Collagen XV 

was also detected by a previously generated pancollagen antibody 95D1A.  
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5.2.2 Characteristics of recombinant collagen XV and its N and C-
termini (II) 

Rotary shadowing EM showed the purified recombinant collagen XV to be an 

extended protein with numerous kinks. The molecules exhibited a globular 

domain in one end, which was identified as the N-terminal domain after 

incubation with antibodies against the N-terminal end of collagen XV and 

performing rotary shadowing EM of the molecular complexes (Fig. 7). The 

molecule length distribution showed that values ranged from 160 to 360 nm, with 

a mean of 241.8±9.9 nm (n=71). A trident structure was observed at the C-

terminal end of the molecule in rare cases (Fig. 7). Most of the collagen XV 

molecules aggregated into large multimer complexes, with the N-terminal 

globules very frequently sticking out of the complexes, suggesting that 

interactions between molecules are mediated by the collagenous domains. An 

addition of EDTA improved observation of the individual molecules but did not 

prevent multimer formation.  

Fig. 7. Schematic drawing of collagen XV molecules seen in rotary shadowing. They 

showed a globular domain at one end and occasional trident structures at the other. 

Multimers were seen to be attached at their collagenous regions. The backbone was 

seen to be flexible, with several kinks. Scale bar: 200 nm.  

Bacterial collagenase was used to digest the collagenous domain of recombinant 

collagen XV. The N and C-terminal antibodies detected non-collagenous 

undigested material with molecular weights of 100 and 31 kDa, respectively. The 

N-terminal sequence LPAVTQTRGA of the N-terminal collagenase-resistant 

fragment (recognized by DB157.F1) is the same as in untreated mature collagen 

XV. The other non-collagenous fragment (recognized by anti-PentaHis), was 

found to have the sequence GLPGSRN at its N-terminus and to start at position 

1127. This corresponds to the end of COL7, the extreme C-terminal collagenous 
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domain of collagen XV. The N-terminal non-collagenous fragment of 

recombinant human collagen XV produced in insect cells was shown to migrate 

with a molecular mass larger than that predicted from the sequence (100 vs. 57.7 

kDa, respectively), and the N-terminal non-collagenous domain expressed in E. 
coli for antibody production also exhibited slower migration.  

Detection of the similar-sized unreduced and reduced collagenase-resistant 

products with N and C-terminal antibodies demonstrated that there are no inter-

chain disulphide bonds located in the non-collagenous N and C-terminal domains. 

This is indirect evidence that the α1 (XV) chains are disulphide-bonded through 

their collagenous domain, since the full length collagen XV is sensitive to 

reducing conditions in SDS-PAGE analysis.  

5.3 Collagen XV affects cell migration and adhesion in vivo and in 
vitro (I, II) 

The collagen XVIII knock-out mice were found to have persistent hyaloid vessels 

in the vitreal space, and these had no astrocytes on them. While no anomalies 

were found in the hyaloid or retinal vascular patterns of the collagen XV single 

null mice, we found that when both collagen XV and XVIII were absent the 

astrocytes had also migrated onto the persistent hyaloid vessels. Recombinant 

collagen XV was shown to inhibit the adhesion and migration of cells in vitro, but 

had no effect on their proliferation.  

5.3.1 Collagen XV regulates the recruitment of glial cells around 

blood vessels in mice lacking both collagens XV and XVIII (I) 

The retinal vessels in wild-type mice are covered with astrocytes, while the 

regressing, thin hyaloid vessels are devoid of astrocytes. In the whole mounts of 

postnatal day 10 retinas from collagen XVIII knock-out mice the persistent 

hyaloid vessels were devoid of astrocytes as they left the optic nerve head and 

traversed the vitreal space but became covered with astrocytes as they penetrated 

the retina, giving rise to a retinal capillary network.  

When assessing the potential role of the homologous collagen XV, we found 

that the lack of collagen XV alone did not result in any visible changes in retinal 

vessel formation or in the amount of astrocytes. When we examined mice lacking 

both collagens XV and XVIII we found, to our surprise, that no vessels lacking in 

astrocytes were visible in the vitreous bodies of the double null flat-mounted 
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retinas at or after day 10, although persistent hyaloid vessels were clearly present, 

as deduced from their intensive collagen IV staining and characteristic 

morphological appearance in histological sections and whole mount preparations. 

Instead, the persistent hyaloid vessels in the samples of collagen XV/XVIII 

double knock-out mice were fully covered by astrocytes, including the part 

located in the vitreous body, from the optic nerve head to the point where they 

penetrate the retina. Often several persistent hyaloid vessels were grouped 

together by virtue of a network of astrocytes near their origin at the optic nerve 

head, and occasionally the vessels were also grouped together in the peripheries 

of the collagen XV/XVIII double knock-out mouse retinas. The presence of 

astrocytes on the persistent hyaloid vessels was confirmed by 

immunohistochemical staining of sectioned mouse eyes. 

5.3.2 Collagen XV reduces the adhesion of cells to fibronectin and 
vitronectin (II) 

In our attempts to characterize the effects of collagen XV protein on cells, we 

found that HT1080 cells, endothelial cells or fibroblasts did not adhere to a 

collagen XV substrate. The HT1080 cells readily adhered to fibronectin, 

vitronectin and collagen I, but not to BSA or laminin. When collagen XV was 

present in the substrate together with fibronectin or vitronectin, it reduced the 

adhesion of HT1080 cells but had no effect on cell binding to collagen I. 

Pretreatment of cells with collagen XV had no effect on the binding of HT1080 

cells to fibronectin. Of the various fragments of fibronectin tested, HT1080 cells 

adhered readily to FN120, which lacks the collagen-binding domain and contains 

the cell-binding domain, but not to FN45, which lacks the cell-binding RGD 

sequence but contains the collagen-binding domain. Interestingly, collagen XV 

did not interfere with the adhesion of HT1080 cells to FN120, suggesting that the 

collagen-binding region of fibronectin is required to mediate the effect of 

collagen XV.  

5.3.3 Inhibition of cell migration by collagen XV in vitro (II) 

The effect of collagen XV on cell migration was tested in Transwell assays. The 

presence of collagen XV in the fibronectin substrate clearly inhibited the 

migration of HT1080 cells, in that its addition at a concentration of 5 μg/ml 

reduced their migration by 34% and its addition at 25 μg/ml by 46%. The 
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reduction seen in the migration assay in which the surface area of the migrating 

cells was counted was not due to non-spreading of the cells. Coating with 

collagen XV alone totally blocked the migration of HT1080 cells onto the 

membrane.  

5.4 Collagen XV binds to the collagen-binding domain of 

fibronectin in vitro (II) 

To study further the putative influence of collagen XV on cells, purified collagen 

XV was added to the culture medium of cultured human fibroblasts and 

fibrosarcoma HT1080 cells. Immunostaining of human fibroblasts with the 

collagen XV antibody DB157.F1 or the His-tag antibody Penta-His gave a strong 

staining in the extracellular space within 30 min of the addition of collagen XV, 

which was not seen in untreated cells. This rapid binding of collagen XV may be 

taken to indicate that the structures it was binding to already existed on the cell 

surfaces. Since the staining resembled a fibronectin matrix staining pattern, the 

cells were double-stained with an antibody to fibronectin. In untreated cultures 

where no added collagen XV was present there was no staining of the double-

stained cells with the collagen XV antibody, whereas the stainings for added 

collagen XV and fibronectin overlapped, demonstrating that the exogenous 

collagen XV presumably bound to the already formed fibronectin matrix. HT1080 

cells produced only low amounts of fibronectin in culture, and hence only a weak 

staining of collagen XV was seen on their surfaces after the addition of collagen 

XV to the culture medium. 

Solid-phase assays were used to study protein-protein interactions between 

collagen XV and other ECM components. Various proteins were used as a solid 

substrate and the binding of collagen XV to them was determined. We discovered 

that collagen XV could bind to fibronectin and laminin, and to a lesser extent to 

vitronectin. In addition, the binding of collagen XV to fibrillar collagens was 

tested, since it has been postulated that it may link collagen fibres to basement 

membranes (Amenta et al. 2005). The binding of collagen XV to collagens I, III, 

V and IV was not significant, however. In addition, binding of collagen XV to the 

fibril-associated collagens XII and XIV and to the small fibril-associated 

proteoglycan decorin was tested, but no interaction was detected in solid phase 

assays. 

Of the various fragments of fibronectin, collagen XV was found to bind to 

FN45, which comprised most of the collagen binding domain. Compared with the 
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control, collagen XV binding to FN120, the central cell binding domain of FN, or 

to FN40 was not significant. These observations are in line with the results 

obtained in adhesion assays where the effect of collagen XV on the adhesion of 

cells to fibronectin was tested (see 5.3.2). 

5.5 Lack of collagen XV results in neuropathic findings (III) 

Since the first study of collagen XV null mice identified a mild, progressive 

myopathic phenotype (Eklund et al. 2001), we set out to assess the possible 

contribution of collagen XV to various locations in the skeletal muscle, namely 

microvessels, sarcolemmal basement membrane zones and peripheral nerves. 

Analysis of the latter structures showed that, although viable and fertile and with 

no evident signs of neuropathy, the collagen XV knock-out mice had some 

ultrastructural abnormalities in their sciatic nerves. Polyaxonal myelination, i.e. 
numerous small axons enclosed within a single, abnormally thin myelin sheath, 

could be observed in some 3–15-day-old wild-type mouse nerves. This 

developmental polyaxonal myelination was corrected by remodelling and was not 

observed in the adult wild-type nerves. In the collagen XV null mice, however, 

polyaxonal myelination was found not only in the young individuals but also in 

the adults, which suggests that there is a defect in the remodelling process and a 

failure to establish a 1:1 relationship of axons to Schwann cells when collagen 

XV is absent. Also, the unmyelinated C-fibres were more loosely packed and the 

non-myelinating Schwann cell cytoplasm surrounding them was less electron-

dense. IEM revealed that collagen XV is localized to the outer zone of the 

Schwann cell BM in the sciatic nerve and in the adjacent fibrillar collagen matrix. 

As in the wild-type mice, the BM in the collagen XV null mouse nerves was 

continuous and even in appearance, with the exception of occasional protrusions 

suggesting a mild impairment of its assembly. Loss of collagen XV did not alter 

the amount of dystroglycan, laminin β2, laminin γ1, integrin β1 or collagen IV in 

the BMs of the peripheral nerves.  

When subjected to the round beam test for 3 minutes, the collagen XV null 

mice achieved a poorer level of performance than did the wild-type mice. Where 

the average number of 10 cm areas crossed by the wild-type mice was typically 

62, the collagen XV null mice only crossed 27 areas on average. Also, given that 

none of the wild-type mice fell off the beam, the average number of falls in the 

collagen XV knock-out group was 0.44 per mouse. The sensory nerve conduction 
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velocity measured from the tail was significantly lower (p=0.005) in the collagen 

XV null mice (28.7 m/s) than in the wild-type mice (36.0 m/s) (Table 2).  

Table 2. Tail sensory conduction velocity (SCV) and sensory nerve action potentials 

(SNAP)  

Genotype SCV  

(m/s) ± SD 

p  

(to WT) 

SNAP 

(µV) ± SD 

p  

(to WT) 

WT 36.0 ± 3.5  261 ± 40  

collagen XV knock-out 28.7 ± 5.4 0.005 265 ± 91 0.909 

laminin α4 knock-out 33.8 ± 5.0 0.277 328 ± 91 0.052 

double knock-out 33.4 ± 5.2 0.245 345 ± 68 0.006 

SD: standard deviation. There is no statistical difference between the SNAP recorded for the laminin α4 

knock-out and DKO mice (p=0.429). 

5.6 Lack of laminin α4 results in severe neuropathy (III) 

While the target here was to assess the potential functional similarities between 

collagen XV and laminin α4 in the basement membrane zone, the work actually 

led to a more detailed understanding of the roles of laminin α4 in the peripheral 

nerve. The lack of laminin α4 has previously been shown to lead to abnormalities 

in the neuromuscular junction (Patton et al. 2001), poor coordination of 

movements accompanied by ataxia and tremor, dysmyelination and changes in 

myelin thickness (Wallquist et al. 2005).  

The present results confirmed the previous finding of delayed/failed 

segregation of axons in laminin α4 null mice, which still exhibited non-segregated 

axons at the age of 2 months, whereas wild-type mice had undergone proper 

segregation by that age. At the age of 14 months, the areas of non-segregated 

axons in the laminin α4 knock-out mice were smaller in size and were surrounded 

by recently myelinated axons, and while the axons in most of the bundles were 

segregated by Schwann cell processes. Also, polyaxonal myelination was 

observed in both young and adult knock-out mice, suggesting a defective 

remodelling process and failure to establish a 1:1 ratio of axons to Schwann cells.  

The most striking feature of the laminin α4 knock-out mouse sciatic nerves 

was the scarcity of C-fibres 21 days after birth, at a point when the C-fibres of the 

wild-type mouse sciatic nerves could be easily distinguished. A normal 

complement of C-type fibres could be found by the age of 14 months, however, 

indicating that it was merely a matter of retarded development of these 

specialized non-myelinated fibres. 
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Irregular BM-like folds were frequently observed adjacent to a normal-

looking BM around both the non-segregated axon bundles and the myelinated 

axons in the laminin α4 knock-out mouse nerves, even at a postnatal age of only 3 

days. The irregular folds, which were identified as BM material by collagen IV 

staining in IEM, appeared to branch off from the BM and accumulate in the 

extracellular space. This defect was still apparent at ages of 2 months and over 1 

year. 

Analysis by X-ray diffraction revealed that the sciatic nerves of the Lama4-/- 

mice contained significantly less myelin than those of the wild-type mice (relative 

amounts of myelin 0.194 and 0.227 respectively). Also, the myelin period in the 

knock-out mice was greater than in wild-type mice (198.5 Å vs. 196.5 Å).  

The laminin α4 knock-out mice performed poorly in the round beam test, 

crossing an average of 29 areas whereas the wild-type mice crossed an average of 

62 areas. Also, the wild-type mice hardly ever fell off the beam, but each mouse 

in the knock-out group fell off once on average. Upon observation, the knock-out 

mice exhibited trembling on the beam.  

There was no difference between the wild-type and laminin α4 knock-out 

mice in the conductance velocity of the sensory or motor nerves, but the 

compound muscle action potentials recorded in the plantar flexor muscles with 

stimulation at the sciatic notch and ankle were smaller in the knock-out mice, the 

two action potentials being 14.7 ± 7.0 mV and 17.7 ± 8.4 mV in the wild-type 

mice and 5.6 ± 4.2 mV and 7.2 ± 4.1 mV in the knock-out mice, giving p-values 

of 0.002 and 0.006 for the differences, respectively (Table 3). This is an indication 

that the number of normally functioning motor axons is reduced in the laminin α4 

knock-out mice. The sensory nerve action potential measured from the tail was 

greater in the knock-outs (328 μV) than in the wild-type mice (261 μV) (Table 2), 

and the knock-out mice showed a normal response to repetitive stimulation.  

Table 3. Tibial motor nerve compound action potentials (CMAP). 

Genotype CMAP (mV) ± SD  p (to WT) p (to DKO) 

CMAP1 CMAP2 CMAP1 CMAP2 CMAP1 CMAP2 

WT 14.7 ± 7.0 17.7 ± 8.4       

collagen XV knock-out 11.4 ± 8.8 15.2 ± 12.5  0.396 0.63  0.045 0.047 

laminin α4 knock-out 5.6 ± 4.2 7.2 ± 4.1  0.002 0.006  0.386 0.272 

double knock-out 4.4 ± 1.8 5.3 ± 3.4  0.002 0.002    

CMAP 1: mean compound action potential with stimulation at the sciatic notch,  

CMAP 2: mean compound action potential with stimulation at the ankle.  

SD: standard deviation.  
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5.7 Simultaneous lack of collagen XV and laminin α4 leads to 
permanent defects in axonal segregation, myelination, C-fibre 

development and BM assembly (III) 

With a view to addressing the somewhat similar phenotypes observed in the 

single collagen XV and laminin α4 null mice, these two mouse lines were mated 

to generate a double knock-out line. The simultaneous lack of collagen XV and 

laminin α4 chains did not impair the viability of the mice. Where the 

incompletely myelinated areas of the wild-type mice, representing embryonic 

axon bundles, had disappeared by the age of 1 month, by which time the axons in 

the bundles were segregated and myelination was complete, non-segregated areas 

were conspicuous at the age of 15 days in the laminin α4 knock-out mice and the 

double knock-out mice, and non-segregated axon bundles were still clearly visible 

in the former at 2 months of age and in the latter at both 2 and 14 months. No 

significant differences in the number or size of the non-segregated axon bundles 

were seen between the laminin α4 knock-out mice and the double knock-out mice 

at the ages of 15 days, 1 month and 2 months, but the non-segregated axon 

bundles were still abundant in the 14-month-old double knock-out mice and were 

greater in size than those of the single laminin α4 knock-out mice. Closer 

examination of the non-segregated areas indicated that the axons in most but not 

all of the bundles in the laminin α4 knock-out mice over 14 months old were 

segregated by Schwann cell processes, while in the case of the double knock-out 

mice the axons remained non-segregated in all the bundles. The simultaneous lack 

of collagen XV and the laminin α4 chain apparently does not allow for the repair 

or slow progress of myelination that occurs when the laminin α4 chain alone is 

lacking. 

The defect in axon segregation due to the lack of laminin α4 involved both 

myelinating and non-myelinating Schwann cells. The axons surrounded by non-

myelinating Schwann cells, i.e. C-fibres, could be distinguished in the wild-type 

and collagen XV knock-out sciatic nerves at 21 days after birth, whereas only a 

few C-fibres were found in the laminin α4 knock-out mice. By the age of 14 

months, however, the laminin α4 knock-out mice had developed a normal 

complement of C-type fibres. Most strikingly, the 2-month-old collagen 

XV/laminin α4 double knock-out mice totally lacked C-fibres, and only a few 

were found at 14 months, all of which appeared to be abnormal. 

The formation of the BM around the non-segregated axon bundles, the 

myelinated axons, the non-myelinating Schwann cells and the polymyelinated 
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axons was examined by electron microscopy in all of the mutant mice. In contrast 

to the nearly normal BMs in the single collagen XV null mice and the irregular 

BM-like folds observed in the laminin α4 null mice, the BM around the Schwann 

cells in the double knock-out mice did not form irregular folds, but instead it 

varied in thickness and contained poorly organized BM-like material dispersed in 

the extracellular space. 

No differences were observed between the WT and double knock-out mice in 

the amounts of dystroglycan, laminin β2, laminin γ1, integrin β1 and collagen IV 

in the endoneurial BMs when studied by immunostaining of cryosections.  

The collagen XV/laminin α4 double knock-out mice were similar to the 

single laminin α4 knock-out mice in their proportion of ordered myelin and the 

thickness of the myelin period when examined by X-ray diffraction. Also, the 

double knock-out mice were comparable to the single laminin α4 knock-out mice 

in the electrophysiological examinations, with two CMAP amplitudes of 4.39 mV 

and 5.30 mV, and 5.62 mV and 7.22 mV, respectively, as against the wild-type 

amplitudes of 14.7 mV and 17.7 mV (Table 3). There was no change in the 

conduction velocities in the motor or sensory nerves, but an increase was 

observed in the sensory nerve action potential of the double knock-out mice (345 

μV in the knock-out mice and 261 μV in the wild-type mice) (Table 2).  

On round beam the double knock-out mice only crossed an average of 16 

areas during the 3 minute test, which was less than the number of areas crossed by 

the collagen XV or laminin α4 single knock-out mice or the wild-type mice, 

which ran back and forth, crossing an average of 62 areas in 3 minutes. The 

double knock-out mice also exhibited severe trembling, ataxia and slipping of the 

hind limbs when on the beam. 
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6 Discussion 

6.1 Collagens XV and XVIII affect the retinal glial cells, and 

collagen XVIII is essential for proper retinal vascularization 

It was found here that a lack of collagen XVIII results in hyperproliferation of 

astrocytes. Although PDGF-A overexpression has been shown to cause 

hyperproliferation of astrocytes in the retina (Fruttiger et al. 1996, Yamada et al. 
2000), no sign of PDGF-A overexpression was detected in the collagen XVIII 

null mice. Also, where PDGF-A overexpression and the resulting 

hyperproliferation of astrocytes is associated with excessive angiogenesis 

(Fruttiger et al. 1996), retinal vessel formation was delayed in the collagen XVIII 

null mice. Hyperproliferation of astrocytes has been shown to provide protection 

from oxygen-induced neovascularization in mice (Yamada et al. 2000), and the 

mice lacking collagen XVIII indeed showed no obvious sign of depletion of 

astrocytes and developed less neovascular tufts than their wild-type siblings, 

which had only a few astrocytes around the optic nerve head, although the 

capillary network around the optic nerve head was pruned in an apparently similar 

manner in both genotypes.  

The persistent hyaloid vessels described previously in collagen XVIII null 

mice were found to participate in the vascularization of the retina and actually 

support the retinal blood flow by sending sprouts into the retina to give rise to 

retinal capillaries by P10 (Fukai et al. 2002). Thus the retina is eventually fully 

vascularized with all the correct vessel layers present in the adult collagen XVIII 

null mouse retina. The phenotype resembled that of mice expressing single 

isoforms of VEGF, namely VEGF120 and VEGF188 (Stalmans et al. 2002). 

Where total retinal VEGF mRNA levels had previously been found to be lower in 

4-day-old collagen XVIII deficient mice than in wild-type mice (Fukai et al. 
2002), the level in 10-day-old collagen XVIII null mice was seen here to be 

somewhat lower than in wild-type mice. It is true that retinal whole mount in situ 

hybridizations showed VEGF mRNA to be upregulated in the hypoxic areas of 

the retina ahead of the growing vessels, but angiogenesis from the optic nerve 

head was nevertheless impaired. Since the isoforms of VEGF differ in solubility 

and in their matrix binding properties (Cohen et al. 1995, Neufeld et al. 1999, 

Park et al. 1993), and since collagen XVIII is one of the major basement 

membrane heparan sulphate proteoglycans (Halfter et al. 1998), collagen XVIII 
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may be crucial for the proper signalling of VEGF in the developing retina in that 

it anchors the growth factor molecules and presents them to the endothelial cells.  

The astrocytes in the mouse retina are situated on the inner surface, where 

they are beneath the collagen XVIII-containing inner limiting membrane 

(Ylikärppä et al. 2003b). The single collagen XV knock-out mice exhibited no 

obvious defects in hyaloid vessel regression, retinal vessel formation or astrocyte 

proliferation, but the double null mice lacking both collagens XV and XVIII also 

had astrocytes in the vitreal parts of the persistent hyaloid vessels, which gave rise 

to retinal capillaries. Since the vitreal parts of the persistent hyaloid vessels in the 

single collagen XVIII null mice were devoid of astrocytes, we can conclude that it 

is collagen XV that regulates the location of astrocytes. It is of interest to note that 

the capillaries forming the blood-brain barrier in the central nervous system lack 

collagen XV (Muona et al. 2002).  

6.2 Properties of the recombinant collagen XV 

Previous studies of collagen XV have revealed that it is located in association 

with BMs and fibrillar collagens, raising the possibility that it may be involved in 

linking banded collagen fibres to the basement membrane (Amenta et al. 2005). 

Collagen XV was shown in the present work to bind to fibronectin, vitronectin 

and laminin, but its in vitro binding to collagens I, III, IV, V, XII and XIV was 

found to be poor. The possibility remains, however, that collagen XV may interact 

with the collagen fibril-fibre environment in vivo, possibly by binding to 

fibronectin fibrils linking banded collagen fibres.   

Fibronectin has pro-adhesive, pro-spreading and pro-migratory effects which 

are exerted by providing a matrix for cells with various integrins to bind to (Singh 
et al. 2010). Collagen XV was seen here to be able to inhibit the adhesion of cells 

to fibronectin and also the migration of cells on fibronectin. As it was also found 

to bind to the collagen-binding region of fibronectin, it can be speculated that this 

binding interferes with the integrin binding of fibronectin, possibly through a 

change in its tertiary structure or through the involvement of a third molecule.  

Earlier EM rotary shadowing of collagen XV extracted from human umbilical 

cords had shown collagen XV to be mostly in a curled/pretzel–like configuration 

(Myers et al. 2007), whereas the recombinant collagen XV produced here was in 

an elongated configuration with kinky regions, although some molecules with a 

more bent shape were seen. The structure of another recombinant 

MULTIPLEXIN, collagen XVIII (produced in EBNA cells), resembled that of 
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recombinant collagen XV in rotary shadowing, except for the globular structure 

(which was not observed in collagen XVIII) (Marneros et al. 2004). Collagen 

XVIII purified from chicken vitreous also seemed to be in a more bent 

conformation than the recombinant collagen XVIII (Myers et al. 2007), and the 

author is inclined to conclude that tissue-derived collagen XV is more 

compressed than recombinant collagen XV. Both the recombinant collagen XV 

and the collagen XV isolated from tissues can form multimeric structures (Myers 
et al. 2007), but the recombinant collagen XV used in this study presumably does 

not possess chondroitin sulphate side chains (since no smear typical of 

proteoglycans was seen in SDS-PAGE analyses) and has a C-terminal Histidine 

tag, which may affect its ability to assemble into exactly the same multimeric 

structures as are seen with protein isolated from tissues. The recombinant full-

length collagen XV used in our EM rotary shadowing studies had a mean length 

of 241.8±9.9 nm, which is greater than the length of 190 nm reported for the 

pretzel-shaped collagen XV isolated from tissues (Myers et al. 2007). This 

difference in length between the tissue-derived and recombinant proteins is 

interesting and prompts one to speculate as to what the significance of this finding 

is. Is it due to glycosylation differences or to differences in folding during 

synthesis? Also, what might be the effect of tissue-derived collagen XV on 

adhesion and migration, and is it the C-terminal end that is responsible for these 

effects?  

6.3 Collagen XV is involved in the formation of C-fibres and axonal 
myelination 

The present investigation into the physiological function of collagen XV in the 

mouse peripheral nerves showed these nerves in the collagen XV deficient mice 

to exhibit polyaxonal myelination and C-fibres with abnormal Schwann cell 

profiles, while the myelinated axons were normally segregated. They also had a 

lower sensory nerve conduction velocity than those of the wild-type mice, 

although the compound muscle action potential was normal. The collagen XV 

null mice did suffer from motor impairment, however, and taking the 

morphological findings and sensory deficits into consideration together, it may be 

suggested that this motility defect was caused by the multimodal afferent sensory 

pathway dysfunction observed here, with ephaptic transmission between the 

axons lacking Schwann cell ensheathment and the previously observed mild 
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myopathy most probably among the other contributing factors (Eklund et al. 
2001).  

The lack of both collagen XV and laminin α4 was found to have a compound 

effect on the peripheral nerves. A lack of laminin α4 has previously been shown to 

lead to disturbances in the segregation of axons and to polyaxonal myelination 

(Wallquist et al. 2005, Yang et al. 2005). The distribution of axon diameters is 

altered in the absence of laminin α4, and this is even more prominent when both 

laminin α4 and collagen XV are lacking, which may possibly explain the 

increased sensory nerve action potential (SNAP) seen in the laminin α4 and 

double knock-out mice. It is also possible that the non-segregated axon bundles 

affect the electrophysiological measurements and account for the increase in 

SNAP. The number of normally functioning motor axons was lower in the mice 

lacking laminin α4, as witnessed by marked reductions in tibial CMAP, while 

performance in the behavioural tests was most severely compromised in the 

double knock-out mice, which could be thought to be due to a greater delay in 

axonal segregation and a more pronounced lack of C-fibres than in the laminin α4 

single null mice.  

Whereas the laminin α4 null mice partially recovered their axonal segregation, 

possibly due to developmental changes in laminin expression, non-segregated 

axons were prominent in both young and old double knock-out mice lacking both 

collagen XV and laminin α4, signifying a permanent defect. Moreover, it seems 

that a lack of the laminin α4 chain leads to retarded segregation of some axonal 

bundles, but once segregation has taken place, the subsequent terminal 

differentiation appears to proceed normally. These findings may reflect the lower 

rate of postnatal Schwann cell proliferation in the laminin α4 and double knock-

out mice nerves, while proliferation persists in the laminin α4 null mice at 1-

month of age but slows down considerably in the wild-type, collagen XV knock-

out and double knock-out nerves.  

The delayed axonal segregation of C-fibres in the laminin α4 null mice and 

the absence of segregation in the double knock-out mice indicate that laminin α4 

and collagen XV play essential roles in the segregation of the axons in the 

embryonic fibre bundles during C-fibre development. C-fibre function was tested 

with a hotplate test, and the adult laminin α4 knock-out mice, which showed 

morphologically normal C-fibres, did not differ significantly from the wild-type 

mice in this respect, but neither did the collagen XV null mice, although  they had 

morphologically disorganized C-fibres, whereas the double knock-out mice, 

which essentially lacked C-fibres, exhibited enhanced sensitivity to heat pain. Our 
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morphological analysis suggests that the C-fibres in the double knock-out mice 

are non-segregated and embedded in large non-segregated bundles. This could 

lead to the observed abnormal pain signal and allodynia. We were unable to detect 

an abnormal C-fibre phenotype in the functional tests performed with 3-month-

old mice lacking only collagen XV, but a role for the latter in C-fibre 

development and/or function is suggested by the amplified phenotypic effect 

observed when laminin α4 is also lacking. 

The persistence of polyaxonal myelination in all the knock-out mice points to 

a developmental failure that allows myelin to be formed around the axons before 

they are correctly segregated from each other. We observed occasional polyaxonal 

myelination in wild-type mice during the active myelination period (i.e. during 

the first month after birth), but never in mature nerves, indicating that this defect 

is normally corrected through remodelling, whereas it persists in mutant mice.  

The peripheral nerve BM in the collagen XV null mice was normal, with the 

exception of occasional protrusions. Although the BM surrounding the Schwann 

cells in the laminin α4 null mice had a normal, even appearance, we frequently 

observed collagen IV-positive folds which seemed to have been shed from the 

BM. The simultaneous lack of collagen XV and laminin α4 resulted in more 

marked effects, with the frequent occurrence of uneven BMs with areas of fluffy 

accumulations, although we were unable to demonstrate any direct interaction 

between recombinant collagen XV and laminin-411 (consisting of α4β1γ1 chains) 

in an ELISA assay (data not shown). Although myelination has been shown to 

occur in the absence of BM formation (Yang et al. 2005), it may be proposed that 

collagen XV plays a role in supporting the BM-fibrillar matrix interface and thus 

supports the Schwann cells in their task of organizing the C-fibres and 

segregating the axons. This is the first in vivo evidence that collagens may play 

important physiological roles in the axonal segregation and myelination 

performed by Schwann cells, and the possibility may be raised that collagen XV 

may be involved in the development of human peripheral neuropathies, many of 

which are currently of unknown aetiology. Hereditary sensory and autonomic 

neuropathies (HSAN I) are characterized by distal sensory loss, autonomic 

disturbances and, to some extent, muscle weakness (Auer-Grumbach 2008). 

Three genetic loci, 9q22.1-22.3, 3p22-24 and 3q21, and seven HSAN I disease-

causing genes have been identified, but these explain less than 20% of the cases 

(Auer-Grumbach 2008, Dawkins et al. 2002, Klein et al. 2005, Nicholson et al. 

1996, Rotthier et al. 2009). Even the most common causative gene, SPTLC1 on 

9q22, has undergone mutation in only a small number of patients. In light of our 
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data on collagen XV null mice and the known location of the human COL15a1 

gene on chromosome 9q21-22 (Huebner et al. 1992), we propose that this gene 

may be involved in some cases of HSAN. 
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7 Future perspectives 

It was discovered here that collagen XVIII regulates the amount of astrocytes in 

the mouse eye and that lack of this collagen results in diminished sensitivity to 

oxygen-induced neovascularization. Whether the poor neovascularization is 

primarily due to the lack of collagen XVIII and its endostatin and frizzled-like 

domains or to the increased astrocyte population awaits further investigation. In 

addition, collagen XV was found to be a negative regulator of astrocyte migration 

in mice lacking both of these homologous collagens. It would be interesting to 

find out whether collagens XV and XVIII are also involved in the gliotic/fibrotic 

events in the human retina, e.g. in diabetic patients with neovascularization and 

haemorrhages. Since a lack of collagen XVIII resulted in astrocyte 

overproliferation and a lack of collagen XV in abnormal astrocyte migration, it 

would be tempting to speculate that intravitreal injections of these collagens 

might help in preventing retinal gliosis and fibrosis of neovascular tufts. Our 

observations of poor retinal angiogenesis in spite of an appropriate VEGF mRNA 

expression pattern could be explained by a need for collagen XVIII in the 

basement membrane to allow VEGF to bind to its receptor. These results warrant 

further studies to assess the role of collagen XVIII in VEGF presentation and 

regulation under in vitro and in vivo conditions.  

The recombinant full-length human collagen XV produced in insect cells was 

found to be similar but not identical to collagen XV extracted from umbilical 

cords in its function in the EM, and its structure and length were in line with 

previously reported data. In vitro studies indicated that the full-length molecule 

was able to reduce fibronectin-induced adhesion and migration and that collagen 

XV binds to fibronectin. The in vivo significance of this binding and interaction is 

still unresolved, however. Moreover, collagen XV is a chondroitin/heparan 

sulphate in vivo, but the protein used in these studies presumably lacked any 

glycosaminoglycan chains, and so that the role of these chains could be studied in 

the future by comparing results obtained with the non-glycosylated collagen XV 

with ones obtained with the glycosylated form. In addition, the role of the restin 

domain, the C-terminal equivalent of the endostatin domain of collagen XVIII, in 

cellular events such as adhesion and migration waits to be resolved.  

Human neural diseases are mostly studied from a physiological angle, and 

very rarely can one see specimens of human nerves. There is therefore still a lot to 

learn about neural diseases at the microscopic level. Using mice as model 

organisms, we can search for the genes behind neurological disorders. It was 
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discovered in the course of this research that collagen XV and laminin α4 regulate 

radial sorting and the formation of non-myelinated C-fibres. A search for human 

diseases associated with collagen XV and laminin α4 would be an intriguing 

possibility, especially since the collagen XV gene is situated at one of the three 

genetic loci associated with hereditary sensory and autonomic neuropathy. 

Comparison of the phenotypes in mice and men would presumably be relatively 

easy, since a lack of both collagen XV and laminin α4 resulted in anomalies in 

electrophysiological measurements, which are also used when diagnosing human 

diseases.  
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