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Summary. The ultrastructure of basement membranes 
has a homoge neo us appea rance. The enorm ous ce ll 
biologica l importance of basement membranes and their 
co mp o ne nt s fo r ce ll pro li fe ra ti o n, mi g ra ti o n and 
di ffe renti ati on impli es th at the ir co mpos iti on is more 
complex than their structure suggests. To elucidate the 
molecul ar composition of basement membranes ill vivo, 
we optimised immunogold histochemistry to allow the 
determination of the molecul ar arra ngement of matrix 
molecules. 

Bas icall y, we appl y a mild fixati on and embed the 
ti ssues in the hydrophilic LR-Gold®. This preserves the 
base ment membrane with a qu alit y simil ar to freeze 
substitution. The application of two antibod ies directed 
toward the C- and N-terminal ends of a molecule and 
co upl ed to go ld parti c les o f d iffe rent s izes all ows 
determination of the ori entation of a molecule within the 
basement membrane. We were able to demonstrate that 
th e molecular ori ent ati on o f the laminin-l molec ule 
changes in th e base ment membrane according to ce ll 
biological needs. We also showed that ultrastructurally 
identic al base ment membrane like th e o nes o f th e 
proximal and di s ta l tu bul es of th e ki d ney have a 
di ffering molecular arrangement. Integrin 0.7 influences 
the molecular composition of the basement membranes 
at the myotendinous junction. With the help of double 
labelling at the ultrastructural level we could show that 
nidoge n-l is co-localised with laminin-l and only fo und 
in full y deve loped, mature base ment membranes. In 
general, laminin-I , nidogen-l and coll agen type IV are 
loca l ised over the entire width of basement membranes, 
w ith laminin-l a nd nid oge n-l co -l oca li se d , in 
acco rd ance w ith th e c urre nt base me nt me mbran e 
models. 

In c id ent all y, our inves tiga ti ons wa rn us, that not 
every matri x protein fo und at the light microscopic level 
as a linear staining patt ern undernea th an epithelium 
(base ment me mbr a ne zo ne) is a rea l base me nt 
membran e co mp o nent wh en in ves ti ga ted a t th e 
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ultrastructural leve l. Instead, one and the same molecule, 
e.g. endostatin , can be a basement membrane component 
in one organ and a matrix molecule in another. 
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Introductory remarks 

The elucidation of the biochemical compositi on of 
the base me nt membrane component s is alrea dy far 
adva nced and there is a wealth of in vitro data on their 
binding repert o ire and ce ll bi olog ica l acti viti es. In 
contrast, the molecul ar organisation of these molecules 
in basement membranes ill vivo is largely unknown . The 
ultrastructural im age of basement membranes has been 
desc ri bed, but the asse mbl y of co mponents to make a 
basement membrane has not. Whether the structure is as 
unifor m o n th e mo lec ul ar leve l as impli ed by it s 
ultrastructural appearance is still not known . 

The base ment membrane stru cture is alte red in a 
wide range of pathologies. In order to influence these 
alterations therapeuticall y in the future, it is necessa ry to 
know th e norm al molecul ar constru cti on of base ment 
membranes ill vivo. 

The function of basement membranes and their main 
components 

Basement membranes are condensed, polymer-like 
aggrega tes of th e ex trace llul a r matrix whi ch ful f il 
numerous ce ll biological functi ons (Timpl and Brown, 
1996; Timpl , 1996) . They not only compartmentalize 
ti ssues, bu t, also, support the ce ll phenotype and exert 
morphogenetic stimuli during development (Hay, 199 1: 
Ekblom, 1993). Basement membranes are invo lved in 
embryonic development (Leivo et aI. , 1980; Dziadek and 
T impl , 1985; Miosge et aI. , 1993) , wound hea lin g 
(Kefa lides et aI. , 1979), metastas is (Liotta et aI. , 1984) 
and remodelling of tissues (Ekblom et aI. , 1996; Streuli , 
1996). Th ey functi o n as filtr a ti o n barri e rs in th e 
g lo merulu s o f th e kidn ey (Ca ulfi e ld and Farquh ar, 
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1978). To name just a few, basement membrane 
alterations are responsible for diabetic nephropathy 
(Goode et a!., 1995) and retinopathy (Ljubimov et a!., 
1998) , Goodpasture (Kalluri, 1999) and Alport 
syndromes (Zhou et a!., 1991) and glomerulonephritis 
(Couser, 1999) and a variety of skin diseases 
characterized by blisters (Bruckner-Tuderman and 
Bruckner, 1998). 

Laminins 

Laminin-1, the longest known and best characterised 
isoform, is a cross-shaped heterotrimer, approx. 120 nm 
long, that consists of three glycoprotein chains (Timpl et 
a!., 1979; Timpl and Brown, 1994; Sasaki and Timpl, 
1999). According to the classification of Burgeson et a!. 
(1994), they are named aI, /31 , yl chains. The long arm 
is a coiled-coil structure of all three arms with a globular 
domain at the C-terminal end (Maurer and Engel , 1996). 
Laminin molecules polymerise through their side arms 
and build networks in vitro (Schittny and Yurchenco, 
1990; Yurchenco et aI., 1992). When laminin-1 is 
isolated from tissues, it is found as a laminin-nidogen 
complex (Paulsson et a!., 1987a). Proteases generate 
laminin fragments (Ott et a!., 1982), each with its own 
cell biological function (Edgar et a!., 1984; Goodman et 
a!., 1987). Laminin, especially the globular domain of 
the long arm (Sorokin et aI., 1990; Aumailley and 
Smyth, 1998), is a binding partner for cell matrix 
receptors, such as integrins, of the plasma membrane. 
The integrin a7 of the muscle cell binds to the a2 chains 
of laminin-2 and laminin-4 (Yao et a!., 1996). At the 
present time, five a, four /3 and three y chains have been 
identified, forming different laminin isoforms (Koch et 
a!., 1999). 

Nidogens 

Nidogen-I (150kDa), also known as entactin, is a 
small molecule, approx. 30 nm long, with three globular 
domains (G1, G2, G3), connected via two linear rod-like 
structures (Fox et a!., 1991 ; Mayer and Timpl, 1994). It 
has a high in vitro binding affinity towards lam in in (Fox 
et a!., 1991). The binding site has been identified as a 
single LE module (tamil/in-type epidermal growth 
factor-like) , y1IlI4, on the y1 chain (Mayer et a!., 1993). 
Nidogen-1 also binds to collagen type IV (Aumailley et 
a!., 1989) and forms ternary complexes together with 
laminin (Fox et a!., 1991; Mayer et a!., 1995). Recently a 
further isoform, nidogen-2 has been described (Kohfeldt 
et a!., 1998). 

Collagen type IV 

Collagen type IV is the prototypic basement 
membrane collagen (Hudson et a!., 1993; Kuhn, "1994) 
and its monomer consists of three chains 
(2a1[IV]la2[IV]). It forms supramolecular networks 
through its 7S and NC1 domains at both ends of the 

molecule (Timpl et a!., 1981), as well as through lateral 
connections (Yurchenko and Ruben, 19897). Thereby 
collagen type IV is able to mechanically stabilise the 
basement membrane (Timpl et a!., 1981; Yurchenco and 
Ruben, 1987). Up to now, collagen type IV isoforms 
consisting of six different a chains have been discovered 
(Paulsson, 1993). 

Perlecan 

Perlecan consists of a core-protein, formed by 
globular domains (400-450kDa) with two or three 
terminally attached heparane sulfate side chains (Hassell 
et a!., 1980; Paulsson et a!., 1987b). Its domain IV binds 
nidogen-l and the nidogen-Iaminin complex in vitro 
(Hopf et a!., 1999). Perlecan and its fragments (Klein et 
a!., 1988) are involved in the current-dependent filtration 
process in the kidney (Caulfield and Farquhar, 1978). 

Ultrastructural localisation of basement membrane 
components 

At the light microscopic level, matrix molecules 
have been localised in a linear staining pattern seen 
underneath epithelial cells in what we call the basement 
membrane zone. None the less, a basement membrane is 
an ultrastructure that deserves an electron microscopic 
approach. Only ultrastructural methods , e.g. 
immunogold histochemistry, can determine whether a 
matrix molecule is a real basement membrane 
component (Fig. 1). 

Only few authors have applied this method to the 
ultrastructural localisation of basement membrane 
components like laminins (Herken et a!., 1987; Grant 
and Leblond, 1988; Schittny et a!., 1988; Desjardin and 
Bendayan, 1989; Miosge et a!., 1993, 1995, 1999a), 
nidogen (Grant and Leblond, 1988; Schittny et a!., 1988; 
Desjardins and Bendayan, 1989; Katz et aI., 1991; 
Miosge et aI., 1999a), collagen type IV (Grant and 
Leblond, 1988; Zhu et a!., 1994; Miosge et a!., I 999a) or 
perlecan (Faber et a!., 1992; Akuffo et a!., 1996). 

Basement membrane ultrastructure and basement 
membrane models 

Electron microscopically, the typical basement 
membrane displays three layers (lamina lucida, lamina 
densa and lamina fibroreticularis). There are also multi
layered basement membranes such as Reichert's 
membrane, built up of mUltiple laminae densae (Inoue et 
aI., 1983; Merker, 1994). As a result of the type of 
fixation, a basement membrane can also have a 
homogeneous appearance (Goldberg and Escaig-Haye, 
1986; Herken et a!., 1987). 

Current basement membrane models are based on 
biochemical in vitro binding studies, on the appearance 
of the molecules in a rotary shadowing image and the 
localisation of single basement membrane components 
in tissues. Timpl et a!. (1981) described a collagen type 
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LV network as basic scaffold of the basement membrane. 
Laurie ct al. (1986) postulated the integration of laminin 
within this scaffold. Yurchenco et al. (1992) added the 
idea of an independent laminin network. Due to its 
binding activities nidogen-l could function as the link 
between these two networks and thereby stabilise the 
basement membrane (Timpl and Brown, 1996) (Fig. 2). 

The ultrastructural method 

Inherent in all postembedding methods is the 
fixation process which is necessary for the preservation 
of the structure, although it does alter the antigenicity of 
the tissue (Hayat, 1989). A decrease in the number of the 
fixation steps leads to a loss of ultrastructural features of 
the tissu es but enhances the reactivity for the 
immunohistochemical approach. Omission of the 
fixation process in order to preserve the antigenicity 
does not improve the overall result because one cannot 
correlate the reaction product with a tissue ultrastructure 
which is not well preserved. The method we apply is a 
compromise between the preservation of the 
ultrastructure and the antigenicity. Conventional fixation 
leads to a three-layered structure composed of the lamina 

Fig. 2. Drawing of the basement membrane networks and ultrastructure 
of an epithelial basement membrane. not to scale and highly 
imaginative. 

Fig. 1. A. Diagram of the basement membrane zone. LM: light microscopy; 
EM : electron microscopy; BM : basement membrane ; I.: lamina . 
B. Basement membrane zones of the mouse kidney stained for nidogen-1. 
Bar: 25 pm. C. Types of basement membranes at the ultrastructural level: at 
the top Reichert's membrane. in the middle, tubular basement membranes 
of the kidney. at the bottom, basement membrane of an enterocyt. Bars: 
0.3 pm D. Labell ing for laminin -1 of the lamina lucida and lamina 
fibroreticularis of a proximal tubular basement membrane of the mouse 
kidney. Bar: 0.25 pm; inset: same tubule, different segment, labelling for 
laminin-1 over the entire widths of the basement membrane. Bar: 0.3 pm. 
Reproduced with permission from Miosge N et aI. , Ultrastructural trip le 
localization of laminin-1, nidogen-1, and collagen type IV helps to elucidate 
the basement membrane structure. Anal. Rec. 254:382-388 (1999). 
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lucida, lamina densa and lamina fibroreticularis (Inoue et 
al., 1983; Merker, 1994), while freeze substitution 
generates a homogeneous basement membrane 
(Goldberg and Escaig-Haye, 1986). The mild fixation 
applied by our group also results in a homogeneous 
basement membrane, as does freeze substitution, thereby 
staying close to the situation in living tissues. 

Even if a protein is a basement membrane 
component in vivo, our method can still fail to detect it. 
This might be due to masking of the epitope by other 
interacting proteins or protein folding, so that the 
antibody cannot bind. If we do not detect a matrix 
protein within the basement membrane, but instead can 
localise it in adjacent tissue structures, we feel confident 
in stating that the particular matrix protein is not a real 
basement membrane component, but rather a component 

of the adjacent extracellular matrix. 

Basement membranes during early embryonic 
development 

Even though basement membrane components are 
present in the morulae, our ultrastructural investigation 
has shown that there are no basement membranes visible 
at this time point. The first extracellular material is 
deposited outside the mural trophoblast in the early 
blastocyst. Also ultrastructural lectin histochemistry 
shows glycoconjugates in the morula , but the first 
stained basement membranes are again found at the 
btastocyst stage (Miosge et aI., 1997). After 
implantation, the inner cell mass develops into ecto- and 
endoderm and the first extra-embryonic basement 

Fig. 3. A. Immunogold-histoehemistry for collagen type IV (arrows) in a day 7 mouse embryo in the basement membrane between the ento- and 
ectoderm. m: mitochondrium. Bar: 0.16 11m. B. Staining for laminin-l at the tip of the embryo between the ento- and ectoderm, where a basement 
membrane is still not visible. Bar: 0.25 11m. C. No staining for nidogen-l (arrows) in the same area as shown in B. Bar: 0.16 11m. D. Nidogen-l is present 
in an ectodermal basement membrane (arrows) within the embryo proper between the ectoderm and a mesodermal cell. Bar: 0.16 11m. en: entoderm; 
ee: ectoderm; me: mesoderm; n: nucleus. Reproduced with permission from Miosge et aI., Nidogen-l , Expression and ultrastructural localization during 
the onset of mesoderm formation in the early mouse embryo. J . Histochem. Cytochem. 48, 229-237 (2000). 
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membrane, Reichert's membrane, is built with the help 
of the parietal endoderm cells (Salamat et aI., 1995). In 
the mouse embryo on day 6 of development , the al 
chain of laminin and cOllagen type IV are present in the 
intercellular space at the border between ecto- and 
e ndoderm , where later a basement membrane is 
ultrastructurally visible. Laminin stimulates the neurite 
outgrowth (Edgar et aI., 1984), the spreading of non
neuronal cells (Goodman et aI., 1987) and has been 
connected to the migration of neural crest cells in vivo 
(Poelman et aI., 1990). On day 7, the ultrastructurally 
de tectable basement membrane between the ecto- and 
endoderm contains al chains of laminin in a random 
distribution. In those areas where the mesodermal cells 
leave the ectoderm they carry basement membrane 
remnants at their surface which are positive for laminin-
1 especially at their outer border. Laminin-l is oriented 
in such a way that cell binding domains are free to 
enable cell-cell contacts in the newly forming germ 
layer. The lam in in molecule seems to be able to ~hange 
its orientation in the basement membrane to fulfl~ new 
cell biological functions (Miosge et aI., 1993). 

On day 7 of mouse dev e lopment, basement 
membrane research is particularly fruitful as there are 
three stages of basement membrane development to be 
found in one specimen. There are those that start to 
develop at the tip of the embryo between the ecto- and 
endoderm, there are fully developed basement 
membranes sealing the ectodermal cell layer in a 
different part of the embryo and those that have been 
degraded to allow the migration of the mesodermal cells 
to form the third germ layer. Laminin-1 and collagen 
type IV are found in all three s tages of basement 
membrane development. In contrast, nidogen-l is only 
present in fully developed basement membranes and not 
in those to be degraded or those at the beginning of their 
development (Miosge et aI., 2000a). The investigation of 
early mouse embryos on day 7 supports the hypothesis 
of a stabilising action of nidogen-1 on basement 
membranes. Binding of nidogen-1 to laminin protects 
the complex from proteolytic degradation in vitro 
(Dziadek, 1995). As nidogen-1 is not found in degraded 
basement membranes in vivo this might indicate that 
nidogen-1 is one of the first proteins to be removed to 
destabilise and then disintegrate the basement membrane 
in vivo (Fig. 3). 

It is well known that the aI, 31 and y 1 chains of 
laminin are found in the early mouse embryo. We have 
also found the laminin a5 and 32 chains in the basement 
membranes of the day-7 mouse embryo (unpublished 
results) rendering it possible that there are more laminin 
isoforms present in the early mouse embryo than just 
laminin-l. 

Orientation of laminin in adult kidney basement 
membranes 

Immunogold histochemistry using antibodies against 
the C- and N-terminal domains of one molecule allows 

determination of the orientation of a molecule within a 
basement membrane (Miosge et aI., 1995). Furthermore, 
co-Iocalisations of two molecules can be achieved with 
antibodies coupled to colloidal gold particles of different 
sizes (Miosge et aI., 1999a, 2000b). We were able not 
only to detect the entire laminin molecule with the help 
of postembedding immunogold histochemistry, but, 
furthermore, to localise specific domains of the molecule 
within the kidney basement membranes. We localised 
the El and E4 fragments of laminin mainly to the lamina 
lucida, while antibodies against the whole laminin 
molecule were found over the entire basement 
membrane (Herken and Miosge, 1991). Furthermore, we 
generated monoclonal antibodies against laminin-1 and 
characterised antibodies against the fragments El and E8 
representing the N- and C-terminal pole of the laminin 
molecule , respectively. In the proximal tubule of the 
kidney the E1 fragment was always seen in the lamina 
lucida, while the E8 fragment was located in the lamina 
fibroreticularis. In the distal tubule both fragments were 
detected over the entire width of the basement 
membrane (Miosge et aI., 1995). It is well known that 
basement membranes of different organs are composed 
of diffe rent isoforms of basement membrane 
components, e.g. laminin isoforms (Paulsson, 1993). We 
have as yet no indications that basement membranes of 
identical isoform composition might also exhibit a 
differing molecular arrangement. We showed, that the 
laminin-1 molecule is oriented in the proximal tubule of 
the mouse kidney, while it is randomly distributed 
throughout the distal tubule basement membrane. It 
remains to be determined why the cell binding E8 
fragment of laminin-l does not face the epithelial cell in 
the proximal tubule of the kidney to mediate the cell
basement membrane contact (Sorokin et aI., 1990), but is 
found in the lamina fibroreticularis thereby pointing in 
the direction of the underlying extracellular matrix. It is 
known that also the E1 fragment of laminin-1 can bind 
cells in vitro (Sonnenberg et aI., 1990). Our results lead 
to the speculation that the E1 fragment of laminin 
provides the contact to the epithelial cell in the proximal 
tubule of the kidney. The heterogeneity of basement 
membranes of different organs has been well described 
with regard to their isoform composition (Paulsson, 
1993). We can now add the notion that also the 
molecular arrangement of the basement membrane 
components within a single basement membrane can be 
different (Miosge et aI., 1995) and adapt to changing cell 
biological requirements (Korhonen et aI., 1990; Virtanen 
et aI., 1995, 1997). 

Basement membrane architecture in vivo 

With the help of single and double immunogold 
histochemistry, all three major basement membrane 
components, laminin-l, nidogen-l and collagen type IV, 
were detectable over the entire width of tubular 
basement membranes in the kidney (Miosge et aI., 
1999a). In general, the molecular arrangement of 
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laminin-l, nidogen-l and collagen type IV we found in 
kidney basement membranes in vivo is reflected by the 
recent basement membrane models summarised by 
Timpl and Brown (1996). In contrast, in the fetal 
basement membrane, collagen type IV is predominantly 
found in the lamina fibroreticularis . Furthermore, some 
segments of the adult proximal tubule basement 
membranes of the mouse kidney exhibited a molecular 
arrangement of nidogen-l and laminin-l in the outer 
layers (lamina lucida and lamina fibroreticularis) of the 
basement membrane, and not in the lamina densa. These 
results imply that the formation of basement membranes 
can also be more complex as suggested by the current 
models (Timpl and Brown, 1996). 

From its binding repertoire, nidogen-1 is believed to 
be the link molecule for the connection of the laminin-1 
and collagen type IV networks (Fox et aI., 1991; Mayer 
et aI., 1995) to stabilise the basement membrane (Timpl 
and Brown, 1996). Immunogold histochemistry with 
double labelling indeed reveals that nidogen-l and 
lam in in-1 are co-localised in basement membranes in 

vivo (Miosge et aI., 1999a). The co-localisation already 
seen in fetal basement membranes demonstrates its 
importance at early developmental stages. Nidogen-1 
and nidogen-2 are both found in the same embryonic and 
fetal basement membranes (unpublished results). 
Nidogen-2 is also co-localised with laminin-1 in tubular 
basement membranes of the kidney (Fig. 4) and we have 
speculated that it can compensate as a link molecule for 
nidogen-1 in its absence (Miosge et aI. , 2000b). 

Knock-out mice lacking the entire yl chain of 
laminin do not develop any basement membranes and 
die early (Smyth et aI., 1999). Deletion of the nidogen-1 
binding site on the yl chain of laminin results in mice 
dying at birth (Mayer et aI., 1998). This model allows 
the investigation of basement membranes up to day 18 
of development. We found some organs with 
ultrastructurally intact basement membranes, but also 
some with basement membrane defects (unpublished 
results). This implies that the nidogen-laminin 
interaction is only essential for the development of a few 
basement membranes. Deletion of nidogen-l has no 

Fig. 4. Immunogold staining of nidogen·1 (A, C) and nidogen-2 (B, 0) in adult mouse kidney. A. Labelling for nidogen-1 of adult proximal (pTBM) and 
distal (dTBM) tubular basement membranes, m = mitochondrion. Bar: 0.3 11m. B. Labeling for nidogen-2 of adult proximal (pTBM) and distal (dTBM) 
tubular basement membranes. Bar: 0.3 11m. C. Nidogen·1 is colo cali zed (arrows) with laminin-1 in the basement membrane of the proximal tubule 
(pTBM). Bar: 0.32 11m. O. Nidogen-2 is colo cali zed (arrows) with laminin-1 in the basement membrane of the proximal tubule. Bar: 0.3 11m . Nidogens 
are identified by large and laminin by small gold particles . Reproduced with permission from Miosge et al. . Ultrastructural co localization of nidogen-1 
and nidogen-2 with laminin-1 in murine kidney basement membranes. Histochem. Cell BioI. 113, 115-124 (2000). 
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effect on basement membrane assembly (Murshed et aI., 
2000). Also loss of nidogen-2 does not affect the 
base ment membrane ultrastructure , but there are 
preliminary results that the doubl e knock-out mice 
exhibit altered basement membranes. This would 
support the hypothesis of a complementary biological 
function for the two nidogens . 

Ultrastructural localisation of laminins and nidogens 
in the basement membranes of the myocyte and in 
the endothelial basement membrane 

The main component of the myocyte basement 
membrane is laminin-2. We detected the a2 chain of 
laminin in this basement membrane, but not the a1 chain 
(Miosge et aI., 1999b). The a4 chain of laminin is not a 
component of the myocyte basement membrane (Talts et 
aI., 2000), but collagen type IV, nidogen-l and nidogen-
2 are present (unpublished results). The base ment 
membrane of the myotendinous junction is a specialised 
one which surrounds the interdigitated myocyte surface. 
Lack of a7 integrin leads to a loss of these 
interdigitations; the myocyte has a rounded surface with 
a thickened basement membrane (Mayer et aI., 1997). 
Furthermore, we demonstrated that a7 integrin is the 
receptor for laminin-2/-4 at the myotendinous junction 
and that loss of a7 integrin alters the composition of the 
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basement membrane at this site, with no laminin a2 
chain detectable. The basement membrane of the lateral 
site of the myocyte remains unaffected by a7 integrin 
loss (Miosge et aI., 1999b) . Our ultrastructural 
investigation of a7 integrin knockout mice demonstrated 
that a7 integrin is the laminin-2/ 4 receptor at th e 
myotendinous junction ill vivo. Furthermore, we showed 
that lack of this receptor alters the molecular 
arrangement of the basement membrane at this tissue 
site. Therefore, the molecular composition of a basement 
membrane is not only influenced by the interaction of 
the molecules within the basement membrane but also 
by cell receptors. 

Endostatin, the C-terminal domain of collagen type 
XVIII and a potent angiogenesis inhibitor, has been 
localised in basement membrane zones at the light 
microscopic level (Sasaki et aI., 1998), but our 
ultrastructural investigation showed endostatin in the 
microfibrillar matrix adjacent to the endothelial 
basement membrane of capillaries . In contrast, 
endostatin is found in the tubular basement membranes 
of the kidney tubules (Miosge et aI., 1999c). The 
endothelial basement membrane of capillaries in the 
mouse muscle is composed of a2 and al chains of 
laminin, the a4 chain of laminin is found in the 
surrounding microfibrillar matrix (Fig. 5) and not in the 
basement membrane itself (Talts et aI., 2000). A recent 
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Fig. 5. A. Adult mouse soleus muscle, laminin 02 chain is found in the basement membrane (asterisks) of a myocyte (my) and in the endothelial 
basement membrane (black arrows) adjacent to the endothelial cell (en) of a capillary. Bar: 0.32 pm. B. Adult mouse soleus muscle, laminin 02 chain is 
found in the endothelial basement membrane (asterisks) next to the endothelial cell (en) and in the basement membrane of the pericyte (pe) of a small 
arteriole. I: lumen. Bar: 0.43 pm. C. Adult mouse heart, laminin 02 chain is found in the matrix of the endomysium, but not in the basement membrane 
(asterisks) of the cardiomyocyte (my). Bar: 0.32 pm. D. Adult mouse soleus muscle, laminin u4 chain is found in the matrix adjacent to a capillary, but 
not in the endothelial basement membrane (black arrows). ery: erythrocyte in the lumen (I) of the capillary; en : endothelial cell . Bar : 
0.32 pm. E. The laminin 04 chain is found in the endomysium and in the matrix adjacent to a capillary, not in the myocyte or endothelial basement 
membranes. Bar: 0.32 pm. F. The laminin a4 chain is found in the matrix adjacent to a capillary, not in the endothelial basement membrane. Bar: 
0.32 pm. Reproduced with permission from Talis et aI., Structural and functional analysis of the recombinant G domain of laminin (14 chain and its 
proteolytic processing in tissues. J. BioI. Chem. 275,35192-35199 (2000). 
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investigation revealed the laminin 131 and 132 chains in 
the endothelial basement membrane , as well as the 
newly described y3 chain of laminin. Also nidogen-l and 
nidogen-2 are real basement membrane components of 
capillaries (unpublished results). 

Acknowledgements. I would like to apologise to all colleagues whose 

work we could not mention because of space limitations. I would like to 

thank the German Research Council for their support. Special thanks to 

c. Zelent and P. Sprysch for their excellent technical support and to C. 

Maelicke, B.Sc., for editing the manuscript. 

References 

Akuffo E.L., Hunt J.R., Moss J ., Woodrow D., Davies M. and Manson 

R.M. (1996) . A steady-state labelling approach to the measurement 

of proteoglycan turnover in vivo and its application to glomerular 

proteoglycans. Biochem. J. 32, 300-308. 

Aumailley M. and Smyth N. (1998) . The role of laminins in basement 

membrane function . J. Anat. 193, 1-21. 

Aumailley M. , Wiedemann H., Mann K. and Timpl R. (1989) . Binding of 

nidogen and the laminin-nidogen complex to basement membrane 

collagen type IV. Eur. J. Biochem. 184,241-248. 

Bruckner-Tuderman L. and Bruckner P. (1998) . Genetic diseases of the 

extracellu lar matriX, more than just connective tissue disorders. J. 

Mol. Med. 76. 226-237. 
Burgeson R.E .. Chiquet M., Deutzman R. , Ekblom P. , Engel J. , 

Kleinman H., Martin G.R. , Menneguzzi G., Paulsson M., Sanes J., 

Timpl R., Tryggvason K., Yamada Y. and Yurchenco P. (1994). A 

new nomenclature for the laminins. Matrix BioI. 14, 209-211. 

Caulfield J.P. and Farquhar M.G. (1978). Loss of anionic sites from the 

glomerular basement membrane in aminonucleoside nephrosis. 

Lab. Invest. 39, 505-512 . 

Couser W.G. (1999) Glomerulonephritis. Lancet 353, 1509-1515. 

Desjardins M. and Bendayan M. (1989). Heterogeneous distribution of 

type IV collagen, entactin, heparan sulfate proteoglycan , and laminin 

among renal basement membranes as demonstrated by quantitative 

immunocytochemistry. J. Histochem. Cytochem. 37, 885-897 . 

Dziadek M. (1995). Role of laminin-nidogen complexes in basement 

membrane formation during embryonic development. Experient ia 

51 , 901 -913. 

Dziadek M. and Timpl R. (1985). Expression of nidogen and laminin in 

basemen t membranes during mouse embryogenesis and in 

teratoma cells. Dev. Bioi. 111 , 372-382. 

Edgar D., Timpl R. and Thoenen H. (1984) . The heparin-binding domain 

of laminin is responsible for its effects on neurite outgroW1h and 

neuronal survival. EMBO J. 3, 1463-1468. 

Ekblom P. (1993) . Basement membranes in development. In: Molecular 

and cellular aspects of basement membranes. Rohrbach D.H. and 

Timpl R. (eds). Academic Press. New York. pp 359 -378. 

Ekblom P., Durbeej M. and Ekblom M. (1996) . Laminin isoforms in 

development. In: The laminins. Ekblom P. and Timpl R. (eds) . 

Harwood Academic Publishers. Amsterdam. pp 185 -216. 

Faber V. , Quentin-Hoffmann E. , Breuer B. , Schittny J., Volker W. and 

Kresse H . (1992) . Colocalizat ion of a large heterodimeric 

proteoglycan with basement membrane proteins in cu ltured cells . 

Eur. J. Cell BioI. 59, 37-46. 

Fox JW., Mayer U., Nischt R. , Aumailley M. , Reinhardt D. , Wiedemann 

H., Mann K .. Timpl R., Krieg T., Engel J . and Chu M. -L. (1991 ). 

Recombinant nidogen consists of three globular domains and 

mediates binding of laminin to collagen type IV. EMBO J. 10, 3137-

3146. 

Goldberg M. and Escaig-Haye F. (1986) . Is the lamina lucida of the 

basement membrane a fixation artifact? Eur. J. Cell BioI. 42, 365-

368. 
Goode N.P., Shires M., Crellin D.M., Aparicio S.R. and Davison A.M. 

(1995). Alterations of glomerular basement membrane charge and 

structure in diabetic nephropathy. Diabetologica 38, 1455-1465. 

Goodman S .. Deutzman R. and von der Mark K. (1987) . Two distinct 

cell -binding domains in laminin can independent ly promote 

non neuronal cell adhesion and spreading. J. Cell BioI. 105, 589-598. 

Grant D.S. and Leblond C.P. (1988). Immunogold quantif icat ion of 

laminin , type IV collagen . and heparan sulfate proteoglycan in a 

variety of basement membranes. J. Histochem. Cytochem. 36, 271-

283. 
Hassell J.R., Robey P.G., Barrach H.J., Wilczek J., Rennard S.I. and 

Martin G. R. (1980) . Isolat ion of a heparan sulfate-containing 

proteoglycan from basement membrane. Proc. Natl. Acad . Sci. USA 

77, 4494-4498. 

Hay E. (1991). Cell biology of extracelluar matrix. Plenum Press. New 

York . 

Hayat M.A. (1989) . Electron microscopy , biolog ical applicat ions. 

MacMillan Press. London . 

Herken R. and Miosge N. (1991 ) . Postembedding immunogold 

histochemistry for the localization of laminin and its E4 and P1 

fragments in mouse kidney embedded in LR-White and LR -Gold. 

Histochem. J. 23, 267-272. 

Herken R., Manshausen B ., Fussek M. and Bonatz G. (1987) . 

Methodological dependence in the ultrastructural immunolocalization 

of laminin in the tubular basement membrane of mouse kidney. 

Histochemistry 87, 59-64. 

Hopf M., G6hring W., Kohfeldt E., Yamada Y. and T impl R. (1999). 

Recombinant domain IV of perlecan binds to nidogens, laminin

nidogen complex, fibronectin, fibulin-2 and heparin. Eur. J. Biochem. 

259, 917-925. 

Hudson B.G ., Reeders S.T. and Tryggvason K. (1993) . Type IV 

collagen , structure, gene organisation, and role in human diseases. 

J. BioI. Chem. 268, 26033-26036. 

Inoue S., Leblond C.P. and Laur ie G.W. (1983). Ultrastructure of 

Reichert'S membrane, a multi-layered basement membrane in the 

parietal wall of the yolk sac. J. Cell BioI. 97, 1524-1537. 

Kalluri R. (1999) Goodpasture syndrome. Kidney Int. 55, 1120-1122. 

Katz A ., Fish A .J ., Kleppel M.M. , Hagen S.G ., Michael A.F. and 

Butkowski R.J. (1991). Renal entactin (nidogen) Isolation , 

characterization and tissue distribution . Kidney Int. 40, 643-652 . 

Kefalides N.A. , Alper R. and Clark GW. (1979) . Biochemistry and 

metabol ism of basement membranes. Int. Rev. Cytol. 65, 167-228. 

Klein D.J. , Brown D.M., Oegema T.R ., Brenchley P.E., Anderson J.C. , 

Dickinson MA, Horigan E.A. and Hassell J.R. (1988). Glomerular 

basement membrane proteoglycans are derived from a large 

precursor. J. Cell BioI. 106, 963-970. 

Koch M., Olson P., Albus A., Jin W. , Hunter D., Brunken W.J., Burgeson 

R.E. and Champliaud M.-F. (1999) . Characterization and expression 

of the laminin y3 chain . A novel , non-basement membrane

associated. laminin chain. J. Cell BioI. 145, 605-617. 

Kohfeldt E. , Sasaki T., G6hring W. and Timpl R (1998). Nidogen-2, a 

new basement membrane protein with diverse binding properties. J. 



1247 

Basement membranes in vivo 

Mol. BioI. 282, 99-109. 

Korhonen M., Ylanne J., Laitinen L. and Virtanen I. (1990) . The alpha 1-

alpha 6 subunits of integrins are characteristically expressed in 

distinct segments of developing and adu lt human nephron. J. Cell 

BioI. 111 , 1245-1254. 

Kuhn K. (1994). Basement membrane (type IV) collagen. Matrix BioI. 

14, 439-445. 

Laurie G.W., Bing J .T., Kleinman H.K., Hassell J.R., Aumai lley M., 

Martin G.R. and Feldmann R.J. (1986) . Localization of binding sites 

for laminin, heparan sulfate proteoglycan and fibronectin on 

basement membrane (type IV) co llagen. J. Mol. BioI. 189,205-216. 

Leivo I., Vaheri A., Timpl R. and Wartiovaara J. (1980). Appearance and 

distribution of collagens and lam in in in the ear ly mouse embryo . 

Dev. Dyn . 76, 100-114. 

Liotta L.A., Rao N.C., Barsky S.H. and Brayant G. (1984). The laminin 

receptor and basement membrane dissolution . Role in tumor 

metastasis. In : Basement membranes and ce ll movement. Ciba 

Foandation Symposium 108. Porter R. and Whelan J. (eds) . Pitman. 

London . pp 148-153. 

Ljubimov AV., Huang Z.S" Huang G.H., Burgeson R.E., Gullberg 0 " 

Miner J.H ., Ninomiya Y., Sado Y. and Kenney M.C. (1998). Human 

corneal epithelial basement membrane and integrin alterations in 

diabetes and diabetic retinopathy. J. Histochem. Cytochem. 46, 

1033-1041. 

Maurer P. and Engel J. (1996) . Structure of laminins and their chain 

assembly. In: The laminins. Ekblom P. and Timpl R. (eds) . Harwood 

Academic Publishers. Amsterdam. pp 217-233. 

Mayer U. and Timpl R. (1994) . Nidogen, A versatile binding protein of 

basement membranes . In : Extracellular matrix assembly and 

structure. Yurchenco P., Birk D.E. and Mecham R.P . (eds) . 

Academic Press. New York. pp 389-416. 

Mayer U" Nischt R., Posch I E., Mann K., Fukuda K., Gerl M., Yamada 

Y. and Timpl R. (1993) . A single EGF-like motif of lamin in is 

responsible for high affinity nidogen binding. EMBO J. 12, 1879-

1885. 
Mayer U., Zimmermann K., Mann K., Reinhardt D., Timpl R. and Nitsch 

R. (1995). Binding properties and protease stability of recombinant 

human nidogen. Eur. J. Biochem. 227, 681-686. 

Mayer U. , Saher G., Fassler R., Bornemann A, Echtermayer F., von der 

Mark H" Miosge N., Posch I E. and von der Mark K. (1997). Absence 

of integrin 07 causes a novel form of muscular dystrophy. Nature 

Genet. 17, 318-323. 

Mayer U., Kohfeldt E. and Timpl R. (1998). Structural and genetic 

analysis of laminin-nidogen interaction . Ann . NY Acad . Sci. 857, 

130-142. 
Merker H.-J. (1994) . Morphology of the basement membrane. Microsc. 

Res. Tech. 28, 95-124 . 
Miosge N., Gunther E. , Becker-Rabbenstein V. and Herken R. (1993). 

Ultrastructural localization of laminin subunits during the onset of 

mesoderm formation in the mouse embryo. Anat. Embryol. 187, 

601 -605. 
Miosge N., Gunther E., Heyder E., Manshausen B. and Herken R. 

(1995) . Light and electron microscopic localization of the cd-chain 

and the El and E8 domains of laminin-l in mouse kidney using 

monoclonal antibodies to establish the orientation of laminin-l within 

basement membranes. J. Histochem. Cytochem. 43, 675-680. 

Miosge N, Dresp W. and Herken R. (1997). Ultrastructural localization 

of binding sites for the lectins RCAI , WGA and L TA in the 

preimplantation mouse embryo. J. Histochem. Cytochem. 45, 447-

453. 

Miosge N. , Heinemann S., Leissling A , Klenczar C. and Herken R. 

(1999a) . Ultrastructural triple localization of laminin-l , nidogen-l and 

collagen type IV helps to elucidate basement membrane structure in 
vivo . Anat. Rec. 254. 382-388. 

Miosge N., Klenczar C., Herken R., Willem M. and Mayer U. (1999b) . 

The organization of the myotendinous junction is dependent on the 

presence of u 7B1 integrin . Lab. Invest. 79, 1591-1599. 

Miosge N. , Sasaki T. and Timpl R. (1999c) . The angiogenesis inhibitor 

endostatin is a distinct component of elastic fibers of vessel walls . 
FASEB J. 13, 1743-1750. 

Miosge N., Quondamatteo F. , Klenczar C. and Herken R. (2000a) . 

Nidogen-l , Expression and ultrastructural localization during the 

onset of mesoderm formation in the early mouse embryo . J . 

Histochem. Cytochem. 48, 229-237. 

Miosge N., Kother F., Heinemann S. , Kohfeldt E., Herken R. and Timpl 

R. (2000b). Ultrastructural colocalization of nidogen-l and nidogen-2 

with laminin-1 in murine kidney basement membranes. Histochem. 

Cell BioI. 113, 115-124. 

Murshed M., Smyth N., Miosge N. , Karolat J., Krieg T. , Paulsson M. and 

Nischt R. (2000) . Absence of nidogen-l does not affect murine 

basement membrane formation. J. Mol. Cell BioI. 20, 7007-7012. 

Ott U., Odermatt E., Engel J " Furthmayr H. and Timpl R. (1982) . 

Protease resistance and conformation of laminin. Eur. J. Biochem. 

123,63-69. 

Paulsson M. (1993) . Laminin and cOllagen type IV variants and 

heterogeneity in basement membrane composition . In: Molecular 

and cellular aspects of basement membranes. Rohrbach D.H. and 

Timpl R. (eds) . Academic Press. New York. pp 177-187. 

Paulsson M., Aumailley M. , Deutzmann R. , Timpl R. , Beck K. and Engel 

J. (1987a). Laminin nidogen complex . Extraction with chelating 

agents and structural characterization. Eur. J. Biochem. 166, 11-19. 

Paulsson M., Yurchenco P.O. , Ruben G.C., Engel J. and Timpl R. 

(1987b) . Structure of low density heparan sulfate proteoglycan 

isolated from a mouse tumor basement membrane. J. Mol. BioI. 197, 

297-313. 

Poelman R.E., Gittenberger-de Groot AC., Mentink M.M.T., Delpech B. , 

Girard N. and Christ B. (1990) . The extracellular matrix during neural 

crest formation and migration in the rat embryos. Anat. Embryol. 

182, 29-39. 

Salamat M., Miosge N. and Herken R. (1995) . Development of 

Reichert's membrane in the early mouse embryo. Anat. Embryol. 

192, 275-281. 

Sasak i T . and Timpl R. (1999) . Lamin ins . In : Guidebook to the 

extracellular matrix, anchor and adhesion proteins. Kreis T. and Vale 

R. (eds) . Oxford Univ. Press. pp 434-443. 

Sasaki T. , Fukai N. , Mann K" Gohring W., Olsen B.R. and Timpl R. 
(1998) . Structure , funct ion and tissue -forms of the c-terminal 

globular domain of collagen XVIII contain ing the angiogenesis 
inhibitor endostatin . EMBO J. 17, 4249-4256. 

Schittny J.C. and Yurchenco P.O. (1990). Terminal short arm domains 

of the basement membrane laminin are critical for its self-assembly. 

J. Cell BioI. 110, 825-832. 

Sch ittny J .C ., Timpl R . and Engel J . (1988). High resolution 

immunoelectron microscopic localization of functional domains of 

laminin, nidogen, and heparan sulfate proteoglycan in epithelial 

basement membrane of mouse cornea reveals different topological 

orientation. J. Cell BioI. 107, 1599-1610. 

Smyth N., Vatansever S. , Murray P., Meyer M., Frie C. , Paulsson M. 



1248 

Basement membranes in vivo 

and Edgar D. (1999) . Absence of basement membranes after 

target ing the LAMC1 gene results in embryonic lethality due to 

failure of endoderm differentiation. J. Cell BioI. 144, 151-160. 

Sonnenberg A., Linders C.J ., Modderman P.W. , Damsky C.H. , 

Aumailley M. and Timpl R. (1990). Integrin recognition of different 

cell-b inding fragments of lamin in (P1 , E3, E8) and evidence that 

alpha 6 beta 1 but not alpha 6 beta 4 functions as a major receptor 
for fragment E8. J. Cell BioI. 110, 2145-2155. 

Sorokin L., Sonnenberg A., Aumailley M., Timpl R. and Ekblom P. 

(1990). Recognition of the laminin E8 cell-b inding site by an integrin 

possessing the alpha 6 subunit is essential for epithelial polarisation 
in developmental formation of kidney tubules. J . Cell BioI. 111 , 

1265-1273. 

Streuli C. (1996). Basement membrane as a differentiation and survival 

factor. In: The lamin ins. Ekblom P. and Timpl R. (eds) . Harwood 

Publishers. Amsterdam. pp 217-233. 

Talts J.F., Sasaki T., Miosge N., Gohring W., Mann K. , Mayne R. and 

Timpl R. (2000) . Structural and functional analysis of the 

recombinant G domain of laminin (.( 4 chain and its proteolytic 

processing in tissues. J. BioI. Chem. 275, 35192-35199. 

Timpl A. (1996) . Macromolecular organization of basement membranes. 

Curro Op. Cell BioI. 8,618-624. 
Timpl R. and Brown J.C. (1994) . The laminins. Matrix BioI. 14, 275-281 . 

Timpl R. and Brown J.C. (1996). Supramolecular assembly of basement 

membranes. BioEssays 18, 123-132. 

Timpl R., Rode H. , Robey P.G., Rennard S.I. , Foidart J.M. and Martin 

G.A. (1979). Laminin, A glycoprotein from basement membranes. J. 

BioI. Chem. 254 , 9933-9937 . 

Timpl R., Wiedeman H. , van Delden V., Furthmayr H. and Kuhn K. 

(1981). A network model for the organ ization of type IV collagen 

molecules in basement membranes. Eur. J . Biochem . 120, 203-

211 . 
Virtanen I. , Laitinen L. and Korhonen M. (1995). Differential expression 

of laminin polypeptides in developing and adult human kidney. J . 

Histochem. Cytochem. 43, 621 -628. 

Virtanen I., Lohi J. , Tani T., Korhonen M. , Burgeson R.E., Lehto V.-P. 

and Leivo I. (1997) . Distinct changes in the laminin composition of 

basement membranes in human seminiferous tubules during 

development and degeneration. Am. J. Pat hoI. 150, 1421 -1431 . 

Yao C.C. , Ziober B.L. , Scuillace A.M. and Kramer R.H. (1996). Alpha 7 

integrin mediates cell adhesion and migration on specific laminin 

isoforms. J. BioI. Chem. 271, 25598-25603. 

Yurchenco P.O. and Ruben G.C. (1987). Basement membrane structure 

in situ, Evidence for lateral associations in the type IV collagen 

network. J. Cell BioI. 105, 2559-2568. 

Yurchenco p.o ., Cheng Y.-S. and Colognato H. (1992) . Laminin forms 

an independent network in basement membranes. J. Cell Bioi. 117, 

1119-1133. 
Zhou J. , Host ikka S .L., Chow L.T. and Tryggvason K. (1991 ) . 

Characterization of the 3 'half of the human type IV collagen a 5 gene 

which is affected in Alport syndrome. Genomics 9, 1-9. 

Zhu D., Kim Y. , Steffens M.W. , Groppoli T.J ., Butkowski R.J. and Mauer 

S.M . (1994) . Appl ication of electron microscopic immunocyto

chemistry to the human kidney, Distribution of type IV and type VI 

collagen in normal human kidney. J. Histochem. Cytochem. 42 , 577-

584. 

Accepted June 29, 2001 


