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Abstract. Thin and ultrathin cryosections of mouse 
cornea were labeled with affinity-purified antibodies 
directed against either laminin, its central segments 
(domain 1), the end of its long arm (domain 3), the 
end of one of its short arms (domain 4), nidogen, or 
low density heparan sulfate proteoglycan. All basement 
membrane proteins are detected by indirect immuno- 
fluorescence exclusively in the epithelial basement 
membrane, in Descemet's membrane, and in small 
amorphous plaques located in the stroma. Immuno- 
electron microscopy using the protein A-gold tech- 
nique demonstrated laminin domain 1 and nidogen in 
a narrow segment of the lamina densa at the junction 
to the lamina lucida within the epithelial basement 
membrane. Domain 3 shows three preferred locations 
at both the cellular and stromal boundaries of the epi- 
thelial basement membrane and in its center. Do- 

main 4 is located predominantly in the lamina lucida 
and the adjacent half of the lamina densa. The low 
density heparan sulfate proteoglycan is found all 
across the basement membrane showing a similar uni- 
form distribution as with antibodies against the whole 
laminin molecule. In Descemet's membrane an even 
distribution was found with all these antibodies. It is 
concluded that within the epithelial basement mem- 
brane the center of the laminin molecule is located 
near the lamina densa/lamina lucida junction and that 
its long arm favors three major orientations. One is 
close to the cell surface indicating binding to a cell 
receptor, while the other two are directed to internal 
matrix structures. The apparent codistribution of lami- 
nin domain 1 and nidogen agrees with biochemical 
evidence that nidogen binds to this domain. 

B 
ASEMENT membranes are specialized pericellular ma- 
trix structures which underlay endothelial and epi- 
thelial cells and surround fat cells, muscle fibers, and 

peripheral nerves (for a review see reference 64). Basement 
membranes are responsible for the maintenance and com- 
partmentalization of tissue architecture and their status de- 
termines repair after injury. They also provide anchorage for 
adjacent cells and maintain their polarized and differentiated 
state. Other functions include the control of cell migration 
and invasion. Some specialized basement membranes (17) 
serve as a selective barrier in the filtration of macro- 
molecules. 

Basement membranes are composed of glycoproteins, 
proteoglycans, and collagen. The best characterized compo- 
nents are laminin, nidogen/entactin, the low and high density 
forms of heparan sulfate proteoglycans, BM-40/SPARC/os- 
teonectin, and collagen IV (for reviews see references 15, 33, 
44, 64). Some biologically important functions of basement 
membranes have been attributed to individual components. 
Collagen IV forms network structures both in vitro (67, 70) 

and in vivo (69). These are believed to provide the scaffold 
onto which the other components assemble. Laminin is a 
large multidomain protein of crosslike shape with three short 
arms and one long arm composed of rodlike and globular 
structural elements (16). This elongated structure may allow 
the connection of various matrix components including a 
tight binding to nidogen (12, 45). Laminin is in addition a 
well-characterized cell-binding protein (33, 64). Cell adhe- 
sion was correlated with inner segments of the short arms 
(domain 1) and the peripheral portion of the long arm (do- 
main 8) (7, 23, 65). Other important functions of laminin in- 
clude promotion of neurite outgrowth (13) due to a site local- 
ized in the long arm (domain 8), glowth promotion (14, 28) 
and nidogen binding (45) localized in domain 1, and heparan 
sulfate binding localized in a globular structure at the tip of 
the long arm (domain 3) which is a substructure of domain 
8 (43, 45). 

Cross-sectioned basement membranes are visualized at 
the EM level as continuous thin sheets with a rather amor- 
phous appearance. The epithelial basement membrane of 
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mouse cornea for example is ,,o100 nm thick and consists, 
based on electron density, of a 40-nm-wide lamina lucida at 
the cellular side that can be distinguished from a somewhat 
thicker lamina densa facing the stroma. This morphological 
pattern suggests that basement membranes are deposited by 
epithelial cells in a polarized fashion typical for many other 
basement membranes at most other locations. Glomerular 
and some other basement membranes are, however, excep- 
tional and appear bipolar with two laminae lucida facing epi- 
thelial and endothelial cells at opposite sides (17). Im- 
munofluorescence and immunoelectron microscopy have 
been used to demonstrate the presence of individual proteins 
referred to above in various basement membranes (for 
reviews see references 35, 64). So far, only limited informa- 
tion is available on the topological orientations of the compo- 
nents within the basement membrane matrix. This is not too 
surprising since previous studies were performed with anti- 
bodies raised against very large multidomain proteins rather 
than with antibodies specific for individual domains. Most 
studies aimed at the immunolocalization of laminin therefore 
found the protein essentially evenly distributed in the lami- 
nae lucida and densa (1-6, 18, 20, 21, 30, 32, 34, 36, 39, 41, 
57, 60, 61, 68); while some controversial results indicated 
a restriction to either the lamina lucida (9, 19) or lamina 
densa (8, 29, 54). 

Because of the assignment of potential biological activities 
to different domains of laminin by in vitro studies, it is desir- 
able to know whether these domains are in fact found in situ 
in those positions anticipated from their functions. This 
specifically refers to laminin domain 1, which binds nidogen 
and cells, and domains 8 or 3 which bind cells and/or hepa- 
ran sulfate. We have now used afffinity-purified antibodies 
specific for various laminin domains (7, 13, 43) to determine 
the topological orientation of this protein in comparison 
to those of nidogen and heparan sulfate proteoglycan by 
high resolution immunoelectron microscopy. This was ap- 
proached by using mouse cornea as model because it pos- 
sesses a typical well-defined epithelial basement membrane 
and atypical basement membrane structures underneath the 
endothelial cell layer (Descemet's membrane) and within the 
corneal stroma. 

Materials and Methods 

Preparation of Antisera and Characterization 
of Affinity-purified Antibodies 
All antigens used were prepared from the mouse Engelbreth-Holm swarm 
tumor (66). Immunization of rabbits and affinity purification of antibodies 
followed standard protocols (63). Antibodies specific for laminin domain 
1 were prepared from antilaminin antisera by immunoadsorption on laminin 
fragment P1 (7). Antibodies specific for laminin domains 3 and 4 were ob- 
tained from antisera against fragments E3 and E4, respectively (13, 43), by 
passage over adsorbent columns containing the laminin fragment used for 
immunization. In addition, antibodies reacting with various domains were 
obtained from an antilaminin serum on a laminin adsorbent. Antisera 
against nidogen fragment Nd-80 were affinity purified on nidogen fragment 
Nd-40 which corresponds to the rodlike domain of nidogen (45, 46, 65). 
Antisera against the low density form of heparan sulfate proteoglycan (11, 
49) were purified on an immunoadsorbent containing the intact proteogly- 
can (49). They react with various domains of the protein core as shown by 
immunoblotting of tryptic digests of the proteoglycan (data not shown). All 
purified antibodies were examined by radioimmunoassays (63) and showed 
strong binding to the desired antigens but not to the other components com- 
pared in this study (Table I). 

Immunofluorescence Staining 
Adult Balb/c mice were killed by cervical dislocation. The eyes were im- 
mediately removed, rinsed in PBS, pH 7.4, incubated in Tissue Tek (Miles 
Laboratories Inc., Naperville, IL) for 5 min, and frozen in liquid nitrogen. 
Sections of 8 IJ.m were cut with a cryostat-microtome (SLEE, Mainz, FRG) 
at 20°C, transferred to fat-free microslides, air dried at room temperature, 
and stored in a dry chamber at -20°C until use. 

The sections were rehydrated and stained with 1 lag/ml Hoechst dye 
(Hoechst, Frankfurt, FRG) in PBS for 10 rain, then washed with three 
changes of PBS containing 20 mg/ml milkpowder (M/PBS) for a total of I h. 
Incubation with affinity-purified antibodies diluted 1:10-1:50 in M/PBS 
for I h was followed by three changes of M/PBS (10 min) and treatment with 
fluorescein-labeled second antibody (FITC-labeled goat anti-rabbit IgG; 
Sigma Chemical Co., St. Louis, MO); 1 mg/ml diluted 1:30-1:50 in M/PBS 
for 1 h. After three more changes of PBS (15 min), sections were embedded 
in 90 % glycerol (E. Merck, Darmstadt, FRG) with 2 % propylgallate (Fluka 
AG, Buchs, Switzerland) including sealing of the cover slip with nail 
varnish. 

All steps were carried out in a moist chamber at room temperature, The 
stained sections were examined and photographed with appropriate filters 
to show either the Hoechst dye or the fluoresceine staining. 

1issue Preparation for Immunoelectron Microscopy 
Corneas were removed as above and were cut into triangular pieces smaller 
than I mm in PBS containing 0.01 M sodium periodate, 0.05 M lysine, and 
2 % freshly prepared formaldehyde (37). For ultrathin cryosections, the fixa- 
tion was stopped after 1 h by immersion of the tissue in PBS containing 1% 
lysine for 15 min. Plain PBS was used for freeze substitution. 

Labeling of Ultrathin Cryosections 
Fixed samples were frozen in a mixture of 70% liquid propane and 30% 
isopentane cooled by liquid nitrogen to -196°C followed by sectioning and 
labeling (25). Specifically, after cutting with a microtome (LKB Instru- 
ments, Inc., Stockholm, Sweden) and picking up individual sections on EM 
grids, they were stored on a gel of 2% gelatin containing PBS at 40C for 
1-72 h. Before labeling, grids were washed three times for 3 min on drops 
of PBS containing 1% lysine, and once for 5 rain on drops of PBS with 10% 
FCS (Gibco AG, Basel, Switzerland). The grids were then incubated with the 
specific antibody for 1 h. The antibody stock solution.(0.4-1.6 mg/ml) was 
diluted 1:1-1:20 with PBS. The final solution ~:ontained 0.1% Tween 20, 
0.1% Triton X-100, and 2% milk powder. Grids were then washed six times 
for 15 min on drops of PBS, incubated for 30 min with a solution of protein 
A-gold (reduced with ascorbate according to reference 52) in PBS contain- 
ing 0.1% Tween 20, 0.1% Triton X-100, 1% gelatin and 1% bovine albumin. 
A final washing with PBS and distilled water and the embedding in methyl- 
cellulose was done as described by Griffiths et al. (25). All operations were 
performed at room temperature. 

Freeze Substitution and Embedding in Lowicryl 
The tissue was frozen with a high pressure freezing apparatus (model HPM 
010; Balzers AG, Liechtenstein) according to Moor et al. (40). Samples 
were stored in liquid nitrogen, substituted in pure acetone at -85°C, em- 
bedded in a graded series of Lowicryl K . M  at -600C, and polymerized 
with UV light at either -60°C or room temperature for 2 d each (58). 

Labeling of the Plastic Sections 
Labeling followed a previously described protocol (52). The unspecific 
binding of the antibody was blocked with M/PBS for 5 rain. Stock solution 
of the affinity-purified antibodies were diluted 1:1-1:20 in PBS containing 
0.1% Tween 20, 0.1% Triton X-100, and 2% milk powder. The grids were 
incubated with this solution at room temperature for 1-2 h. Treatment with 
protein A-gold was done as described for the cryosections. The counter- 
staining was done with saturated uranyl formate at a series of five to seven 
drops, each applied for 1 rain, followed by a brief washing with distilled 
water. 

1. Abbreviations used in this paper: LDPG, low density heparan sulfate pro- 
teoglycan; M/PBS, phosphate buffered saline containing milk powder. 
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Table L Specificity of A~nity-purified Antibodies Against Laminin and Laminin Fragments 

Affinity Antibody 
Immunogen column concentration laminin 

Antigen-binding capacity for ~2~I-labeled 

fragment 1 fragment 3 fragment 4 

mg/ml #g/ml 

Laminin I .aminin 0.6 21 
Laminin Fragment 1 1.4 53 
Fragment 3 Fragment 3 1.3 31 
Fragment 4 Fragment 4 1.6 40 

# g /ml lt g /ml It g /ml 

17 7 0.7 
40 <0.1 <0.1 
<0.02 35 <0.02 

0.2 <0.1 53 

Statistical Evaluations 

Measurements were performed on enlargements magnified 36,000 times. 
For determining the density of label, gold grains were counted in an area 
of 25-50 I, tm: (stroma), 15-40 ~tm 2 (Descemet's membrane), and 2.2-5.5 
gm 2 (basement membranes) for each individual section. Areas were mea- 
sured by an Apple lie computer equipped with a graphics tablet (Apple 
Computer Inc., Cupertino, CA). Because epithelial basement membranes 
were too thin for a direct determination of their areas, it was determined 
by multiplying the length evaluated by the mean diameter (100 am). 

For evaluating histograms of label distribution across the width of the epi- 
thelial basement membrane, its diameter was defined as the distance be- 
tween the plasma membrane at the cellular side and the junction to the cor- 
neal stroma. At the position of each label, the diameter was divided into 
eight equal length intervals of which five correspond to the lamina densa 
(64 + 2% of the diameter) and three to the lamina lucida. The position of 
each individual grain was assigned to one of the eight intervals. This method 
implies a normalization of the absolute diameter (100 + 17 nm) accounting 
for variations most probably caused by oblique sectioning, due to undula- 
tions of the inner ocular surface of the corneal epithelium. For each experi- 
ment the positions of 155--440 gold grains were counted. 

Results 

Domain Specificity of Purified Antibodies 
Polyclonal antibodies specific for domains 1, 3, or 4 were 
used for the labeling of distinct portions of the laminin mole- 
cule (Fig. 1). The antibodies were prepared from rabbit an- 
tisera against laminin or the laminin fragments 1, 3, and 4 
corresponding to the domains whose loealizations are indi- 
cated by the same numbers in Fig. 1. The antibodies showed 
strong binding to the corresponding fragment in radioim- 
munoassays and negligible reactions with the unrelated frag- 
ments (Table I). They also failed to react with nidogen and 
the proteoglycan. For further characterization of earlier 
preparations of the same antibodies see OR et al. (43). 

Antinidogen antibodies were also used for labeling since 
nidogen is closely associated to the central domain 1 of lami- 
nin (Fig. I) in stable and stoichiometric complexes (45). The 
antinidogen antibody was affinity purified on a nidogen frag- 
ment corresponding to its rodlike domain (Fig. 1) and 
showed complete cross-reaction and strong binding to intact 
nidogen (46). Since nidogen binds to laminin by one of its 
globular domains (Fig. 1), the antibodies have access to the 
epitopes even after complex formation with laminin (45). 
Purified antibodies against the low density form of basement 
membrane heparan sulfate proteoglycan (LDPG) were added 
to the repertoire of markers because of the importance of this 
proteoglycan for the function and molecular organization of 
basement membranes (48, 49). The antibody reacts exclu- 
sively with the protein core of the proteoglycan (11) which 
consists of six globular domains arranged in an 80-nm-long 

segment of 500 kD (49). Preliminary evidence indicates that 
the antibodies bind to several if not all of the domains within 
the protein core. These antibodies failed to react with the 
other basement membrane proteins examined here (11, 49) 
and with collagen type IV. 

Localization of Basement Membrane Components in 
the Mouse Cornea by Indirect Immunofluorescence 
The histological distribution of laminin (Fig. 2, a and b), 
nidogen (Fig. 2, c and d), and LDPG (Fig. 2, e and f )  in 
mouse cornea was studied by indirect immunofluorescence 
on unfixed cryosections and revealed almost identical stain- 
ing patterns. Staining is restricted to epithelial basement 
membrane, small plaques located in the corneal stroma, 
basement membranes surrounding nerve fibers, and Des- 
cemet's membrane. The latter often appears as a segment 
encased by two stained lines (Fig. 2, a and b) which may, 
however, be an artifact since it is not supported by immuno- 
electron microscopy (see below). This artificial staining pat- 
tern could be caused by ice crystal growth during freezing. 
When antibodies against laminin, nidogen, and LDPG were 
incubated with their respective soluble antigens before appli- 
cation, fluorescence staining of discrete structures was abol- 
ished, and only a weak unspecific background was seen (not 
shown). This unspecific staining was comparable to the weak 
staining observed with a nonimmune rabbit IgG. Immuno- 
fluorescence was also used as a convenient test for selecting 
antibodies to be used in immunoelectron microscopy. Only 
those preparations which produced a bright and specific 
fluorescence at concentrations below 50-100 Bg/ml were 
found to produce sufficient label density in immunoelectron 
microscopy. 

General Features of lmmunoelectron Microscopy 
on Ultrathin Cryosections 

Immunoelectron microscopy was applied primarily for the 

81 
1 {hatched} 

120 nm i 

(hatched} 

Figure 1. Localization of fragmems 1, 3, 
4, and 8 within the crosslike structure of 
laminin and approximate position of the 
dumbbell-shaped nidogen molecule in the 
laminin/nidogen complex (based on refer- 
ences 16, 43, 45). 
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Figure 2. Immunofluorescence localization of laminin (a and b), nidogen (c and d), and heparan sulfate pmteoglycan (e and f )  in the mouse 
cornea. Unfixed cryostat sections were labeled with antilaminin, antinidogen, and anti-LDPG antibodies, respectively, and stained with 
FITC-anti-rabbit IgG. (a, c and e) Epithelial (EP), endothelial (EN) cells, and fibroblasts (arrows) are, in addition, visualized by chromo- 
some staining with Hoechst dye (originally distinguished from FITC staining by its blue fluorescence). For all three proteins staining is 
seen in the epithelial basement membrane (BM), in small plaques located in the stroma (ST), around nerves (N), and in Descemet's mem- 
brane (DM). Bars, 25 txm. 

localization and identification of individual domains of lami- 
nin and of nidogen and LDPG in cross sections of the epi- 
thelial basement membrane. Since plaques in the stroma 
and Descemet's membrane apparently also contain laminin, 
nidogen, and LDPG these structures were examined for 
comparison. 

Protocols for specimen preparation had to be optimized 

for immunoreactivity and structure preservation. Cryosec- 
tioning offered the best compromise between these goals, al- 
lowing label densities which were sufficiently high for an 
evaluation of the distribution of all antigens (Table II). Pro- 
tein A-gold was used for labeling because of the advantage 
it afforded: bound antibody molecules are labeled by single 
gold grains (52) and not by clusters as in the case of IgG-gold 
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complexes. Background labeling comprised only 1-16% of 
the specific labeling (Table II). Embedding in Lowicryl 
K , M  after freeze substitution resulted in a better structure 
preservation but somewhat less label density as compared to 
cryosections and was also used in some cases. 

Basement Membrane of the Corneal Epithelium 

Electron micrographs of ultrathin cryosections labeled with 
the different antibodies are shown in Fig. 3. The basement 
membrane is located between the epithelium (EP) and the 
corneal stroma (ST). It is divided into the lamina lucida (LL) 
at its cellular side and the lamina densa (LD) at its extracellu- 
lar side. Differences in labeling patterns are visible already 
by visual inspection. Antilaminin (Fig. 3 a) and anti-LDPG 
antibodies (Fig. 3 f )  which react with a large variety of do- 
mains produce rather uniform distributions with the highest 
number of labels per ~tm 2 (Table II). The labeling with anti- 
[~:lies against a particular nidogen domain and with antibod- 
ies against several domains of laminin resulted in weaker but 
clearly significant signals. Domain 1 of laminin (Fig. 3 b) 
as well as nidogen (Fig. 3 e) appear to be located in the cen- 
tral region of the basement membrane, whereas laminin do- 
mains 3 and 4 appear in the lamina lucida and in most parts 
of the lamina densa. 

For a more objective and quantitative evaluation of the 
results, a statistical analysis of the micrographs was per- 
formed (Fig. 4). The labeling by antilaminin antibodies ap- 
pears all over the cross section of the basement membrane 
with a slight accumulation in its central part (Fig. 4 a). In 
striking contrast, the label frequency for domain 1 of laminin 
exhibits a sharp peak with a maximum in the lamina densa 
at the junction to the lamina lucida. Labeling for the small 
(Fig. 4 b) domain 3 exhibits a more uniform distribution with 
three maxima at both borders of the basement membrane and 
in its center (Fig. 4 c). Domain 4 appears to be predomi- 
nantly present in the lamina lucida and in the adjacent half 
of the lamina densa (Fig. 4 d). 

The frequency distribution of the labels for nidogen (Fig. 
4 e) is very similar to the one for laminin domain 1 (Fig. 4 
b). Both are found to be located at the borderline between 
the lamina densa and the lamina lucida with a maximum 
slightly inside the lamina de, t. Labels for LDPG are de- 
tectable in regions across the basement membrane except for 
a distinct decrease at its most cellular side (Fig. 4 f ) .  This 
contrasts to a higher label density at the borderline to the cor- 
neal stroma. 

The labeling pattern in the direction parallel to the plane 
of the basement membrane was searched for repeats. In the 
case of antibodies to laminin domain 1 and nidogen, where 
the labels are deposited approximately in a row, the distances 
between the single gold grains were measured over a total 
length of '~ 25 Ixm. For none of the antigens could periodic- 
ity of the labels be detected either by statistical analysis or 
by visual inspection. 

Basement Membrane-like Plaques in the 
Corneal Stroma 

The basement membrane components laminin (Fig. 5), nido- 
gen (Fig. 5 e), and heparan sulfate proteoglycan (not shown) 
are localized in distinct areas of the corneal stroma. They 
were detected in amorphous elongated structures, which ap- 

Table II. Density and Specificity of Antigen Labeling 
in Ultrathin Cryosections of Mouse Cornea 

Antibody Basement 
against Epithelium membrane Stroma Descemet's 

Laminin 0 .7  88.0 2.9 42.0 
inhibited <5 .0  <10 .0  1.1 1.9 

Domain 1 2.5 49.0 1.1 13.0 
inhibited 9.6 6.5 1.0 1.5 

Domain 3 4.0 46.0 5.1 I 1.0 
inhibited 2.9 4.9 2.3 1.5 

Domain 4 2.3 53.0 3.7 27.0 
inhibited 4.0 8.4 9.5 4.1 

Nidogen 2.0 43.0 2.6 18.0 
inhibited 1.9 2.7 2.0 3.0 

LDPG 1.1 60.0 1.9 34.0 
inhibited 0.8 0.1 0.3 0.7 

Nonimmune 
rabbit IgG 0.4 0.9 0.4 0.0 

The density of gold labels is given in grains per gm 2. The SD is smaller than 
+3 labels/lam 2. In the inhibition test, the specific antibody was incubated 
with its soluble antigen before application. 

pear morphologically similar to the lamina densa. Some of 
these elongated elements are apparently in contact with one 
side of fibroblasts (Fig. 5, a and b), whereas others are local- 
ized between large cross-striated collagen fibers (Fig. 6, c-e). 
The latter plaques did not show any apparent contact with 
typical basement membranes or with cells. Such plaques, as 
indicated by the immunofluorescence, are homogeneously 
distributed throughout the whole corneal stroma (Fig. 2, 
a-c). They are clearly distinct from basement membranes 
around peripheral nerves, which are always in contact with 
nerve and/or Schwann cells, divided into a lamina densa and 
a lamina lucida zone, and are perhaps related to the collagen 
IV- and laminin-containing structures observed by Pratt and 
Madri (50). 

Distribution of Antigens in Descemet's Membrane 

In contrast to the basement membrane of the corneal epithe- 
lium (see above), all studied proteins or their fragments were 
found to be homogeneously distributed in the Descemet's 
membrane (Fig. 6). No significant correlation of the labels 
to any structural element of this membrane could be de- 
tected. In particular, there was no indication of a label- 
ing pattern which could comprise the double line observed 
by immunofluorescence staining of Descemet's membrane 
(Fig. 2). 

Discussion 

Immunoelectron microscopic studies with antibodies di- 
rected against individual domains of laminin provided new 
insights on possible arrangements of this large multidomain 
protein which could not be obtained in previous work with 
antibodies directed against the whole laminin molecule (20, 
21, 30, 34, 35, 38, 39, 54, 60). The present work concen- 
trated on epithelial basement membranes of mouse cornea 
because of their typical morphological appearance and di- 
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Figure 3. Localization of laminin, nidogen, and proteoglycan in the basement membrane of the corneal epithelium. Ultrathin cryosections 
of the mouse cornea were labeled with antilaminin antibodies (a), antibodies against individual domains 1 (b), 3 (c), and 4 (d), of laminin, 
and antibodies against nidogen (e) and proteoglycan ( f ) .  Nonimmune rabbit IgG was applied in control experiments (g) using the protein 
A-gold technique. EP, epithelium; LD, lamina densa; LL, lamina lucida; ST, stroma. Bars, 0.3 ~tm. 
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Fig. 3 (e-g) 

ameter, whereas several of the earlier studies have used the 
much thicker Reichert's membrane (59) or the bipolar glo- 
merular basement membrane. (1, 3-5, 8, 9, 20, 29, 32, 36, 41). 
There may exist large differences between the supramolecu- 
lar organizations of these matrices although they share major 
basement membrane constituents including laminin. 

In the epithelial basement membrane of mouse cornea, a 
well-defined lamina lucida facing the cell surface can be dis- 
tinguished from a lamina densa facing the stroma. The lam- 
ina lucida comprises ,,ol/3 of the total diameter of 100 + 17 
nm. It has been argued that division in the two zones reflects 
fixation and staining artifacts (22). They were, however, ob- 
served in the present study by rather different methods of 
specimen preparation and have been generally observed for 
a large number of typical basement membranes by a variety 
of techniques. We further show here by high resolution pro- 
tein A-gold technique that both layers differ also in the ex- 
posure of different laminin domains. 

The central domain 1 of laminin seems clearly located 
near the junction between the two laminae in a narrow seg- 
ment (25-35 nm) containing >80% of the total label. This 
corresponds well to the dimensions of domain 1 which con- 
sists of three 20-nm-long rodlike segments originating from 
three short arms of laminin (16, 43). Sequence analyses (55, 
56) demonstrated that these regions consist of cysteine-rich 
repeats which exhibit restricted homology with epidermal 
growth factor. Domain 1 promotes cell attachment in vitro 
(7, 33, 62), and a specific cellular receptor (Mr 67,000) pos- 
sibly mediating this interaction was described (31, 33, 51). 
Recently a mediator function for cell attachment, chemo- 
taxis, and receptor binding was reported for a nonapeptide 
which was synthesized according to the sequence of the B1 
chain segment present in domain 1 (24). All these functions 
are difficult to reconcile with the distribution of immu- 
nolabels for domain 1 in the intact basement membrane, 
indicating that it is not exposed to ceils. This apparent dis- 
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Figure 4. Histograms of antibody distributions against laminin; its 
domains 1, 3, and 4; and against nidogen and LDPG in cross sec- 
tions of the cornea epithelial basement membrane. Data were evalu- 
ated from electron micrographs like those shown in Fig. 3. Eight 
intervals of equal length were defined across the diameter of the 
basement membrane ('~100 nm) of which five correspond to the 
lamina densa and three to the lamina lucida. The number of gold 
particles falling into these intervals was determined for a total of 
155-440 grains in each experiment. 

crepancy can, however, be explained by more recent obser- 
vations showing that domain 1 is only active in cellular inter- 
actions when released by proteolysis but is apparently much 
less accessible in intact laminin (42). This concept of a cryp- 
tic cell-binding site may also be applicable to a growth fac- 
tor-like activity which was recently attributed to domain 1 
(14). Such properties could be expressed during biosynthesis 
and morphogenesis before completion of the intact basement 
membrane structure and in the case of partially disassembled 
basement membranes in tissue repair. 

The localization of domain 1 of laminin in the interior of 
the basement membrane shows a satisfying coincidence with 
the localization of nidogen. This protein which is most likely 
identical or very closely related to entactin (47) forms a very 
stable equimolar complex with laminin (12, 45). Complex 
formation occurs by the binding of one of the globular do- 
mains of nidogen to domain 1 of laminin. The restriction of 
the immunolabel is also compatible with the length of the 
dumbbell-shaped nidogen molecule which does not exceed 20 
um (45). In view of its tight association to laminin and other 
properties, nidogen has to be considered as an integral struc- 
tural protein of basement membranes. Its central position in 
the epithelial basement membrane examined here is in accor- 
dance with this view. 

It has been recently reported (7, 23) that domain 8 in lami- 
nin contains a more potent and commonly recongized site for 
cellular interactions than domain 1. In fact domain 8, as 
monitored by immunolabeling of domain 3 at the tip of the 
long arm, showed the highest abundance near this surface of 
epithelial basement membrane which faces the cells. Do- 
main 8 is therefore a more likely candidate for being involved 
in the interactions between cells and intact basement mem- 
branes than domain 1. This is also in agreement with other 
data showing that domain 8 but not domain 1 inhibits cell 
binding of laminin in a competitive manner (Nurcombe, V., 
M. Aumailley, R. Timpl, and D. Edgar, unpublished data). 

Another function which is attributed to domain 8 is the 
well known neurite outgrowth promotion by laminin (13). 
Neurite growth promotion is also expressed by intact base- 
ment membranes (10, 53) suggesting that the active part of 
domain 8 is indeed exposed. 

Further maxima of domain 3 distribution are observed in 
the central region and at the stromal side of the lamina densa. 
We therefore conclude that the long arm of laminin is present 
in several orientations which are illustrated in a schematic 
way in Fig. 7. These variable orientations of the long ann 
could reflect its potential to bind heparan sulfate which has 
been previously attributed to domain 3 (43). The rather 
broad distributions observed by immunolabeling of the en- 
tire laminin molecule and of domain 4 are consistent with 
this schema but it is impossible to derive details of the 
supramolecular organization or exlude other possible ar- 
rangements on the basis of the present data. It should be 
noted that domain 4 is present at high abundance close to the 
cellular surface but did not extend to the stromal side of the 
basement membrane. This could be due to the maximal dis- 
tance of 37 nm between the peripheral end of domain 4 and 
the center of the laminin cross as represented by domain 
1 (16). 

Spacings between labels showed no periodicity which 
could have provided clues for an ordered assembly. The net- 
work structure of collagen IV was recently revealed in con- 
siderable detail in basement membranes of amniotic epithe- 
lium (69). Here again no clear periodicities were visible 
which was interpreted as indicating that the supramolecular 
organization of collagen IV exhibits considerable plasticity. 
This may also be true for laminin which is thought to bind 
to the collagen IV scaffold. 

Periodic patterns were reported for a heparan sulfate pro- 
teoglycan in glomerular basement membranes after ruthe- 
nium red staining (27) which reacts with collapsed heparan 
sulfate chains to some extent after immunolabeling (35). 
This proteoglycan was found to be restricted to the laminae 
lucida interna and externa. It is not known how the glomeru- 
lar heparan sulfate proteoglycan is related to the large LDPG 
which was isolated from Engelbreth-Holm swarm tumor tis- 
sue (49). With antibodies to the protein core of LDPG we 
found a rather homogenous distribution in both laminae with 
some preference for the lamina densa. No periodicity of the 
labels was detectable in the direction parallel to the plane of 
the basement membrane. LDPG has an extended, •80-nm- 
long protein core with six globular domains in a row (49), 
and three heparan sulfate chains attached to a terminal do- 
main. From the present data it cannot be decided whether 
the LDPG protein core to which our antibody is directed 
spans the basement membrane or whether other possible ar- 
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Figure 5. Localization of laminin and nidogen in basement membrane-like plaques located in the corneal stroma. Such plaques (arrows) 
were often in contact with fibroblasts (a and b; FB) or associated with large collagen fibers (c, d, and e). Sections of plastic (KI1 M), 
embedded freeze-substituted material (a, b, and c), or ultrathin cryosections (d and e) were treated with antilarninin (a, b, c, and d) or 
antinidogen (e) antibodies, and the markers were visualized by protein A-gold. 

Schittny et al. Laminin, Nidogen, Proteoglycan in Basement Membrane 1607 



Figure 6. Localization of laminin, nidogen, and proteoglycan in Descemet's membrane. Ultrathin cryosections of the mouse cornea were 
labeled with antibodies against laminin (a), its domain 1 (b), nidogen (c), and proteoglycan (d) using the protein A-gold technique. A 
rather homogeneous distribution of the labels is seen in all cases. Similar results have been obtained with antibodies against laminin domains 
3 and 4 (not shown). DM, Descemet's membrane; ST, stroma; arrows, basement membrane-like plaques (see Fig. 5). Bars, 0.4 ltm. 
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Figure 7. Scheme of possible orientations of the 
laminin/nidogen complex (see Fig. 1) in cross sec- 
tions of the epithelial basement membrane which 
is consistent with the observed distribution of do- 
mains 1, 4, and 3 and of nidogen. The highly 
schematic drawing does not account for a possible 
arrangement of the laminin arms and of nidogen in 
three dimensions. Dashed line indicates the border 
between lamina lucida and lamina densa. 

rangements account for the uniform distribution. These ques- 
tions may be addressed by immunolabeling of distinct do- 
mains of the protein core by suitable antibodies not yet 
available. 

The characteristic distribution of laminin domains ob- 
served here for cornea epithelial basement membrane may 
reflect its two layer morphology and average thickness of 
•100 nm. Whether other basement membranes with a simi- 
lar morphology but different anatomical localization will ex- 
hibit a comparable domain distribution remains to be stud- 
ied. Due to the dynamic nature of basement membranes, the 
distribution may also depend on the stage of development. 
Additional complexity may be introduced by the possible 
presence of isoforms of laminin and other basement mem- 
brane components. Laminins with distinct differences in 
shape and chain composition were found to be secreted by 
some specialized mammalian cells and are also found in in- 
vertebrate tissues (reviewed in reference 33) but no informa- 
tion is available on isoforms in epithelial basement of the 
cornea. The restriction of laminin domain 1 and nidogen to 
a narrow section within the lamina densa also raises the 
question on masking effects. Studies with antilaminin and 
anti-domain 3 antibodies demonstrated availability of epi- 
topes over the whole width of the cross-sectioned basement 
membrane. If  masking accounts for the restricted labeling of 
domain 1 and nidogen, then it should be a very specific effect 
both in terms of ultrastructural localization and the struc- 
tures involved. Studies with antibodies against other laminin 
domains and/or individual epitopes may help to settle this 
point and provide a more refined picture of laminin orienta- 
tions. 

With all the antibodies used here, rather uniform labeling 
patterns were observed on Descemet's membrane. This 
unique extracellular membrane has a thickness of several 
micrometers and possesses hexagonal and cross-shaped 
morphological structures (26) not observed in other base- 
ment membranes. Our data suggest a highly variable orienta- 
tion of laminin in Descemet's membrane. Basement mem- 
brane-like plaques in the corneal stroma which lack a lamina 
lucida also showed irregular antibody-labeling patterns of 
rather low density. These few examples indicate that different 
basement membranes may become distinguishable not only 
by morphological criteria but also by the topography of their 
common constituents. 
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