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SUMMARY

 

The architecture of the basement membranes is essential for proper function.
This architecture is based on interactions among its components, which assemble in a com-
plex network. Entactin-1 appears to be the mastermind of this assembling. In entactin-1-
null transgenic mice, immunocytochemistry established the absence of entactin-1 in the
glomerular basement membrane, and morphological thickening of this membrane was
demonstrated. This prompted us to investigate the organization of other components of
the glomerular basement membrane in the transgenic animals. The distribution of type IV
collagen and laminin remained unchanged, whereas that of anionic charges was signifi-
cantly altered. We also evaluated the impact of the absence of entactin-1 on cell relays by
studying the 
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3

 

- and the 

 

�

 

v

 

-integrins along the endothelial and epithelial glomerular cell
plasma membranes. Only the density of 

 

�

 

v

 

 was found to be increased. Finally, the filtration
properties of the glomerular wall were evaluated by revealing endogenous albumin distri-
bution across the basement membrane. This was altered in transgenic animals, suggesting
changes in permselectivity properties. Entactin-1 appears to be an essential component in
basement membranes because its absence appears to modify the molecular organization
leading to alterations in functional properties.

 

(J Histochem Cytochem 51:1467–1478, 2003)

 

B

 

asement membranes

 

 are thin layers of highly spe-
cialized extracellular matrix. Located in close contact
with the plasma membrane of various cell types, they
underlie sheets of endothelial and epithelial cells and
surround muscle cells, adipocytes, peripheral neurons,
and axons (Timpl and Dziadek 1986). They exert cell
support functions, depending on their binding to cell
receptors, and have filtration properties, particularly
important in renal tissue (Bendayan et al. 1986; Timpl
and Dziadek 1986). On binding to membrane recep-
tors, they provide stimuli for cell differentiation, cell
migration, and tissue development and repair (Pauls-
son 1988; Yurchenco and Schittny 1990; Timpl and
Brown 1996). Basement membranes display particular
molecular architecture through specific interactions
among their components, mainly type IV collagen,

laminin, entactin, and heparan sulfate proteoglycans
(Chung and Durkin 1990; Yurchenco and Schittny
1990; Chung et al. 1993). Whereas type IV collagen
creates a covalently stabilized framework by its COOH

 

�

 

and NH2

 

�

 

 terminals as well as by lateral associations,
laminin self-assembles through terminal domain inter-
actions, thus forming a second polymer network
(Yurchenco and Schittny 1990). The heparan sulfate
proteoglycan polyanionic proteins can bind weakly to
laminin and type IV collagen and can also bind to
themselves forming dimers and oligomers that to-
gether create a coherent basement membrane (Yur-
chenco and Schittny 1990).

Identified in 1977 (Chung et al. 1977; Carlin et al.
1981), entactin is also known as nidogen (Timpl et al.
1983). Molecular biology analysis by cDNA cloning
has established that both terms refer to the same pro-
tein (Durkin et al. 1988; Mann et al. 1989). Entactin
has recently been pointed out as an important compo-
nent of the basement membranes (Chung and Durkin
1990). It has high affinity for laminin, being respon-
sible for the molecular assembly of basement mem-
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branes (Chung and Durkin 1990; Aumailley et al.
1993; Chung et al. 1993; Mayer et al. 1998). It also
connects the networks formed by type IV collagen and
laminin to create the tridimensional network architec-
ture particular to basement membranes (Chung and
Durkin 1990; Yurchenco and Schittny 1990; Chung et
al. 1993; Miosge et al. 1999). Entactin is also known
for cell adhesion support (Chakravarti et al. 1990). In
fact, two distinct molecular cell attachment sites have
been identified (Dong et al. 1995). The one located in
the second globular G2 domain of entactin binds a
member of the 

 

�

 

1

 

 family of integrins receptors, proba-
bly the 

 

�

 

3

 

�

 

1

 

 (Dedhar et al. 1992; Dong et al. 1995;
Wu et al. 1995), while the second, on the rigid stalk E
domain within the RGD sequence, is recognized by
the 

 

�

 

v

 

�

 

3

 

-integrin (Dong et al. 1995; Yi et al. 1998).
Moreover, this RGD sequence can also bind the leu-
kocyte response integrin that stimulates neutrophil
chemotaxis to sites of injury (Senior et al. 1992; Gre-
sham et al. 1996). Recent findings have shown that
entactin, through its G2 domain, constitutes a signal
for stimulation of the Fc receptor-mediated phagocy-
tosis via ligation of 

 

�

 

3

 

�

 

1

 

 (Gresham et al. 1996), there-
fore participating in acute inflammation responses.
Furthermore, this protein binds fibrinogen (Wu and
Chung 1991) and human trophoblasts (Yang et al.
1996), indicating potential roles in hemostasis and
embryo implantation.

In this study we evaluated the importance of entac-
tin-1 in the overall structural and functional proper-
ties of the glomerular basement membrane (GBM).
Using renal tissues from entactin-1-null transgenic
mice and applying cytochemical approaches, we eval-
uated the impact of the absence of entactin-1 on the
molecular organization of other basement membrane
components, on the distribution of anionic charges of
the GBM, and on the expression by glomerular cells of
extracellular matrix membrane receptors, the inte-
grins. In view of the major roles played by the GBM in
glomerular filtration, we also assessed the functional
properties of the glomerular wall in renal tissues from
entactin-1-null mice.

 

Materials and Methods

 

Animals

 

This study was performed on three groups of C57BL/6 mice.
One group of three mice represents the wild-type or control
group, 

 

�

 

/

 

�

 

, a second group of three heterozygous mice
(

 

�

 

/

 

�

 

) in which one of the two alleles for entactin-1 was in-
activated, and a third group of four homozygous mice (

 

�

 

/

 

�

 

)
in which the two alleles for entactin-1 were inactivated by
homologous recombination (Dong et al. 2002). The absence
of entactin-1 in the homozygous-null animals was demon-
strated by Western blotting, immunostaining on fixed and
frozen tissue sections, and by the absence of entactin-1
mRNA. All the animals were of the same age, between 7 and

8 months. Homozygous transgenic animals were all from
the same litter.

 

Tissue Processing

 

After anesthesia, the kidneys were removed and cut into
small samples for immunocytochemistry protocols. They
were fixed by immersion with a periodate–lysine–parafor-
maldehyde 4% solution for 2 hr at room temperature (RT).
Tissues were dehydrated in ethanol and embedded in Lowi-
cryl K4M at 

 

�

 

30C (Bendayan 1995). Thin sections were cut
and mounted on Parlodion- and carbon-coated nickel grids
and processed for immunocytochemistry.

 

Immunocytochemistry

 

Some grids were stained with uranyl acetate and lead citrate
for electron microscopic examination, and others were sub-
jected to immunocytochemistry. Antigenic sites for entactin-1,
type IV collagen, laminin, integrins, and endogenous al-
bumin were revealed using corresponding specific polyclonal
and monoclonal antibodies [rabbit anti-entactin-1 (Chung
and Durkin 1990); mouse anti-type IV collagen (MAB1430),
Chemicon, Temecula, CA; mouse anti-laminin (clone Lam-
1), ICN ImmunoBiologicals, Costa Mesa, CA; rabbit anti-
integrins for 

 

�

 

3

 

 (AB1920) and 

 

�

 

�

 

 (AB1930) subunits, both
from Chemicon; rabbit anti-mouse serum albumin (Cappel,
ICN Biomedical); and protein A–gold complexes (Bendayan
1995)]. The postembedding immunocytochemical labeling
protocol was carried out as previously described (Bendayan
1995). Briefly, for the different antigens, the tissue thin sec-
tions were first incubated on a drop of 0.15 mol/liter glycine
for 15 min and then on a drop of 1% ovalbumin in PBS, pH
7.3, for 20 min. The grids were then placed on a drop of 1%
gelatin for an additional 15 min and transferred to a drop of
one of the antibodies [anti-entactin-1 (1:100); anti-type IV
collagen (1:10); anti-laminin (1:50); anti-integrins (1:100 for

 

�

 

3

 

 and 1:50 for 

 

�

 

�

 

)] for an overnight incubation at 4C. After
rinsing with PBS, the sections were incubated with 1% oval-
bumin for 20 min and moved directly to a drop of the pro-
tein A–gold complex for 30 min. Protein A–gold was pre-
pared with 10-nm gold particles according to protocols
described previously (Bendayan 1995). The grids were then
washed with PBS and distilled water before drying. Staining
was performed with uranyl acetate before examination with
a Philips 410 electron microscope. For endogenous albumin,
the grids carrying the tissue thin sections were transferred di-
rectly from the PBS to a drop of the anti-mouse albumin
polyclonal antibody (1:50) for a 90-min incubation at RT.
The incubation step with 1% ovalbumin was omitted. After
washing with PBS, they were incubated with the protein
A–gold complex for 30 min. Specificity of each immunola-
beling was demonstrated by control experiments: (a) incuba-
tion of the tissue sections with each antibody solution ad-
sorbed with its corresponding antigen, followed by the
protein A–gold complex, and (b) incubation with the protein
A–gold complex alone, omitting the antibody step.

In addition, the distribution of the anionic charges
through the GBM was revealed using the poly-

 

l

 

-lysine–gold
(PLG) complex. Previous experiments have demonstrated
the specificity of the PLG complex for heparan sulfate pro-
teoglycans (Russo et al. 1993; Londoño et al. in press). The
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PLG complex was prepared according to Skutelsky and
Roth (1986) as adapted by Russo et al. (1993) and applied
on the tissue sections as described previously (Russo et al.
1993; Londoño et al. in press).

 

Data and Statistical Analysis

 

Morphometrical analysis of the labelings was performed us-
ing an image processing system (Videoplan 2; Carl Zeiss,
Toronto, ONT, Canada). Labeling density for entactin-1

 

(gold particles/

 

�

 

m

 

2

 

) was evaluated for the glomerular and
mesangial basement membranes. For the 

 

�

 

3

 

 and 

 

�

 

�

 

 inte-
grins, the density of labeling present over the cells’ plasma
membrane was evaluated in reference to the length of the
membranes (gold particles/

 

�

 

m

 

2

 

). These measurements were
made on 18 recorded fields at a final magnification of

 

�

 

21,000 for each animal in each group. For type IV col-
lagen, laminin, and albumin, as well as for the anionic sites,
the exact location of the gold particles over the GBM was
analyzed. The distribution of the labeling was carried out as

Figure 1 Entactin-1 immunolabel-
ing. Glomerular wall of the wild-type
�/� (A), entactin-1-null heterozygous
(�/�) (B), and homozygous (�/�) (C)
animals. Tissues from wild-type mice
demonstrate intense labeling in the
glomerular basement membrane
(GBM) compared to those of entactin-
1-null mice �/� (B) and �/� (C). L,
capillary lumen; P, podocytes; US, uri-
nary space.
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reported in detail previously (Bendayan et al. 1986; Ben-
dayan 1995). Briefly, the distance between each gold particle
and the endothelial abluminal plasma membrane was first
measured. Next, the thickness of the GBM at the same site
and the distance between the endothelial abluminal plasma
membrane and the podocyte basal plasma membrane was
measured. Then, the ratio R 

 

	

 

 [distance (endothelium–gold
particle)/distance (endothelium–epithelium)] was calculated
and reported in histograms reflecting the distribution of the
labeling over the GBM. These evaluations were carried out
individually for each animal in each group. Over 900 mea-
surements were recorded for each animal and for each pro-
tocol. Finally, the thickness of the GBM was measured ac-
cording to methods previously described (Bendayan et al.
1986; Doucet et al. 2000). The distance between the endo-
thelial abluminal plasma membrane and that of podocytes
was directly measured by planimetry. Care was taken to
evaluate fields cut at right angles. This was reflected by the
clear presence of slit diaphragms between podocyte foot
processes. Again, over 900 measurements were recorded for
each animal. The quantitative data were statistically evalu-
ated using the Mann–Whitney 

 

U

 

-test or the Kruskal–Wallis
test.

 

Results

 

Quantitative Immunocytochemistry for Entactin-1

 

Our first concern was to demonstrate that entactin-1
was not expressed in the transgenic mice. To do so, we
evaluated by quantitative immunocytochemistry the
presence of entactin-1 antigenic sites in the GBM of
renal tissues from the wild-type and the transgenic
heterozygous 

 

�

 

/

 

�

 

 and homozygous 

 

�

 

/

 

�

 

 entactin-1-
null animals. Immunolabeling for entactin-1 in renal
tissues of the wild-type animals demonstrated strong
labeling by gold particles throughout the entire thick-
ness of the GBM, with a slight increase in intensity
over the lamina lucida externa (Figure 1). Tissues from
the homozygous 

 

�

 

/

 

�

 

 animals displayed practically no
labeling, indicating absence of entactin-1 immunore-
activity, while tissues from the heterozygous 

 

�

 

/

 

�

 

animals showed lower labeling than those of the
wild-type animals, with no preferential distribution
throughout the GBM (Figure 1). Morphometric analy-
sis confirmed these observations (Table 1). In fact, tis-
sues from the homozygous animals demonstrated
labeling about nine times less intense than those of the

wild-type and five times less than those of the het-
erozygous animals. For the mesangial region, the re-
sults were similar to those of the GBM (Table 1), with
very low labeling in tissues of the entactin-1-null mice.
Control experiments to evaluate the specificity of the
entactin-1 immunolabeling resulted in very low levels
of labeling in tissues of the wild-type animals (Table
1). Interestingly, in spite of the very low labeling regis-
tered for the tissues of the entactin-1-null homozygous
animals, labeling was higher than that obtained in
control experiments (Table 1). This may be due to
very low levels of crossreactivity of the antibody with
an isoform of entactin still present in the tissue, as sug-
gested by Miosge et al. (2002).

 

Morphological Examination

 

Once we confirmed that the renal basement mem-
branes of entactin-1-null homozygous mice are devoid
of this component, our next step consisted of evaluat-
ing changes in the appearance and structure of the
basement membranes. The GBM in transgenic and in
wild-type animals displayed its three characteristic re-
gions: the lamina lucida interna on the subendothelial
side, the lamina densa in the central part, and the lam-
ina lucida externa on the epithelial side, with no major
structural alterations (Figure 2). In the entactin-1-null
homozygous and heterozygous animals, however, base-
ment membrane thickenings and focal nodules were
found (Figure 2). Albeit in fewer instances, the nod-
ules were also detected in tissues of the wild-type ani-
mals. Morphometric evaluations of the GBM revealed
small but significant thickening between tissues of the
wild-type and the transgenic animals (Table 2). A sig-
nificant 18% increase in GBM thickness was found
for the transgenic homozygous mice compared to the
wild-type, whereas only an 11% increase was found for
the heterozygous transgenic mice. In addition, many
lysosomes were present in the podocytes and tubule
epithelial cells of the transgenic mice (see Figure 8).

 

Impact on Other Major GBM Components

 

We then evaluated the distribution of other basement
membrane components such as type IV collagen and
laminin, to detect any changes in the molecular config-
uration of the basement membranes. Using antibodies

 

Table 1

 

Entactin-1 immunolabeling: density values for the glomerular and mesangial basement membranes

 

a

 

Genotype
Control specificity on

tissues of wild-type animals

Wild-type animals
(

 

�

 

/

 

�

 

)
Heterozygous animals

(

 

�

 

/

 

�

 

)
Homozygous animals

(

 

�

 

/

 

�

 

)
Antigen added

in excess
Antibody step

omitted

Glomerular basement membrane 32.52 

 




 

 0.63 18.03 

 




 

 0.42

 

b

 

3.89 

 




 

 0.21

 

b,c

 

2.12 

 




 

 0.44

 

b

 

1.63 

 




 

 0.37

 

b

 

Mesangial basement membrane 33.68 

 




 

 0.64 20.45 

 




 

 0.45

 

b

 

4.71 

 




 

 0.24

 

b,c

 

2.16 

 




 

 0.39

 

b

 

1.32 

 




 

 0.17

 

b

 

a

 

Number of gold particles per 

 

�

 

m

 

2

 

. Mean values 

 




 

 SEM.

 

b

 

Significantly different from the corresponding wild-type value (

 

p

 

�

 

0.005).

 

c

 

Significantly different from the corresponding heterozygous value (

 

p

 

�

 

0.005).
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recognizing type IV collagen and laminin, respectively,
in a broad array of human and mouse basement mem-
branes, we revealed the correspondent basement mem-
brane components. As demonstrated in Figures 3 and
4 with the corresponding histograms, the distribution
of type IV collagen immunolabeling and that of lami-
nin do not appear to be altered in basement membranes

of transgenic mice in spite of the lack in entactin-1
(Figures 3 and 4). Type IV collagen immunolabeling
retained its largely subendothelial distribution (Figure
3), and laminin immunolabeling was homogeneously
distributed throughout the entire thickness of the
basement membrane (Figure 4). Control experiments
confirmed the specificity of these immunolabelings as

Figure 2 Morphological features of
the glomerular wall of the wild-type
(A) and entactin-1-null homozygous
animals (B,C). Osmium-fixed, Epon-
embedded tissues from the wild-type
(A) and the homozygous (B) animals
reveal GBMs with their characteristic
morphology. No major morphological
difference can be found beside slight
increases in thickness, as determined
by the morphometrical evaluations
(Table 2). The endothelial cells of the
blood capillaries and the epithelial
cells delineating the urinary space
(US) appear normal. (C) Lowicyl-
embedded tissue from the entactin-1-
null homozygous animal display GBM
focal nodules (*), a morphological
characteristic frequently observed in
the transgenic animals. L, capillary
lumen.
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reported previously (Desjardins and Bendayan 1989)
(results not shown).

The distribution of the anionic sites, also an indica-
tion of the basement membrane molecular organiza-
tion, was evaluated by using the poly-

 

l

 

-lysine–gold
(PLG) approach (Russo et al. 1993). On applying the
PLG complex, the gold particles were found distrib-

uted along the plasma membrane of the epithelial and
endothelial cells of the glomerular wall (Figure 5). The
foot processes of the podocytes, in particular, were
decorated by the gold particles. In the GBM, the label-
ing followed a bimodal distribution, with concentra-
tions in both the lamina rara and a weak labeling in
the central part of the lamina densa (Figure 5A). Few
gold particles were seen in the cell cytoplasm. In tis-
sues of entactin-1-null mice, the distribution of the la-
beling underwent some changes, with significant de-
creases of the labeling in the subendothelial side of the
GBM or lamina rara interna (Figure 5B). This was
confirmed by morphometrical evaluations and the his-
tograms presented in Figure 5. No difference was de-
tected between tissues of heterozygous and homozy-
gous animals (Figure 5).

 

 

 

Table 2

 

Thickness of the glomerular basement membrane 
(nm 

 




 

 SEM)

 

Genotype

Wild-type animals
(�/�)

Heterozygous animals
(�/�) 

Homozygous animals
(�/�)

246.79 
 1.42 278.10 
 1.75a 299.45 
 2.13a

aSignificantly different from the wild-type value (p�0.05).

Figure 3 Immunocytochemical localization of type IV collagen. (A)
Immunogold labeling in an entactin-1-null homozygous animal tis-
sue. The gold particles revealing type IV collagen antigenic sites are
restricted to the GBM, with a concentration in the subendothelial
side. US, urinary space; L, capillary lumen. (B–D) Histograms of the
distributions of type IV collagen labeling across the GBM of the
wild-type (B), heterozygous (C), and homozygous (D) animal tis-
sues. The three distributions indicate the preferential location of
type IV collagen in the subendothelial side of the GBM. No changes
are detected among the groups of animals.

Figure 4 Immunocytochemical localization of laminin. (A) Immu-
nogold labeling of an entactin-1-null heterozygous animal tissue.
The gold particles revealing laminin antigenic sites are restricted to
the GBM with a rather homogeneous distribution across the GBM.
(B–D) Histograms of the distributions of laminin labeling across the
GBM of the wild-type (B), heterozygous (C), and homozygous (D)
animals. The three histograms display similar distributions, with no
changes among the groups of animals.
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Impact on ECM Receptors, the Integrins

We then switched to investigation of plasma mem-
brane receptors known to interact with basement
membrane components. Integrins, a large family of
transmembrane heterodimeric receptors composed of
�- and �-subunits, are involved in cell-to-cell and
cell-to-matrix interactions (Ruoslahti 1991). There-
fore, using the immunogold approach we evaluated

the expression of two integrin subunits, �� and �3,
known to act directly as entactin-1 ligands (Dedhar
et al. 1992; Dong et al. 1995; Wu et al. 1995; Yi et
al. 1998). Immunolabeling for both integrins was re-
vealed at the level of endothelial and epithelial
plasma membranes, particularly those facing the
GBM (Figure 6). Interestingly, only the labeling for
�v was found to change along the endothelial and ep-
ithelial plasma membranes (Figure 6). Tissues from
the heterozygous and homozygous transgenic mice
demonstrated higher labeling density for the ��-sub-
unit, whereas those for the �3-subunit remained un-
changed (Tables 3 and 4). Again, control experi-
ments confirmed the specificity of these labelings
(results not shown).

Functional Properties

After establishing the absence of entactin-1 in the
basement membranes of transgenic mice and its im-
pact on other major GBM components and plasma
membrane integrins, our concern was to evaluate the
consequence of this lack on the overall glomerular
filtration properties. We therefore revealed the distri-
bution of circulating endogenous albumin through
the glomerular wall using a specific antibody and the
immunogold approach. Gold particles revealing
mouse albumin antigenic sites were found over the
flocculent material present in the capillary lumen and
over the GBM in the animals of the three groups
(Figure 7). In addition, the entactin-1-null homozy-
gous animals displayed labeling in the urinary space
(Figure 7C) and very intense labeling in the lyso-
somes of the glomerular epithelial cells (Figure 8A).
Similarly, labeling for albumin was intense in lysoso-
mal structures of the tubule eptithelial cells (Figure
8B). Labeling for albumin across the GBM differed
among animals. In tissues of the wild-type animals,
labeling for albumin was concentrated in the suben-
dothelial side of the glomerular basement membrane,
with few gold particles over the lamina densa,
whereas in tissues of the two groups of transgenic
mice the distribution of the labeling was rather ho-
mogeneous, the gold particles being present through-
out the GBM. Morphometric analysis confirmed
these observations (Figure 7). The mean “R” value
for each group increased from the wild-type group to
the heterozygous group and further to the homozy-
gous transgenic group, reflecting a loss of the re-
stricted filtration properties of the GBM in the
transgenic animals. Statistical analysis of these distri-
butions, using the Kruskal–Wallis and the Mann–
Whitney U-tests, revealed significant differences
among the three groups of animals. Here again, the
control experiments confirmed the specificity of the
albumin labeling as reported previously (Bendayan et
al. 1986).

Figure 5 Distribution of the anionic charges across the glomerular
wall of wild-type (A) and entactin-1-null homozygous (B) animal
tissues as revealed by poly-L-lysine–gold. The gold particles are lo-
cated along the plasma membranes of the endothelial and epithe-
lial cells or podocytes (P). They are also present across the GBM.
However, the labeling appears to be less intense on the subendo-
thelial side of the GBM for the entactin-1-null homozygous animal
(B). (C–E) Histograms of the distributions of the charges across the
GBM in the wild-type (C), heterozygous (D), and homozygous (E)
animals. In tissues of the wild-type animals the labeling is concen-
trated in the subendothelial and subepithelial sides of the GBM. In
the transgenic animals the labeling on the subendothelial side de-
creases significantly.
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Discussion
The GBM plays key roles in the filtration properties of
the glomerulus (Deen et al. 1983; Bendayan et al.
1986; Simpson and Shand 1986; Daniels et al. 1992).
Present between the fenestrated endothelium and the
foot processes of the epithelial cells, known as po-
docytes, it acts as a selective sieve by means of its ar-
chitecture and negative charges, allowing small mole-
cules and fluid to pass through and reach the urinary
space (Brenner et al. 1978). In fact, molecules the size
of albumin and larger are normally restricted by the
GBM (Brenner et al. 1978; Deen et al. 1983; Ben-
dayan et al. 1986; Daniels et al. 1992; Ghitescu et al.
1992; Adal et al. 1995). Several pathologies display al-
terations of this permselectivity property (Abraham-
son 1986; Timpl and Dziadek 1986). Diabetes is prob-
ably the best example of this phenomenon. In fact,
one of the main pathophysiological features of dia-
betic complications is the functional alteration of the
blood capillary walls, so-called diabetic microangiop-
athy (Goode et al. 1995; Doucet et al. 2000), which
results in increased vascular permeability to macro-
molecules (Bendayan and Rasio 1981; Bendayan et al.

1986; Chittenden and Shami 1991; Yamaji et al.
1993; Arshi et al. 2000; Bouchard et al. 2002). The
functional properties of the glomerular wall are di-
rectly related to the integrity and adequate molecular
organization of the components of the GBM. Entac-
tin-1, a sulfated glycoprotein, is present in all base-
ment membranes as one of the major constituents,
along with type IV collagen, laminin, and heparan sul-
fate proteoglycans (Carlin et al. 1981; Chung and
Durkin 1990; Yurchenco and Schittny 1990; Paulsson
1992; Weber 1992; Chung et al. 1993; Timpl and
Brown 1996). For the GBM, it was found to be dis-
tributed throughout the thickness of this extracellular
matrix, with a certain concentration in the lamina lu-
cida externa (Desjardins and Bendayan 1989; Katz et
al. 1991). Entactin-1 appears to be important for the
stabilization of several basement membrane compo-
nents and should therefore be essential for the overall
functional properties of the GBM (Aumailley et al.
1989,1993; Chung and Durkin 1990; Aumailley et al.
1993; Chung et al. 1993). Although type IV collagen
and laminin form independent scaffolds, entactin-1
links these two scaffolds to generate a more stable net-
work (Aumailley et al. 1989,1993; Miosge et al.
1999). Entactin-1 also mediates the formation of a

Figure 6 Immunocytochemical local-
ization of the �v-integrin subunit on
the glomerular wall of an entactin-1-
null animal. Labeling by gold particles
is present along the plasma mem-
branes of the endothelial and the ep-
ithelial cells or podocytes (P). Both
the luminal and abluminal mem-
branes are labeled.

Table 3 �v-integrin subunit immunocytochemistry (gold 
particles/�m 
 SEM) along the endothelial and epithelial 
plasma membranes

Genotype

Wild-type
group
(�/�)

Heterozygous
group
(�/�)

Homozygous
group
(�/�)

Epithelial cell
abluminal membrane 0.39 
 0.03 0.46 
 0.03a 0.52 
 0.02a,b

Endothelial cell
abluminal membrane 0.27 
 0.02 0.36 
 0.03a 0.41 
 0.02a,b

aSignificantly different from the corresponding wild-type value (p�0.05).
bSignificantly different from the corresponding heterozygous value (p�0.05).

Table 4 �3-integrin subunit immunocytochemistry (gold 
particles/�m 
 SEM) along the endothelial and epithelial 
plasma membranes

Genotype

Wild-type
group
(�/�)

Heterozygous
group
(�/�)

Homozygous
group
(�/�)

Epithelial cell
abluminal membrane 0.29 
 0.02 0.30 
 0.02 0.24 
 0.01

Endothelial cell
abluminal membrane 0.21 
 0.02 0.21 
 0.02 0.19 
 0.01
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complex between laminin and the proteoglycans (Au-
mailley et al. 1993). In fact it has been reported that
type IV collagen, laminin, and proteoglycans bind to
one another other through entactin-1 interactions, cre-
ating the three-dimensional network characteristic of
the basement membranes (Chung and Durkin 1990;
Aumailley et al. 1993).

Transgenic entactin-null animals have been recently
generated to assess the role of this component in the
formation of basement membranes (Murshed et al.
2000; Dong et al. 2002). Murshed and colleagues
(2000) did not find modifications in basement mem-
branes formation for the transgenic animals, while
Dong and colleagues (2002) found rather subtle
changes in particular basement membranes, i.e., those
from the brain capillaries and the lens capsule. These
two studies raised the possibility of a compensatory
role for entactin-2, a protein related to entactin-1. En-

tactin-2 is present in most basement membranes and
exhibits the same domains as entactin-1, but having
different binding affinities with the major constituents
of the basement membrane. However, a recent work
has reported that entactin-2 is not essential for base-
ment membrane formation or maintenance (Schy-
meinsky et al. 2002), although some findings revealed
complementary actions of both entactins (Salmivirta
et al. 2002).

The importance of entactin-1 in the overall archi-
tecture of the basement membrane prompted us to in-
vestigate the consequence of its absence on the con-
formation of the GBM and on the permselectivity
properties of the glomerular wall. The approach con-
sisted of the removal of this component from the tis-
sues by genetic engineering followed by morphocy-
tochemical studies of the glomerular wall (Dong et al.
2002). Immunoblotting together with immunocy-

Figure 7 Immunocytochemical localization of circulating endogenous albumin across the glomerular wall of the wild-type (A), heterozy-
gous (C), and homozygous (E) transgenic mice. Gold particles are located in the capillary lumen (L) and across the GBM. (B,D,F) Distribution
of labeling across GBM. The histograms demonstrate changes in these distributions. In the wild-type animals (B) Labeling is rather concen-
trated on the subendothelial side of the GBM. For the transgenic mice, heterozygous (D) as well as homozygous (F), the labelings display
rather homogeneous distributions.
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tochemistry at the light microscopic level and in situ
hybridization have demonstrated that basement mem-
branes in entactin-1-null mice effectively lack this pro-
tein (Dong et al. 2002). We confirmed by quantitative
immunoelectron microscopy the absence of this pro-
tein in the GBM. Despite full agreement with Dong et
al. (2002) of no major morphological alteration of
basement membranes in the entactin-1-null mice, we
decided to investigate the consequence of the removal
of entactin-1 on the functional properties of the GBM.
Our analysis made use of different and more sensitive
cytochemical techniques. Furthermore, we assessed
functional properties of the GBM. We found that en-
tactin-1-null mice exhibit alterations in glomerular fil-
tration. Absence of entactin-1 appears to be sufficient
to modify the permselectivity of the glomerular
wall. We know that entactin-1 bridges the two inde-
pendent networks of laminin and type IV collagen,
creating a stabilized basement membrane. We found
that these two components retained their normal dis-
tribution in the GBM despite the absence of entactin-1.
Alterations were also detected in the glomerular
wall and concerned the thickness of the GBM, the dis-

tribution of the anionic charges, and the functional
properties. Indeed, the GBM in tissues of entactin-1-
null mice showed small but significant thickening and
loss of anionic charges on the subendothelial side. The
main alteration was the functional one, the glomerular
wall being unable to retain albumin. However, despite
this leakage of albumin across the glomerular wall, the
entactin-1-null mice did not demonstrate any signifi-
cant proteinuria. This indicates that the epithelial cells
along the nephron are efficient enough to reabsorb the
filtered albumin. In fact, as illustrated in Figure 8, the
glomerular and the tubule epithelial cells of the entac-
tin-1-null animals did exhibit increased number of ly-
sosomes, which contain large amounts of albumin.
Such results reflect important endocytotic reabsorp-
tive activities along the nephron.

Integrins are a family of transmembrane receptors
composed of �- and �-subunits that interact with
components of the extracellular matrix. In the glomer-
ular wall, the �3 and �1 isoforms are the most abun-
dant and represent the main extracellular matrix re-
ceptors along the GBM (Kerjaschki et al. 1989; Regoli
and Bendayan 1997), suggesting adhesion roles be-

Figure 8 Immunocytochemical localization of endogenous albumin in entactin-1-null animals (A,B). Intense immunolabeling by gold parti-
cles is present in lysosomal structures (Ly) of podocytes (A) and tubule epithelial cells (B). This was not encountered in tissues of the wild-
type animals. m, mitochondrion; mv, microvilli.



Basement Membrane in Entactin-1-null Mice 1477

tween endothelial as well as epithelial cells and the un-
derly GBM (Adler 1992). This prompted us to investi-
gate the effect of the lack of a major extracellular
matrix component, entactin-1, known to be a ligand
of the integrins (Dedhar et al. 1992; Dong et al. 1995;
Wu et al. 1995; Yi et al. 1998), on the expression of
two different integrin subunits by the endothelial and
epithelial cells of the glomerular wall. Indeed, the �v-
integrin increased along the plasma membrane of both
the endothelial and epithelial cells in entactin-1-null
mice. Knowing that interactions among components
of the extracellular matrix and cell surface integrins
mediate a variety of cellular responses, including cell
adhesion, cell movement, and signal transduction, we
can assume that lack of one ligand, i.e., entactin-1, in
the extracellular matrix must affect cellular activities
in neighboring cells through integrin relays. For the
glomerular wall we can assume that changes in endo-
thelial and epithelial cells might also contribute to the
loss of filtration properties.
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