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Abstract. Protein A-gold immunocytochemistry was
applied in combination with morphometrical ap-
proaches to reveal the a1(IV), a2(IV), and a3(IV)
chains of type IV collagen as well as entactin on renal
basement membranes, particularly on the glomerular
one, during maturation. The results have indicated that
a heterogeneity between renal basement membranes
appears during the maturation process. In the glo-
merulus at the capillary loop stage, both the epithelial
and endothelial cell basement membranes were labeled
for the a1(IV) and o:2(IV) chains of type IV collagen
and entactin. After fusion, both proteins were present
on the entire thickness of the typical glomerular base-
ment membrane. At later stages, the labeling for
al(dV) and o2(IV) chains of type IV collagen de-
creased and drifted towards the endothelial side,
whereas the labeling for the a3(IV) chain increased

and remained centrally located. Entactin remained on
the entire thickness of the basement membrane during
maturation and in adult stage. The distribution of en-
dogenous serum albumin in the glomerular wall was
studied during maturation, as a reference for the func-
tional properties of the glomerular basement mem-
brane. This distribution, dispersed through the entire
thickness of the basement membrane at early stages,
shifted towards the endothelial side of the lamina
densa with maturation, demonstrating a progressive
acquisition of the permselectivity. These results dem-
onstrate that modifications in the content and organiza-
tion of the different constituents of basement mem-
branes occur with maturation and are required for the
establishment of the filtration properties of the glo-
merular basement membrane.

ASEMENT membranes are layers of specialized ex-
tracellular matrix associated with different cell types,
among which are epithelial and endothelial cells.

Along with their cell-supporting role, they are also involved
in several cellular processes (Timpl, 1989) as well as in filtra-
tion of macromolecules. This is particularly significant in the
kidney where the glomerular basement membrane acts as a
selective filter, preventing the passage of serum proteins the
size of albumin or larger to the urinary space (Bendayan et
al., 1986; Kerjaschki et al., 1986). The understanding of the
processes governing basement membrane function is still a
matter of intense investigation (Kefalides et al., 1985). In-
sight into the possible mechanisms underlying the glomeru-
lar basement membrane permselectivity came with the char-
acterization of the heparan sulfate proteoglycan, localized
mainly in both laminae rarae and which seems to be respon-
sible for the charge restriction selectivity of the basement
membrane (Kanwar and Farquhar, 1979; Stow et al., 1985).
Conversely, the lamina densa, in which type IV collagen is
mainly present (Desjardins et al., 1990a), appears to be the
structure responsible for size restriction selectivity (Ben-
dayan et al., 1986; Batsford et al., 1987).

Studies have been performed to characterize the formation
of the glomerular wall (Vernier and Birch-Anderson, 1962;
Jokelainen, 1963; Kazimierczak, 1971; Reeves et al., 1978;
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Saxén et al., 1986), as well as the origin of its basement
membrane (Sariola et al., 1984; Abrahamson, 1985; Abra-
hamson and Perry, 1986a). These morphological studies
were complemented by work on the glomerular permselec-
tivity using electron dense tracers (Vernier and Birch-Ander-
son, 1963; Reeves et al., 1980; Bakala et al., 1985), which
demonstrated that during maturation the glomerular base-
ment membrane evolves from a highly permeable structure,
allowing the passage of high molecular weight molecules,
into an organized matrix restricting selectively the passage
of plasma proteins. The nature of basement membrane modi-
fications during this process are however poorly understood.
Molecular changes of its components are likely to occur since
immunohistochemical studies have revealed differences in
patterns between fetal and adult renal basement membranes
(Michael et al., 1983; Wan et al., 1984; Mounier et al.,
1986; Wingen et al., 1987).

In the present study we have localized basement mem-
brane components, the al(IV), o2(IV), and a3(IV) chains
of type IV collagen as well as entactin, during the formation
and maturation of rat renal tissue. Particular emphasis was
directed towards the glomerular basement membrane and
the acquisition of its permselectivity properties. Our results
have indicated that maturation appears as a process charac-
terized by the ontogenesis of basement membranes heteroge-
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neity, through which they acquire their distinct structural
and functional properties. This seers to be particularly true
for the glomerular basement membrane, where modifications
in the structural distribution of type IV collagen chains con-
cur with the progressive acquisition of its ability to restrict
the passage of endogenous albumin to the urinary space.

Materials and Methods

Sprague-Dawley rats 4, 14, 21, and 90 d old were used for the study (3
animals per group). The 4-, 14-, and 21-d-old animals were kept with their
mother, whereas the 90-d-old animals were fed on a standard diet. The
animals were killed by decapitation and the renal cortex was fixed by immer-
sion for 2 h in paraformaldehyde 4 %-lysine-periodate (McLean and Na-
kane, 1974) at 4°C. The tissue fragments were then processed for EM. They
were dehydrated in graded methanol, embedded in Lowicryl K4M (Chem-
ische Werke Lowi GmbH; Waldkraiburg, Germany) at —20°C and poly-
merized at —20°C under ultraviolet light as described previously (Ben-
dayan, 1984). Semi-thin sections were cut, stained with toluidine blue and
examined by light microscopy. Areas containing glomeruli profiles were
selected and thin sections were cut, mounted on carbon and Parlodion-
coated nickel grids, and processed for the protein A-gold immunocytochem-
ical labeling of the al (IV) and a2 (IV) as well as the a3(IV) chains of type
IV collagen and entactin.

Antibodies against entactin and type IV collagen (e(IV) and «2(IV)
chains) were kindly provided by Drs. G. R. Martin and H. K. Kleinman
(National Institutes of Health, Bethesda, MD). Entactin was revealed using
a rabbit polyclonal antibody against entactin extracted from a mouse em-
bryonal carcinoma-derived cell line from the parietal yolk sac (Carlin et
al., 1981). The antibody was purified by affinity chromatography and fur-
ther passed through a laminin-Sepharose column (Laurie et al., 1984). In
addition, the absence of major reactivity of this antibody with laminin was
assessed by immunocytochemical studies in which absorption of the entac-
tin antibody with laminin before the labeling procedure did not affect the
results (Desjardins and Bendayan, 1989a). The a1(IV) and a2(IV) chains
of type IV collagen were revealed using a polyclonal antibody produced
against type IV collagen extracted from the Engelbreth-Holm-Swarm (EHS)
tumor (Laurie et al., 1980). The type IV collagen molecule was extracted
by 0.5 M acetic acid and purified by salt precipitation and ion exchange
chromatography. The anti-type IV collagen antibody was purified by im-
munoabsorption (Laurie et al., 1980). The specificity of this antibody for
al(IV) and 2(1V) chains was confirmed by Kleppel et al. (1986) who have
demonstrated that type IV collagen extracted from the EHS tumor is com-
posed of a1(IV) and a2(IV) chains. Previous studies have demonstrated the
difference in labeling distributions obtained with this antibody and those
against the «3(IV) and a4(IV) chains in various basement membranes (Des-
jardins and Bendayan, 1989a; Desjardins et al., 1990a). The a3(IV) chain
of type IV collagen was revealed using an IgG fraction of a polyclonal anti-
body kindly provided by Dr. J. Wieslander (Biocarb AB, Lund, Sweden).
This antibody is directed against the NC1 globular domain of the monomer
M2* extracted from bovine glomerular basement membrane (Butkowski et
al., 1985). Its specificity and major absence of cross-reactivity with the
other monomers were well demonstrated by immunoblot experiments (But-
kowski et al., 1987; Langeveld et al., 1988). Inmunocytochemical studies
have further demonstrated the specificity of the labelings obtained with this
antibody when compared to those provided by antibodies against the al(IV)
and the a2(IV) chains (Desjardins et al., 1990a,b).

The ultrastructural localization of endogenous albumin was performed
as described previously (Bendayan et al., 1986) to evaluate glomerular
basement membrane permeability during maturation, using a specific anti-
rat albumin antibody (IgG fraction; Cooper Biomedicals, Inc., Malvern,
PA). The protein A-gold complex was prepared with 15-nm gold particles
as described previously (Bendayan, 1984). The immunolabeling procedure
described in previous studies was followed carefully (Bendayan, 1984; Des-
jardins and Bendayan, 1989a). In brief, the tissue sections were pre-incu-
bated in 1% ovalbumin in 0.01 M PBS, pH 7.2 for 5 min and transferred
to a drop of one of the antibody for 90 min at 20°C. This was followed by
the incubation with the protein A-gold and staining in uranyl acetate and
lead citrate. For revealing endogenous albumin, the preincubation with the
1% ovalbumin was omitted.

The specificity of the labelings was assessed through several control ex-
periments. These included an absorption with the specific antigen before
labeling and positive controls where non-specific antigens were added to the
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antibody solution before labeling, as done previously (Desjardins and Ben-

dayan, 1989a).

Morphometrical analysis of the labeling intensity obtained for the vari-
ous type IV collagen chains and entactin was performed over the glomerular
basement membrane and the Bowman’s capsule basement membrane of
each animal in the four different groups as follows: the tissues were first ob-
served at low magnification, at which gold particles are undiscernible.
Regions of glomerular loops and Bowman's capsule were then brought to
a magnification of 16,900. For each animal, 10-12 micrographs of each
basement membrane were recorded from at least four glomeruli and ana-
lyzed. The intensity of the labeling, evaluated as number of gold particles
per squared micron of basement membrane, was determined using a Zeiss
Videoplan 2 system (Carl Zeiss, Toronto, Ontario, Canada). The distribu-
tion of the labelings for the different type IV collagen chains, entactin and
endogenous albumin was further determined over the thickness of the glo-
merular basement membrane for each group of animals, as performed pre-
viously (Bendayan et al., 1986; Desjardins and Bendayan, 1989b). For this,
the distance, d, from the endothelial plasma membrane to the gold particles
and the thickness, 7, of the glomerular basement membrane at the same
sites were measured. The ratio (R = d/T) of these values was calculated
and the distribution (0 < R < 1) determined for each group of animals. An
average of >1,000 gold particles was analyzed for each antigen in each
group. The results are expressed as histograms of the percentage of labeling
in function of its distribution over the glomerular basement membrane
thickness.

Results

The ontogenesis of basement membrane heterogeneity was
addressed in the present study using immunocytochemical
localization of type IV collagen (al, o2, and &3 chains) and
entactin in renal tissue from 4-, 14-, 21- and 90-d-old rats.
The study was focused on the glomerular and Bowman’s cap-
sule basement membranes since their continuity in areas of
transition at the vascular pole of the glomerulus has proven
to be useful for the demonstration of basement membrane
heterogeneity (Fig. 1).

In a first step, the intensity of the labelings was evaluated
over the Bowman’s capsule basement membrane and that of
the glomerulus of the various animals. At4 d, both basement
membranes were labeled for al(IV) and o2(IV) chains of
type IV collagen and entactin, whereas the labeling for the
o3(IV) chain appeared to be of low intensity. For any given
labeling, only few gold particles were found over nuclei of the
various cells or in extracellular regions such as the urinary
space, demonstrating the low level of background staining.
The 14-, 21-, and 90-d-old animals still displayed labelings
of their basement membranes for these antigens, although
changes in intensities did occur. The intensity of the label-
ings of the two basement membranes were compared dur-
ing maturation and ratios of the glomerular basement mem-
brane over the Bowman’s capsule basement membrane values
(GBM/BC)! were calculated. The results are presented in
Table I, and reveal the appearance of a progressive heteroge-
neity between the two basement membranes. This is particu-
larly striking in the area of transition between the two base-
ment membranes at the vascular pole of the glomerulus. In
this area, the 4-d animals display intense labeling for entac-
tin in both basement membranes, whereas 90-d animals show
labelings of much lower intensities in the Bowman’s capsule
basement membrane compare to the still highly labeled glo-
merular basement membrane (Fig. 1).

In a second step, the labeling for the al(IV) and a2(IV)

1. Abbreviations used in this paper: BC, Bowman's capsule; GBM, globular
basement membrane; RER, rough ER.
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Figure 1. Localization of entactin over transitional areas at the vascular pole of glomeruli from 14- (a) and 90- (b) d-old rats. At 14 d,
the labeling is present in the Bowman’s capsule (BC) and the glomerular basement membranes (GBM). At 90 d, very few gold particles
are present in the Bowman's capsule basement membrane, whereas the glomerular one remains highly labeled. The high labeling starts
(arrow) at the level of the transitional area (*). CL, capillary lumen. Bars, 0.5 um.
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Table I. Analysis of Labeling Intensities during Maturation (Gold Particles/um? Basement Membrane)

4d 14d 21d 90 d
«1@V), o2aV) GBM* 61.79 + 3.22¢ 62.61 + 2.42 31.82 + 1.89 15.30 £ 0.79
Chains’of BC 87.99 + 5.43 108.57 + 3.57 91.68 + 6.25 58.94 + 1.86
R 0.70 0.58 0.35 0.26
collagen IV
GBM 91.39 + 5.53 118.89 £+ 4.44 77.31 + 2.25 54.51 + 4.88
Entactin BC 62.62 £ 3.45 64.67 + 4.37 3441 £3.22 7.33 £ 0.83
R 1.46 1.84 2.25 7.44

* GMB, glomerular basement membrane; BC, Bowman’s capsule basement membrane; R, GBM/CB.

¥ Mean + SEM (three animals per group of age).

chains of type IV collagen over the glomerular basement
membrane was compared to the one for the a3(IV) chain.
The results presented in Fig. 2 show that the labeling for
al(IV) and o2(IV) chains progressively disappear during
maturation, whereas that for the «3(IV) chain increases.
Further observations of the glomerular basement mem-
brane labelings indicated changes in the spatial distribution
of the al(IV) and o2(IV) chains during maturation. Before
the fusion into a single glomerular basement membrane, the
individual epithelial and endothelial cells basement mem-
branes separated by a clear area at this capillary loop stage
are labeled for these antigens as well as for entactin. Further,
at the capillary loop stage, the epithelial cells display a con-
tinuous morphologically well organized basement membrane
at their base, while in some cases the basement membrane
of the endothelial cells appears discontinuous and less well
defined (Fig. 3). Interestingly, the rough ER (RER) of the en-
dothelial cells is labeled for al(IV) and o2(IV) chains of type
IV collagen (Fig. 3 a) and entactin (Fig. 3 b), whereas fewer
gold particles are observed in the RER of the epithelial cells
at the capillary loop stage and later on through maturation.
After fusion, the ol(IV) and o2(IV) chains of type IV colla-
gen and entactin appear distributed to the entire thickness of
the resulting typical glomerular basement membrane. At4d,
596 and 51.9% of the labeling are present within the en-
dothelial first half of the glomerular basement membrane for
al(IV) and o2(IV) chains of type IV collagen (Fig. 4 @) and
entactin (Fig. 6 a), respectively, which reflects the central lo-
cation of both antigens. During maturation, a shift of the
labeling for the od(IV) and a2(IV) chains towards the en-
dothelial side occurs (Fig. 4). At 14 d, 69.2% of that labeling
is present on the endothelial side, whereas this value in-
creases to 73.1 and 80.6 %, respectively at 21 and 90 d (Fig.
4). No such changes are observed for the «3(IV) chain which
remains centrally located throughout maturation. Indeed,
52.2, 51.5, 48.1, and 50.9% of the labeling for a:3(IV) chain
are present on the endothelial side of the glomerular base-
ment membrane at days 4, 14, 21, and 90, respectively (Fig.
5). This is also the case for entactin which remains dis-
tributed rather centrally (Fig. 6), with 51.9, 50.4, 54.6, and
58.8% of its labeling on the endothelial side at 4, 14, 21, and

60 E——_{
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INTENSITY OF LABELING {(gold particles/um?2}

A 1a 2 s0
AGE (days)

Figure 2. Labeling intensities of a1(IV), «2(IV), and a3(IV) chains

of type IV collagen in the glomerular basement membrane at differ-

ent ages during maturation.

90 d, respectively. The analysis of the distribution of the
labelings over the thickness of the glomerular basement mem-
brane are presented in Figs. 3 to 6.

Finally, in the last part of our study, endogenous albumin
was revealed on the renal tissue of the various animals. An
intense labeling was observed in the capillary lumen demon-
strating the retention of serum proteins by the fixation pro-
tocol. In the glomerular wall, the labeling was mainly re-
stricted to the basement membrane (Fig. 7). At 4 d in fused
glomerular basement membranes, 61.0% of the labeling for
albumin is present on the endothelial side. This value in-
creases during maturation, 71.5, 74.7, and 82.3% of the
labeling being present on the endothelial side at 14, 21, and
90 d respectively. The distribution of endogenous albumin
was used as a reference to evaluate the functional properties
of the glomerular basement membrane during maturation
and the shift found, demonstrates the restriction of the pas-
sage of this protein by the basement membrane from the cap-
illary lumen to the urinary space.

Figure 3. Localization of type IV collagen «(IV) and a2(IV) chains (@) and entactin (b) over basement membranes of epithelial (P) and
endothelial (E) cells of the glomerulus. Both basement membranes are labeled before fusion into glomerular basement membrane (GBM).
Active synthesis by the endothelial cell is demonstrated by the labeling present in the rough endoplasmic reticulum (arrowheads). Insets
show the distribution of the labelings in both basement membranes (see Fig. 4). CL, capillary lumen; NF, nonfused basement membranes;
P, podocyte; US, urinary space; arrow, region showing a fused basement membrane. Bars, 0.5 pm.
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Figure 5. Localization of type IV collagen a3(IV) chain in the glomerular basement membrane of 4- (a) and 90- (b) d rats. Histograms
show the distribution of the labeling over the thickness of the glomerular basement membrane (GBM), expressed as ratio values. The label-

ing is present throughout the basement membrane. Bars, 0.5 pm.

Discussion

In the newborn rat, the kidney is not completely mature and
the nephrogenesis continues until ~2 wk of age (for a review
see Abrahamson, 1987). Therefore, the histological obser-
vation of a 4-d-old rat renal tissue shows all stages of glomer-
ular formation from the nephrogenic vesicle to the maturing
stage, at which the typical “tri-lamellar” glomerular base-
ment membrane is present. This situation is thus particularly
interesting and was taken advantage of to investigate the dis-
tribution of various basement membrane components during
renal maturation. The protein A—gold immunocytochemical
technique was chosen in the present study for the high reso-
lution of the results provided and for the possibility of per-
forming quantitative evaluations. A potential limitation of
this approach consists in the possible masking of certain de-
terminants and/or in some steric hindrance that would pre-
vent access to the antigen with absence of labeling. The pro-
tein A gold is a postembedding technique which reveals all
those antigenic sites exposed at the surface of the tissue sec-

tion by the cutting procedure (Bendayan, 1984). Since the
tissue has been sectioned, masking of antigenic sites by neigh-
boring proteins is unlikely to occur. Further to this, the use
of polyclonal antibodies, which are directed against several
epitopes of the same protein, reduces the impact of such a
limitation. In a previous study (Desjardins and Bendayan,
1990a), we have further investigated this point and performed
enzymatic treatments of the tissue sections before immuno-
labeling to “unmask” possible determinants. These were un-
successful, the labeling patterns remaining unchanged after
enzymatic treatments. Consequently, the masking of any an-
tigen under our working conditions, appears quite unlikely
to occur.

During maturation, basement membranes appear to be
modified and to acquire their functional properties. In adult
rats, we have previously demonstrated the existence of a het-
erogeneity in the distribution and concentration of the main
components of basement membranes, namely type IV col-
lagen, entactin, heparan sulfate proteoglycan and laminin,
among renal structures (Desjardins and Bendayan, 1989a).

Figure 4. Localization of type IV collagen «1(IV) and a2(IV) chains in the glomerular basement membrane of 4- (@), 14- (®), 21- (),
and 90- (d) d-old rats. Histograms show the distribution of the labeling over the thickness of the glomerular basement membrane (GBM),
expressed as ratio values. A progressive shift of the labeling towards the endothelial side of the basement membrane is observed with matura-
tion. CL, capillary lumen; P, podocyte; US, urinary space; arrows, slit diaphragms. Bars, 0.5 um.
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Figure 6. Localization of entactin in the glomerular basement membrane of 4- (a), and 90- (b) d rats. Histograms show the distribution
of the labeling over the thickness of the glomerular basement membrane (GBM), expressed as ratio values. The labeling is present through-

out the basement membrane. Bars, 0.5 pm.

Since these proteins are known to interact and to form highly
organized matrices (Yurchenco et al., 1986; Grant et al.,
1989; Yurchenco and Schittny, 1990), our results were inter-
preted as reflecting variations in the tridimensional organiza-
tion of the various renal basement membranes to allow for
their distinct and respective roles. Further, specific chains of
type IV collagen were also found to be heterogeneously dis-
tributed revealing variations in the nature of type IV collagen
in basement membranes (Butkowski et al., 1989; Desjardins
etal., 1990g). Developmental acquisition of basement mem-
brane heterogeneity was shown to occur in the avian lens
capsule (Fitch et al., 1983). The present study was thus per-
formed to investigate changes in the distribution of basement

membrane components during renal maturation leading to_

the heterogeneity observed in the adult tissue.

Basement membranes of parietal and visceral epithelial
cells of the glomerulus, as well as the one of the proximal
tubule originate from a condensate of undifferentiated neph-

rogenic mesenchyme at an early stage of renal development
(Abrahamson, 1987). Our results indicate that the heteroge-
neity between the basement membranes associated to these
different cell types establishes progressively during matura-
tion. Indeed, dissimilar patterns of maturation were observed
for two distinct, although closely related, basement mem-
branes originating from the nephrogenic mesenchyme, that
of the Bowman's capsule and the one of the glomerular wall.
The labeling intensity for the al(IV) and o2(IV) chains of
type IV collagen progressively decreases in the glomerular
basement membrane, while it retains high intensities in the
Bowman's capsule basement membrane throughout matura-
tion. This is reflected by the decreasing ratios of GBM/BC
labelings for type IV collagen (Table I). On the other hand,
labeling for entactin remains high in the glomerular base-
ment membrane through maturation, whereas it slowly de-
creases in the Bowman’s capsule basement membrane. These
results indicate that basement membranes are rather homog-

Figure 7. Localization of endogenous albumin in the glomerular basement membrane of 4- (a), 14- (b), 21- (c), and 90- (d) d rats. Albumin
was used as a marker of permeability properties of the glomerular wall. Histograms show the distribution of the labeling over the thickness
of the glomerular basement membrane (GBM), expressed as ratio values. While albumin is present on the entire thickness of the basement
membrane at 4 d, it is restricted to the endothelial side in more mature animals as permeability properties are acquired. It is interesting
to note that the distributions of albumin follow those of the o1(IV) and «2(IV) chains of type IV collagen (see Fig. 4). Bars, 0.5 um.
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enous at early stages of formation and get modified during
maturation to reach the heterogeneity found in tissues of
adult animals. Previous studies have documented changes in
immunohistochemical detection of various antigens of base-
ment membranes and extracellular matrix (Ekblom et al.,
1980; Lelongt et al., 1988), among which type IV collagen
(Ekblom, 1981; Ekblom et al., 1981; Michael et al., 1983;
Mounier et al., 1986; Kleppel and Michael, 1990) and en-
tactin (Avner et al., 1983) during glomerular development.
Immunochemistry and in situ hybridization also revealed that
coordinate synthesis of basement membrane components and
of their respective receptors appear as key events in the early
process of kidney formation (Laurie et al., 1989; Ekblom et
al., 1990; Korhonen et al., 1990). However, the nature of the
modifications leading to the elaboration of functional ma-
trices are still mostly unknown.

In the present study, a particular emphasis was directed to
the study of the formation and maturation of the glomerular
basement membrane and to the acquisition of its functional
properties. At 4 d, before their fusion into the typical glo-
merular basement membrane, both epithelial and endothe-
lial cell basement membranes were labeled for entactin and
the al(IV) and «2(IV) chains of type IV collagen, whereas
labeling for the a3(IV) chain was almost absent. Further-
more, both types of cells appear to synthesize these compo-
nents, although at this stage the endothelial cells seem to be
more active as suggested by the intense labeling of their
RER. After fusion into the tri-lamellar structure, the la-
beling was then distributed through the entire thickness of
the basement membrane. With maturation, the labeling for
aI(IV) and a2(IV) decreased and was progressively restricted
to the endothelial side of the basement membrane. On the
other hand, the labeling for the «3(IV) chain, very low at
4 d, increased during maturation and remained distributed
throughout the thickness of the glomerular basement mem-
brane. Indeed in adult animals type IV collagen composed
of the recently identified &3(IV) and a4(IV) chains (Hudson
et al., 1989) was found to be present in the entire thickness
of the glomerular basement membrane (Desjardins et al.,
1990q).

Entactin, a sulfated protein of ~158 kD (Carlin et al.,
1981), first isolated from the EHS tumor (Timpl et al., 1983),
was recently found to be identical to nidogen (Timpl, 1989)
and has been localized by immunocytochemistry in a variety
of basement membranes (Hogan et al., 1982; Laurie et al.,
1984; Desjardins and Bendayan, 1989a). Entactin and lami-
nin form in equimolar ratio a stable complex (Carlin et al.,
1983; Dziadek and Timpl, 1985; Paulsson et al., 1987), in
which entactin appears to mediate the binding of laminin to
type IV collagen (Aumailley et al., 1989; Timpl, 1989). Fur-
thermore, immunocytochemical studies performed on vari-
ous tissues have demonstrated the codistribution of these two
components (Avner et al., 1983; Laurie et al., 1984; Schitt-
ny et al., 1988; Desjardins and Bendayan, 19894). Laminin
and entactin appear at early stages of embryogenesis, at the
2-cell and the 8- to 16-cell morula stages respectively (Dzia-
dek and Timpl, 1985), indicating a sequential assembly of
these proteins. During early nephrogenesis, laminin appears
in basement membranes in a punctate pattern after induction
by the nephrotic bud (Ekblom et al., 1980). Subsequently,
immunostaining of entactin and laminin were found to be
identical at all stages of nephrogenesis (Avner et al., 1983).
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In our case, labeling for entactin was found to be intense dur-
ing nephrogenesis but progressively disappeared during mat-
uration in the Bowman’s capsule basement membrane. In-
deed, we have previously reported that entactin and laminin
codistribute in renal basement membranes exhibiting low
labelings in the Bowman’s capsule (Desjardins and Benda-
yan, 1989a). In correlation to this, the ultrastructural aspect
of this basement membrane is quite different from all others,
displaying a multilayer or laminated pattern. Although type
IV collagen undergoes modifications during maturation, the
distribution of entactin in the glomerular basement mem-
brane remained unchanged as it does in pathological condi-
tions (Desjardins and Bendayan, 1990). This indicates that
entactin, and possibly the entactin-laminin complex display
affinities for type IV collagen molecules regardless of their
« chain composition. The high sensitivity of entactin to pro-
teases may influence the binding of laminin to type IV col-
lagen and must play an important role regulating any re-
modeling occurring in basement membranes (Timpl, 1989)
particularly during maturation.

Modifications of collagenous elements have been reported
previously during renal development (Ekblom et al., 1981;
Mounier et al., 1986), with the replacement of interstitial
type I and III collagen by type IV collagen as renal structures
differentiate. Furthermore, our results suggest that type IV
collagen made mainly by al(IV) and «2(IV) chains, present
at early stages of renal formation, progressively disappears
from the maturing glomerular basement membrane and gets
restricted to the endothelial side, while type IV collagen
made of novel chains emerges. Interestingly, Kleppel and
Michael (1990), have shown that two different 28-kD pep-
tides, possibly related to the novel chains of type IV colla-
gen, are expressed in glomerular basement membrane at
later stages of development compare to al(IV) and a2(IV)
chains of type IV collagen, and increase in maturing glomer-
ulus. The changes observed for the various chains of type IV
collagen in the glomerular basement membrane may thus be
related to a reorganization process leading to the acquisition
of functional properties. In this line of thought, a possible
involvement of the various chains of type IV collagen in the
restrictive permeability of the glomerular wall was raised in
our earlier studies (Bendayan et al., 1986; Desjardins and
Bendayan, 19895). The distributions of endogenous albumin
and IgG’s were shown to follow that of «l(IV) and a2(IV)
chains of type IV collagen on the endothelial side of the glo-
merular basement membrane (Bendayan, 1985; Bendayan et
al., 1986; Desjardins and Bendayan, 1989b; Desjardins et
al., 1990a). Furthermore, the alterations in the filtration
properties of the glomerular basement membrane occurring
in diabetes, coincide with a complete redistribution of the
al(IV) and o2(IV) chains of type I'V collagen (Desjardins et
al., 1990b). The present study of endogenous albumin in the
glomerular wall during maturation has also revealed a direct
correlation between the distribution of albumin and that of
1(IV) and «:2(IV) chains of type IV collagen. These distri-
butions are likely to reflect a progressive restriction of the
passage of albumin through the glomerular basement mem-
brane, and the gradual acquisition of its functional proper-
ties. Indeed, high molecular weight proteins are absent in
urine samples of adult rats but present in those of 4-d-old ani-
mals (Schaeverbeke and Cheignon, 1980). Thus, the redis-
tribution of @1(IV) and a2(IV) chains and the appearance of
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the a3(IV) chain of collagen IV seem to be involved in the
acquisition of the glomerular basement membrane permse-
lectivity properties. However beside type IV collagen, other
components could play important roles in the selective perme-
ability properties of glomerular basement membranes. A re-
organization of the anionic sites of the glomerular basement
membrane, and a relocalization of the heparan sulfate pro-
teoglycan from a central region of the forming basement
membrane to both laminae rarae were reported (Reeves et
al., 1980; Abrahamson and Perry, 1986b).

A working model regarding the process leading to the
acquisition of size selectivity of the glomerular basement
membrane would be that the al(IV) and o2(IV) chains of
type IV collagen favor, through their self-assembly and their
binding to other components, the organization of a loose ma-
trix that allows passage of serum proteins. As ol(IV) and
o2(IV) chains disappear, type IV collagen made of a3(IV)
and perhaps «4(I'V) chains appears (the a3(IV) and a4(IV)
chains were shown to codistribute in adult normal renal base-
ment membranes [Desjardins et al., 1990a]) with a reorgani-
zation into a tighter matrix leading to the establishment of
efficient permselectivity. In support of this hypothesis, iso-
lated acellular glomerular basement membrane was shown
to display a looser structure on the endothelial side (enriched
in a1(IV) and o2(IV) chains) compared with the more tightly
arranged epithelial side (Carlson and Audette, 1989). Matu-
ration thus appears as a process of coordinate synthesis and
reorganization through which basement membranes acquire
their structural and functional properties.

We are indebted to Drs. H. Kleinman, G. R. Martin (National Institute for
Diabetes Research, National Institutes of Health, Bethesda, MD) and J.
Wieslander (Biocarb, Lund, Sweden) for their generous gift of the antisera.
We are grateful to Diane Gingras, Cécile Venne, Jean Godbout, Jean Lév-
eillé, and Emilienne Lambert for their excellent technical assistance.

This study was supported by grants from the Medical Research Council
of Canada, from which M. Bendayan and M. Desjardins are recipients of
Scientist and Studentship Awards, respectively.

Received for publication 8 November 1990 and in revised form 21 January
1991.

References

Abrahamson, D. R. 1985. Origin of the glomerular basement membrane visual-
ized after in vivo labeling of laminin in newborn rat kidneys. J. Cell Biol.
100:1988-2000.

Abrahamson, D. R. 1987. Structure and development of the glomerular capil-
lary wall and basement membrane. Am. J. Physiol. 253:F783-F794.

Abrahamson, D. R., and E. W. Perry. 1986a. Evidence for splicing new base-
ment membrane into old during glomerular development in newborn rat kid-
neys. J. Cell Biol. 103:2489-2498.

Abrahamson, D. R., and E. W. Perry. 1986b. Distribution of intravenously in-
jected cationized ferritin within developing glomerular basement membranes
of newborn rat kidneys. Anat. Rec. 216:534-543.

Aumailley, M., H. Wiedemann, K. Mann, and R. Timpl. 1989. Binding of
nidogen and the laminin-nidogen complex to basement membrane collagen
type IV. Eur. J. Biochem. 184:241-248.

Avner, E. D., R. Jaffe, T. Temple, E. Demetrius, and A. E. Chung. 1983. De-
velopment of renal basement membrane glycoproteins in metanephric organ
culture. Lab. Invest. 48:263-268.

Bakala, H., A. Geloso-Meyer, M. Cheignon, and J. Schaeverbeke. 1985. Dif-
ferentiation of the glomerular filtration barrier in the rat fetus: possible role
of collagen. Connect. Tissue Res. 13:283-290.

Batsford, S. R., R. Rohrbach, and A. Vogt. 1987. Size restriction in the glomer-
ular capillary wall: importance of lamina densa. Kidney Int. 31:710-717.

Bendayan, M. 1984, Protein A-gold electron microscopic immunocytochemis-
try: methods, applications and limitations. J. Electr. Microsc. Techn. 1:
243-270.

Bendayan, M. 1985. Alteration in the distribution of type IV collagen in glomer-
ular basal laminae in diabetic rats as revealed by immunocytochemistry and
morphological approach. Diabetologia. 28:373-378.

Desjardins and Bendayan Basement Membrane Maturation

Bendayan, M., D. Gingras, and P. Charest. 1986. Distribution of endogenous
albumin in the glomerular wall of streptozotocin-induced diabetic rats as re-
vealed by high resolution immunocytochemistry. Diabetologia. 29:868-
875.

Butkowski, R. J., J. Wieslander, B. J. Wisdom, J. F. Barr, M. E. Noelken,
and B. G. Hudson. 1985. Properties of the globular domain of type IV colla-
gen and its relationship to the Goodpasture antigen. J. Biol. Chem.
260:3739-3747. :

Butkowski, R. I., J. P. M. Langeveld, J. Wieslander, J. Hamilton, and B. G.
Hudson. 1987. Localization of the Goodpasture epitope to a novel chain of
basement membrane collagen. J. Biol. Chem. 262:7874-7877.

Butkowski, R. J., J. Wieslander, M. Kleppel, A. F. Michael, and A. J. Fish.
1989. Basement membrane collagen in the kidney: regional localization of
novel chains related to collagen IV. Kidney Int. 35:1195-1202.

Carlin, B. E., R. Jaffe, B. Bender, and A. E. Chung. 1981. Entactin, a novel
basal lamina-associated sulfated glycoprotein. J. Biol. Chem. 256:5209-
5215.

Carlin, B. E., M. E. Durkin, B. Bender, R. Jaffe, and A. E. Chung. 1983. Syn-
thesis of laminin and entactin by F9 cells induced with retinoic acid and
dibutyryl cyclic AMP. J. Biol. Chem. 258:7729-7737.

Carlson, E. C., andJ. L. Audette. 1989. Intrinsic fibrillar components of human
glomerular basement membranes: a TEM analysis following proteolytic dis-
section. J. Submicrosc. Cytol. Pathol. 21:83-92.

Desjardins, M., and M. Bendayan. 1989a. Heterogenous distribution of type
IV collagen, entactin, heparan sulfate proteoglycan and laminin among renal
basement membranes as demonstrated by quantitative immunocytochemis-
try. J. Histochem. Cytochem. 37:885-897.

Desjardins, M., and M. Bendayan. 19895). Ultrastructural distribution of en-
dogenous IgGs in the glomerular wall of control and diabetic rats. Histo-
chem. J. 21:731-742.

Desjardins, M., and M. Bendayan. 1990. Ultrastructural distribution of glo-
merular basement membrane components in experimental diabetes. Diabetes
Res. In press.

Desjardins, M., F. Gros, J. Wieslander, M. C. Gubler, and M. Bendayan.
1990a. Heterogeneous distribution of monomeric elements from the globular
domain (NC1) of type IV collagen in renal basement membranes as revealed
by high resolution quantitative immunocytochemistry. Lab. Invest. 63:637-
646.

Desjardins, M., F. Gros, J. Wieslander, M. C. Gubler, and M. Bendayan.
1990b. Immunogold studies of monomeric elements from the globular do-
main (NC1) of type IV collagen in renal basement membranes during ex-
perimental diabetes. Diabetologia. 33:661-670.

Dziadek, M., and R. Timpl. 1985. Expression of nidogen and laminin in base-
ment membranes during mouse embryogenesis and in teratocarcinoma cells.
Dev. Biol. 111:372-382.

Ekblom, M., G. Klein, G. Mugrauer, L. Fecker, R. Deutzmann, R. Timpl, and
P. Ekblom. 1990. Transient and locally restricted expression of laminin A
chain mRNA by developing epithelial cells during kidney organogenesis.
Cell. 60:337-346.

Ekblom, P. 1981. Formation of basement membranes in the embryonic kidney:
an immunohistological study. J. Cell Biol. 91:1-10.

Ekblom, P., K. Alitalo, A. Vaheri, R. Timpl, and L. Saxén. 1980. Induction
of a basement membrane glycoprotein in embryonic kidney: possible role of
laminin in morphogenesis. Proc. Natl. Acad. Sci. USA. 77:485-489.

Ekblom, P., E. Lehtonen, L. Saxén, and R. Timpl. 1981. Shift in collagen type
as an early response to induction of the metanephric mesenchyme. J. Cell
Biol. 89:276-283.

Fitch, J. M., R. Mayne, and T. F. Linsenmayer. 1983. Developmental acquisi-
tion of basement membrane heterogeneity: type IV collagen in the avian lens
capsule. J. Cell Biol. 95:641-647.

Grant, D. S., C. P. Leblond, H. K. Kleinman, S. Inoue, and J. R. Hassell.
1989. The incubation of laminin, collagen IV, and heparan sulfate proteogly-
can at 35°C yields basement membrane-like structures. J. Cell Biol.
108:1567-1574.

Hogan, B. L. M., A. Taylor, M. Korkinen, andJ. R. Couchman. 1982. Synthe-
sis and localization of the sulphated glycoproteins associated with basement
membranes and the extracellular matrix. J. Cell Biol. 95:197-204.

Hudson, B. G., J. Wieslander, B. J. Wisdom, Jr., and M. E. Noelken. 1989.
Goodpasture syndrome: molecular architecture and function of basement
membrane antigen. Lab. Invest. 61:256-269.

Jokelainen, R. 1963. An electron microscope study of the early development
of the rat metanephric nephron. Acta. Anat. 52. Suppl. 47:1-71.

Kanwar, Y. S., and M. G. Farquhar. 1979. Isolation of glycosaminoglycans
(heparan sulfate) from glomerular basement membranes. Proc. Natl. Acad.
Sci. USA. 76:4493-4497.

Kazimierczak, J. 1971. Development of the renal corpuscle and the juxtaglo-
merular apparatus. Acza. Pathol. Microbiol. Scand. A. Suppl. 218:1-61.

Kefalides, N. A., P. Howard, and N. Ohno. 1985. Heterogeneity in basement
membranes determines their structure and function. /n Basement Mem-
branes. S. Shibata, editor. Elsevier Science Publishers, Amsterdam. 73.

Kerjaschki, D., H. Sawada, and M. G. Farquhar. 1986. Immunoelectron mi-
croscopy in kidney research: some contributions and limitations. Kidney Int.
30:229-245.

Kleppel, M. M., and A. F. Michael. 1990. Expression of novel basement mem-
brane components in the developing human kidney and eye. Am. J. Anat.
187:165-174.

699



Kleppel, M. M., A. F. Michael, and A. J. Fish. 1986. Comparison of non-
collagenous type IV collagen components in the human glomerulus and EHS
tumor. Biochim. Biophys. Acta. 883:178-189.

Korhonen, M., J. Ylanne, L. Laitinen, and I. Virtanen. 1990. The al-a6
subunits of integrins are characteristically expressed in distinct segments of
developing and adult human nephron. J. Cell Biol. 111:1245-1254.

Langeveld, J. P. M., J. Wielander, J. Timoneda, P. McKinney, R. J. But-
kowski, B. J. Wisdom, Jr., and B. G. Hudson. 1988. Structural heterogene-
ity of the noncollagenous domain of basement membrane collagen. J. Biol.
Chem. 263:10481-10488.

Laurie, G. W., C. P. Leblond, S. Inoue, G. R. Martin, and A. Chung. 1984.
Fine structure of the glomerular basement membrane and immunolocaliza-
tion of five basement membrane components to the lamina densa (basal lam-
ina) and its extensions in both glomeruli and tubules of the rat kidney. Am.
J. Anat. 169:463-481.

Laurie, G. W., C. P. Leblond, I. Cournil, and G. R. Martin. 1980. Immuno-
histochemical evidence of the intracellular formation of basement membrane
collagen (Type IV) in developing tissues. J. Histochem. Cytochem. 28:1267-
1274.

Laurie, G. W., S. Horikoshi, P. D. Killen, B. Segui-Real, and Y. Yamada.
1989. In situ hybridization reveals temporal and spatial changes in cellular
expression of mRNA for a laminin receptor, laminin, and basement mem-
brane (type IV) collagen in the developing kidney. J. Cell Biol. 109:1351-
1362.

Lelongt, B., H. Makino, T. M. Dalecki, and Y. S. Kanwar. 1988. Role of pro-
teoglycans in renal development. Dev. Biol. 128:256-276.

McLean, I. W, and P. K. Nakane. 1974. Periodate-lysine-paraformaldehyde
fixative. A new fixative for immunoelectron microscopy. J. Histochem. Cy-
tochem. 22:1077-1083.

Michael, A. F., J. Y. Yang, R. J. Falk, M. J. Bennington, J. I. Scheinman,
R. L. Vemier, and A. J. Fish. 1983. Monoclonal antibodies to human renal
basement membranes: heterogenic and ontogenic changes. Kidney Int. 24:
74-86.

Mounier, F., J. M. Foidart, and M. C. Gubler. 1986. Distribution of extracellu-
lar matrix glycoproteins during normal development of human kidney. Lab.
Invest. 54:394-401.

Paulsson, M., M. Aumailley, R. Deutzmann, R. Timpl, K. Beck, and J. Engel.
1987. Laminin-nidogen complex: extraction with chelating agents and struc-
tural characterization. Eur. J. Biochem. 166:11-19.

Reeves, W. H., J. P. Caulfield, and M. G. Farquhar. 1978. Differentiation of
epithelial foot processes and filtration slits. Sequential appearance of occlud-
ing junctions, epithelial polyanion and slit membranes in developing glo-

The Journal of Cell Biology, Volume 113, 1991

meruli. Lab. Invest. 39:90-100.

Reeves, W. H., Y. S. Kanwar, and M. G. Farquhar. 1980. Assembly of the
glomerular filtration surface. Differentiation of anionic sites in glomerular
capillaries of newborn rat kidney. J. Cell Biol. 85:735-753.

Sariola, H., R. Timpl, K. von der Mark, R. Mayne, J. M. Fitch, T. Linsen-
mayer, and P. Ekblom. 1984. Dual origin of glomerular basement mem-
brane. Dev. Biol. 101:86-96.

Saxén, L., H. Sariola, and E. Lehtonen. 1986. Sequential cell and tissue inter-
actions governing organogenesis of the kidney. Anat. Embryol. 175:1-6.

Schaeverbeke, J., and M. Cheignon. 1980. Differentiation of glomerular filter
and tubular reabsorption apparatus during foetal development of the rat kid-
ney. J. Embryol. Exp. Morphol. 58:157-175.

Schittny, J. C., R. Timpl, and J. Engel. 1988. High resolution immunoelectron
microscopic localization of functional domains of laminin nidogen, and
heparan sulfate proteoglycan in epithelial basement membrane of mouse cor-
neal reveals different topological orientations. J. Cell Biol. 107:1599-1610.

Stow, J. L., H. Sawada, and M. G. Farquhar. 1985. Basement membrane hepa-
ran sulfate proteoglycans are concentrated in the laminae rarae and in podo-
cytes of the rat renal glomerulus. Proc. Natl. Acad. Sci. USA. 82:3296-
3300.

Timpl, R. 1989. Structure and biological activity of basement membrane pro-
teins. Eur. J. Biochem. 180:487-502. N

Timpl, R., M. Dziadek, S. Fujiwara, H. Nowack, and G. Wick. 1983. Nido-
gen: a new, self-aggregating basement membrane protein. Eur. J. Biochem.
137:455-465.

Vernier, R. L., and A. Birch-Anderson. 1962. Studies of the human fetal kid-
ney. I. Development of the glomerulus. J. Pediatr. 60:754-768.

Vernier, R. L., and A. Birch-Anderson. 1963. Studies of the human fetal kid-
ney. II. Permeability characteristics of the developing glomerulus. J. Ultra-
struct. Res. 8:66-88.

Wan, Y.J., T. C. Wu, A. E. Chung, and I. Damjanov. 1984, Monoclonal anti-
bodies to laminin reveal the heterogeneity of basement membranes in the de-
veloping and adult mouse tissues. J. Cell Biol. 98:971-979.

Wingen, A. M., H. Dohner, K. Scharer, and E. W. Rauterberg. 1987. Evi-
dence for developmental changes of type IV collagen in glomerular basement
membrane. Nephron. 45:302-305.

Yurchenco, P. D., andJ. C. Shittny. 1990. Molecular architecture of basement
membranes. FASEB (Fed. Am. Soc. Exp. Biol.) J. 4:1577-1590.

Yurchenco, P. D., E. C. Tsilibary, A. S. Charonis, and H. Furthmayr. 1986.
Models for the self-assembly of basement membrane. J. Histochem. Cyto-
chem. 34:93-102.

700



