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Summary. Recent studies have revealed highly differ
entiated structures and functions of glomerular base
ment membrane (GBM). The most specific feature of the
GBM is a three-layer structure, Le. a lamina densa and
two laminae rarae. The GBM consists of various compo
nents, such as type IV collagen, laminin and proteo
glycans, in forming its three-dimensional network struc
ture. This structure is thought to result from a self
assembling of each component and binding each other.
The subclasses of the components have been differ
entiated and their distributions have been proved to be
heterogeneous with the GBM. These structural charac
teristics are supposed to be related to the function of
the GBM as a sieving membrane and as a base for
cellular attachment.

The mechanism of pathological damage to the struc
ture and function of the GBM has been elucidated in
various renal diseases with advances in the basic studies
on the GBM. Matrix metalloprotainase (MMP) is con
sidered to be important in GBM injuries of IgA nephro
pathy. Glycosylation of GBM components is suggested
to be one of the causes of thickening of the GBM. A
genetic mutation in a5(1V) chain of type IV collagen
has been confirmed in Alport's syndrome.

I. Introduction

Basement membranes possess multiple functions as
boundaries between the cells and matrix. Cellular dif
ferentiation, proliferation and migration are promot
ed or guided along them. Molecular substances are
selectively filtered through the basement membranes.
The properties of basement membranes vary depend
ing on differences among the tissues. 1

-
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) Among base
ment membranes, the glomerular basement mem
brane (GBM) is characterized by two features. The
first of these is a unique trilamellar structure consist
ing of a lamina densa and two laminae rarae, being
sandwiched between the epithelial and endothelial

cells. Most basement membranes adhere to either the
epithelial or endothelial cells and consist of only two
layers, a lamina densa and a lamina rara. The second
characteristic of the GBM is its specialized ability to
generate urine as a highly selective filtrating barrier.
In order to keep this selectivity the GBM employs
two types of properties as functional barriers, i.e. a
charge barrier and a size barrier.

In the latter part of this paper, we summarize
recent advances in investigations on the pathological
chagnes of the GBM in four kinds of renal diseases.

II. Basic Studies of GBM

1) Biochemical components of GBM

A number of papers on the biochemical components
of the GBM have been published in the past few years.
Collagen type IV,4,5) laminin,6,7) proteoglycans,8,9) fibro
nectin/,lO) nidogen/entactin,ll) and amyloid p12) have
been proved as its components using either immuno
histochemical or biochemical methods or both. Recently
molecular subclasses of those components, such as
collagen type IV, laminin and proteoglycans, have
been found. Their heterogeneous distribution in the
GBM or in the renal glomerulus have also been
reported. Although the biological significances of this
heterogenous distribution have not been proved yet,
it is suspected to be related with the highly developed
functions of the GBM.

Type IV collagen
Type IV collagen (MW 550kD) is a major component
of basement membranes, comprising approximately
50% or more of the total protein volume. In most
basement membranes, type IV collagen is a ubiquit
ous component composed of three polypeptides of
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Table 1. Hetrogeneous distribution of a chains of type
IV coHagen in the kidney

a1 a2 a3 a4 a5

GBM (+) (+) (+) (+) (+)

Mesangium (+) (+) (-) ( ) (-)

Bowman's capsule (+) (+) (+) (+) (+)

Tubular BM (+) (+) (+) (+) (+)

Vascular BM (+) (+) (-) (-) (-)

GBM: glomerular basement membrane
BM: basement membrane

two different a chains, [al(IV)]2 and a2(IV) assembl
ing into a triple helix. 13) Recently other a chains,
a3(IV), a4(IV) and a5(IV), have also been found in
the GBM. 14-16) These a chains are distributed hetero
geneously in the GBM: al(IV) and a2(IV) are mainly
located on the subendothelial side of the GBM; and
a3(1V) and a4(IV) chiefly in the lamina densa of the
central portion of the GBM. Although the former,
classical types, are abundantly recognized in the mes
angial matrix, the latter, novel ones are not present
there. Among the five subclasses, the expression of
a5(IV) is restricted only to the GBM.16)

A heterogeneous distribution of the substances
mentioned above also appears in other renal base
ment membranes as summarized in Table 1.

Laminin
Laminin (MW 900,000) is a common component of sys
temic basement membranes. Immunohistochemically,
it is recognized both in the lamina densa and rarae

Fig.1. The localization of laminin by immnuogold label
ing method. Laminin is recognized both in rat GBM and
the mesangial matrix. Me: mesangial cell, MM: mesan
gial matrix x 20,000

(Fig. 1).17) The established molecule consisting of
three chains, A, Bl and B2 chains, shows a cross-like
shape which has one long arm and three short arms.
In the developing mesenchym, only B chains are ex
pressed in an earlier stage of development. The A
chains appear at a later stage when the epithelial cells
accomplish polarization on basement membranes. I8

)

A heterogeneous distribution of these subunit chains
has been reported in the renal glomerulus, too. A
monoclonal antibody binding to the long arm of
laminin A and B chains showed immunoreactivity to
both GBM and mesangial matrix. Another mono
clonal antibody binding to the short arms of the B
chain revealed immunoreactivity only to the mesan
gial matrix. 19) The A and B chains of laminin have
distinct abilities to bind cells or the matrix compo
nents. As the A chain has been known to be impor
tant for the attachment of epithelial cells, 18) its hetero
geneous distribution is suggested to reflect an impor
tant functional polarity of the GBM.

Proteoglycans
Proteoglycan is a large molecule consisting of a core
protein and many repeating disaccharide chains,
known as glycosaminoglycans (GAG) chains.20) There
are various kinds of molecules depending on the sorts
of GAGs. In the GBM, heparan sulfate proteoglycan
(HSPG) is the most predominant substance among
these. Additionally, small amounts of chondoroitin sul
fate proteoglycan (CSPG), small molecule chondroitin
sulfate-dermatan sulfate proteoglycans and hyarulonic
acid have also been found. 21 ,22) Basement membranes
have two types of HSPG molecules: a low density
proteoglycan (LDPG) (MW 650kD) and a high density
proteoglycan (HDPG) (MW 130kD).3) LDPG has a large
core protein with three long heparan sulfate chains,
and HDPG has a small core protein with four heparan
sulfate chains. The GBM reveals a heterogeneous dis
tribution of HSPG. Antibodies against HSPG purified
from EHS tumors are known to be bound equally to
both lamina densa and rara of the GBM. Antibodies
reacting specifically to a core protein of renal HSPG,
on the other hand, are bound to only the lamina rara
of the GBM.23) Antibodies against a core protein of
HSPG derived from PYS-2 cells are bound mainly to
the lamina rara and foot process soles. With hepar
itinase treatment reactivities of the lamina rara
disappeared, while those of the foot process soles
remained. 24) Proteoglycans have various biological
roles such as those as ligands of cell binding, as
strong sources of negative charges and as the skele
tons of matrix structures. Their functional availabil
ities vary depending on the sorts of proteoglycans or



GAGs. The heterogeneous distribution of proteo
glycans are belived to be associated with the func
tional differentiation of the GBM, though our know
ledge concerning this point is still limited.

Entactin
Entactin is a sulfated glycoprotein (MW 150 kD) which
was first purified from extracellular matrix secreted
by cultured endodermal carcinoma cells. Nidogen is
another glycoprotein purified from mouse EHS sar
coma. The eDNA sequences of these two molecules
have been cloned and have been identified with each
other.25,26) Immunohistochemically, entactin/nidogen
is observed in the GBM and mesangium. An intensive
reactivity is recognized in the outer aspect of the
GBM by the immunohistochemical method. 27)

Other components
Fibronectin and amyloid P have been known to be
contained as constitutional components of the GBM.
These two substances are found in both plasma and
tissues. It is controversial whether plasma molecules
or intrinsic tissue molecules are detected in the GBM.
In general, fibronectin works for the mechanism of
cell attachment, and amyloid P has a calcium binding
function and an affinity to HSPG.l.2)

2) Biosynthesis and turnover of GBM

Transmission electron microscopy shows lamina densa
existing between two layers of the laminae rara (Fig.
3). This unique feature reflects the specific develop
ment of the GBM. In the early stage of glomerulo
genesis the formation of the GBM is thought to begin
by the fusion of two basement membranes produced
by visceral epithelial cells (podocytes) and capillary
endothelial cells. 28,29) Recent studies have also clari
fied the mechanism of further elongation of the GBM.
Laminin newly synthesized by podocytes is first
pooled under the pockets of foot processes. Subse
quently, the pooled laminin is transported into the
already existing GBM by splicing.30.31 ) The intracel
lular organs involved in molecular synthesis, such as
the endoplasmic reticulum and Golgi apparatus, are
well developed in the podocytes. In contrast, these
organs in capillary endothelial cells are poorly devel
oped. Thus, the major providing source of the GBM
components seems to be podocytes.

Concerning the biochemical turnover of the GBM, a
few data have been reported. The half life of collagen
in rat GBM was estimated to be more than 100
days.32) In the study of the GBM labeling with anti
laminin antibodies, these antibodies remained in the
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GBM at least for several months. 33)

3) Three-dimensional structure

The molecules of the various components of the
GBM are capable of self assembly and exhibit bind
ing interactions among each other. A molecule of
type IV collagen consists of three a chains to form a
triple helix structure with a length of 400 nm. There
are two non-collagenous domains (NC domains) at
both ends: the NC1 domain in the C terminus, and the
NC2 in the N terminus. The NC2 domain and a part
of the N terminus of the triple helix (approximately
40 nm) are distinguished as a 7S domain with cross linking
ability. Four molecules are assembled via stable inter
actions of the 7S domains. The NCI domains also
possess a binding ability, so that head-to-head forma
tion is constructed by two molecules. The result of
this self-assembling is a polygonal net work is accom
plished, which is believed to form a basic backbone
structure of the GBM.3) It is likely that other compo
nents bind this backbone structure complexly. These
interactions of the GBM components result in a three
dimensional network structure.

Several kinds of histological techniques have been
used for visualization of concrete network structures.
In conventional transmission electron microscopy, a
few kinds of microfibriles have been demonstrated in
the GBM. 10) A GBM treated with proteolytic processes
has shown a three-dimensional network structure con
sisting of 3-8 nm microfibriles. In this method, larger
microfibriles of 7~8 nm were observed on the subepi
thelial side, with smaller ones of 3-4 nm favoring
the subedothelial side of the GBM.34) Recently a quick
freezing and deep-etching method has obtained the
high-resolutional appearance of the three-dimensional
network structure of the GBM. 35,36) The lamina densa
of the GBM shows small pores of 16±7 nm, in radii
composed of microfibriles of 6-10 nm thickness. In
spite of certain varying results presumably arising
from differences in histological methodologies, they
all have confirmed the occurrence of a three-dimen
sional network structure in the GBM.

4) Function of GBM

Charge barrier

It is well known that the GBM is a barrier bearing
highly negative charges. The sources of the negative
charges are sulfate and carboxyl groups contained in
the GBM. The sulfate bases are contained in GAG
chains of HSPG or CSPG. The carboxyl bases are
seen not only in the GAG chains but also in type IV



4 S. NISHI and M. ARAKAWA:

Fig. 2. The detection of negatively charged sites by a
cationic probe, polethyleneimine. Positive reactions are
chiefly observed in lamina rara externa of rat GEM.
x 15,000

collagen and other non-collagenous components.
Among them, the component most significantly
contributing to the negative charge is believed to be
HSPG, because heparitinase treatment has most
effectively reduced the anionic charges. 2

l) Various
cationic probes, such as alucian blue, colloidal iron,
polyethyleneimine, ruthenium red and cationic fer-'

have been used as markers for detecting the
anionic sites in the GBM (Fig. 2). The most striking
reactions have been observed in the lamina rara
externa.37

) These probes are usually applied during
perfusion or immersion before tissue embedding. In
contrast, cationic colloidal gold is used in a post
embedding method to detect anionic sites.38

) The
reactions of cationic colloidal gold were reduced by
hyaluronidase, but not by heparitinase. Hyaluronic
acid contains only carboxyl and no sulfate groups. A
polycation, hexadimethrine (HDM), is also known to
specifically react to the anionic sites of carboxyl
groups. This binding reaction to the GBM has been
shown to be reduced by sialidase, hyaluronidase and
chondroitinase but not by heparitinase.39

) These data
indicate that controversial problems remain in identify
ing the component contributing most as an anionic
source of the GBM.

Size barrier
The GBM acts as a sieve for molecules in the plasma.
The fractional clearances, i.e. the ratio of various
size dextrans clearance per inulin clearance, are
convenient indices to evaluate the function of the size
barrier. It ranges from °when test dextran molecules
are impermeable to 1 when they encounter no mea-

surable restriction to filtration.37) In the dextran of 1.8
nm radius, the fractional clearance shows 1.0, and in
the dextran of 44 nm radius, it indicates 0. These data
were obtained by using neutral dextrans. When
cationic or anionic dextrans are used, the fractional
clearances shift to show increasing or decreasing
tendencies. Damage to the size barrier also causes
proteinuria. By a quick-freezing and deep-etching
method, the disruption of the three-dimensional net
work structure was really recognized around the
deposits of the GBM in the model of serum sickness
nephritis. 40)

5) Cell attachment

Podocytes and capillary endothelial cells need to
attach tightly to the GBM to avoid being disrupted by
exposure to the pressure or the flow of filtrated urine
or capillary blood (Fig. 3). In general, some types of cell
surface glycoproteins are known to have a cytoad
hesive function. The soles under the foot processes of
podocytes possess specifically developed glycoproteins,
compared with the soles of parietal epithelial and
capillary endothelial cells. 41

,42) They likely serve for
tight attachment to the GBM against the hydropres
sure of filtered urine.

The components of the GBM work as ligands for
binding between the cells and matrix. The cytoad
hesive receptor molecules belonging to the integrin
superfamily play important roles in this binding.
Various kinds of integrin subfamilies, such as a3a 1
(very late antigen-3) and ava3 (vitronectin receptor),
are recognized on the surface of visceral epithelial
cells and endothelial cells in the glomerulus. 43

,44) One

Fig. 3. Normal human GEM. Visceral epithelial cells
and capillary endothelial cells tightly attach to the
GEM. x3,200



interesting finding reported recently was that Anti
Fx1A antibody, which binds to glycoproteins on
visceral epithelial cells and produces Heymann
nephritis, recognizes a beta 1-integrin on cultured
glomerular epithelial cells and inhibits adhesion and
growth.45) It seems possible that a 1-integrin may be
one of the antigens involved in membranous nephro
pathy.

III. Pathological changes in GBM

1) IgA nephropathy

Both primary and secondary IgA glomerulonephritis
or nephropathy (IgAGN) associated with Henoch
Shonlein purpura (HSPGN) frequently show abnor
malities in the GBM, such as simple thinning or
injuries manifested as splitting, lamellation or lytic
degeneration. Diffuse simple thinning of GBM, seen
in 18% of IgAN,46) may be on accidental complication
of thin basement membrane disease (TBMD). How
ever, TBMD known as a hereditary disease was
found in less than 10% or 15% of the whole renal
biopsy series47) and familial cases of IgAGN are very
rare. Therefore, the high frequency of diffuse thinning
is derived from the pathogenesis of IgAGN itself.

The frequency of GBM injuries is also markedly
variable, ranging from 13%48) to 70%46) of IgA nephro
pathy patients. The correlation between GBM injury
and clinical or histological findings has been studied
by many researchers. It has been suggested that the
occurrence of GBM injuries is positively correlated
with hematuria49,52) and proteinuria,5o,51) while there
are some reports showing controversial results,54,55)
There are also contradictory studies concerning the
relationship between GBM injuries and histological
changes, such as crescent formation and capillary
adhesion. 52,53,55) Our study indicates that GBM injuries
should be separated into two groups, one with para
mesangial GBM injuries and the other with capillary
loop GBM injuries, in order to resolve this contro
versial problem. We found a significant relationship
between the paramesangial GBM injuries and the
incidence of crescent formation and capillary adhe
sion, but not between capillary GBM injuries and the
incidence of these changes.55) In previous studies,
capillary loop GBM injuries have been only focused
as GBM injuries. In order to obtain definitive results,
careful attention should be given to the location of
GBM injuries.

The pathogenesis of GBM injuries is still uncertain.
Electron microscopy has shown neutrophils frequent
ly adhering to the portion with GBM injuries.54)
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Lysosomal enzymes of neutrophils are candidates
for one of the pathogenic factors, because they can
degrade the components of the GBM.56) Activities of
these enzymes have been detected in the urine of
patients with glomerulonephritis. As another patho
genic factor matrix metalloprotainase (MMP) is
suspected to be involved. MMP has been found to
degrade the GBM in vitro experiments.57,58) The
secretion of MMP has been also recognized in cul
tured mesangial cells. 59)

2) Diabetes mellitus

Thickening is the most predominant change of the
GBM in Diabetes Mellitus (DM) (Fig. 4). There are
two hypotheses concerning the causes of this change.
One advocates the role of advanced glycosylation
end-products (AGE).6o,61) AGEs prolong the half life
times of glycosylated proteins. The late turnover of
the GBM is induced by the storage of glycosylated
components of the GBM. Supporting this hypothesis,
it has been reported that aminoguanidine, an inhibit
ing agent of glycosylation, prevented the thickening
of the GBM.62) The other hypothesis emphasizes an
excess production of GBM components, especially
type IV collagen.63) In histochemical studies, the
amount of type IV collagen was increased in thick
ened GBM,64,65) whereas other components, such as
HSPG and laminin, revealed a tendency to decrease. 65,66)
These disproportional changes in GBM components
may cause a thickening of the GBM. According to a
detailed study on type IV collagen, the immuno
fluorescent reactivities to the novel type chains such
as a3(1V), a4(IV) and a5(IV), became more intense
along the capillary GBM of diabetic glomeruli. In

Fig. 4. Thickening of the GBM in diabetic glomerulo
sclerosis. X 3,200
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contrast, those reactivities against classical type
collagen, such as a l(IV) and a2(IV), became faint
along the GBM but more prominent in the expanded
mesangial matrix. 67) The exact reason for this hetero
geneous change is not clear. The novel types are
distributed more predominantly on the epithelial side,
whereas the classical types are on the endothelial
side of GBM as mentioned before. Therefore, it can
be suspected that thickening of the GBM may be
related to the hypersecretion of type IV collagen from
the visceral epithelial cells.

As an additional change in the diabetic GBM,
scattered thinning of the GBM has also been observ
ed in the diabetic glomeruli by the morphometric
analysis of whole glomerular areas. 68) Why thinned
GBMs appear together with thickened GBMs has not
yet been answered.

3) Alport's syndrome

Alport's syndrome is a hereditary nephritis with
urinary abnormalities that progresses to renal fail
ure. The complication of bilateral sensorineural hear
ing loss has been believed to be a necessary finding in
classical Alport's syndrome. However, several clini
cal subtypes without sensorineural hearing loss have
now been identified. The genetic transmission forms
are variable. Approximately 80% of all cases are
compatible with X-linked dominant inheritance, and
the rest are autosomally dominant or recessive inher
itance. The characteristic pathological findings are
thinning and irregular thickening with splitting or
lamellation, the so called basket weave formation, of
the GBM69) (Fig. 5). Irregular GBM thickening is
more significantly related with the clinical severity,

Fig. 5. Irregular and multi-lamellated GBM in Alport's
syndrome. x 3,200

compared with thinning of the GBM.70)
It is known that anti-GBM alloantibodies appear in

Alport's patients transplanted from normal donors,
and cause the loss of the grafts. These alloantibodies
have been identified with the antibodies reacting with
the 26kDa NCI domain of type IV collagen.7!) Recent
ly the gene of a 5(IV) has been ascertained to be
located on X chromosome at locus Xq22(COL4A5).16)
NCI of a5(IV) is equivalent to the NCI domain of
26kDa. A genetic disorder has been found in COL4A5
in X linked Alport's syndrome cases.72l From these
results, X linked Alport's syndrome is assumed to be
derived from a genetic mutation in a5(IV).

4) TBMD

Thin basement membrane disease (TBMD) is a
hereditary glomerular disease, although the mode of
hereditary transmission is unclear and sporadic cases
are often observed. Clinically, chance hematuria
without proteinuria is a predominant sign. Compared
with Alport's syndrome, most cases show no impair
ment in renal function, though a few cases have been
reported to have progressed to renal failure. Minor
glomerular abnormalities are noticed in light micro
scopy, and negative or non specific staining is the
histological feature in immunofluorescence. Diffuse
thinning of the GEM can be recognized in electron
microscopy69) (Fig. 6). The definition of "thin base
ment membrane" differs among researchers. Usually
the term indicates a membrane measuring less than
250 nm, but some authors consider a standard of less
than 200 nm.73) The pathogenesis of the GBM thin
ning remains unresolved. A defect of Good-Pasture
antigen (NCI domain of a3(IV)) has not been found in

Fig. 6. Thinning of the GBM in thin basement mem
brane disease (TBMD). x 3,200



a histochemical study,69) nor have genetic abnormal
ities been found in the genes of al(IV) or a2(IV).47)
Further studies on a4(IV) and a5(IV) chains are
necessary to clarify the pathogenesis of TBMD.
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