LE JOURNAL CANADIEN DES SCIENCES NEUROLOGIQUES

Distribution of Extracellular Matrix
Proteins in Primary Human Brain
Tumours: An Immunohistochemical
Analysis

James T. Rutka, Craig A. Myatt, Jane R. Giblin, Richard L. Davis
and Mark L. Rosenblum

ABSTRACT: Usingimmunohistochemical techniques, we localized several glycoproteins of the extracellular matrix
in paraffin-embedded sections of 4 normal brain and 38 primary intracranial tumour specimens. All specimens were
positively immunostained to various degrees by monoclonal antibodies to type 1V collagen and procollagen 111 and by
antisera to laminin and fibronectin. Staining was consistently most intense at sites of contact between neuroepithelial
and mesenchymal or leptomeningeal elements; there was no demonstrable staining within or between neuroepithelial
elements in the neuropil. Tumour cells from meningiomas and from the sarcomatous portion of a gliosarcoma were
positively immunostained for fibronectin and laminin. The integrity of the glial limitans externa was demonstrated by
the positive linear reaction product produced by immunostains for type IV collagen and laminin, even in the most
malignant gliomas. The deposition of extracellular matrix glycoproteins at the glial-mesenchymal interface observed
in this study of primary human brain tumours is a manifestation of one of the interactions between tumour and stromal
cells in the central nervous system. A loss of coordination and an alteration in the interactions between epithelial cells
and stromal cells across extracellular matrices such as basement membranes are thought to be fundamental steps in
the development and progression of cancer. Further characterization studies focusing on other markers of the
extracellular matrix are needed to elucidate completely the function of this structure in the central nervous system.

RESUME: Répartition des protéines de la matrice extracellulaire dans les tumeurs primitives du cerveau chez I’étre
humain: une analyse immunohistochimique Nous avons localisé, au moyen de techniques immunohistochimiques,
plusieurs glycoprotéines de la matrice extracellulaire dans des sections paraffinées de tissu provenant de 4 cerveaux
normaux et de 38 tumeurs intracraniennes primitives. Tous les spécimens présentaient une réaction immunologique
positive, & différents degrés, a la coloration par anticorps monoclonaux dirigés contre le collagéne de type IV et le
pro-collagéne 11 et par antisérum dirigé contre la laminine et la fibronectine. La coloration était toujours plus intense
aux sites de contact entre les élements neuro-épithéliaux du mésenchyme ou des leptoméninges; par contre, il était
impossible de mettre en évidence la coloration a 'intérieur ou entre les éléments neuro-épithéliaux dans le neuropile.
Les cellules tumorales provenant de méningiomes et de la portion sarcomateuse d’un gliome présentaient une
réaction immunohistochimique positive pour la fibronectine et la laminine. Méme dans les gliomes les plus malins,
I'intégrité de la membrane limitante externe était mise en évidence sous forme d’une réaction positive linéaire
produite lors de la coloration par immunoréaction dirigée contre le collagéne de type IV et la laminine. Le dépot de
glycoprotéines de la matrice extracellulaire, a I'interface glie-mésenchyme, observé au cours de la présente étude de
tumeurs primitives du cerveau humain est une manifestation de I’une des interactions entre cellules tumorales et
cellules du stroma dans le systéme nerveux central. Une perte de la coordination et une altération de I'interaction
entre les cellules épithéliales et les cellules du stroma sont considérées comme étant des étapes fondamentales dans le
développement et la progression du cancer. Il est nécessaire de procéder a des études plus poussées, portant sur
d’autres marqueurs de la matrice extracellulaire, dans le but d’expliquer la fonction de cette structure dans le systéme
nerveux central.
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The extracellular matrix (ECM) may be defined as the natu-
rally occurring extracellular substrate upon which cells migrate,
proliferate, and differentiate in vivo.'* The ECM functions as a
biological adhesive that maintains the normal cytoarchitecture
of different tissues and defines the key spatial relationships
among dissimilar cell types.> Outside the central nervous sys-
tem (CNS), the ECM plays a fundamental role in modulating
tumour cell invasion and metastasis.*> Although much has
been learned about the biochemical composition and structure
of the ECM in other organs, little is known of its structure and
function in the CNS.%7 We undertook this study to character-
ize the distribution of laminin, collagen type IV, fibronectin,
and procollagen type Il in primary human brain tumours and to
determine which cells may be involved in the production of
these ECM proteins.

MATERIALS AND METHODS

Monoclonal Antibodies and Antisera

A panel of monoclonal antibodies and antisera was used to
localize ECM proteins in the tissue sections. Lyophilized anti-
body against laminin and fibronectin, raised in rabbits, was a
gift from Dr. H. Kleinman (National Institute of Dental Re-
search, NIH, Bethesda, MD). Monoclonal antibodies to pro-
collagen type 111 and collagen type 1V were donated by Dr. N.
SundarRaj (University of Pittsburg, Pennsylvania). Brain
tumours of glial anlage were immunohistochemically identified
by a rabbit anti-human antiserum to glial fibrillary acidic pro-
tein (GFAP), which was a gift from Dr. L. Eng (Stanford, CA).
Cerebrovascular endothelial cells were stained by a rabbit anti-
human Factor-VIII-related antiserum (Dako, Westbury, NY).
The specificity of all antisera and monoclonal antibodies used
in this study have been reported in detail elsewhere.®

Tumour Selection and Tissue Preparation

Thiry-eight tumours and 4 normal brain specimens were
selected for study (Table 1). The pathological diagnosis of each
tumour was confirmed by one of us (RLD). The gliomas were
classified using criteria established at the University of Cali-
fornia, San Francisco (UCSF).® A glioblastoma multiforme is a
highly cellular glial neoplasm with nuclear and cytoplasmic
pleomorphism and vascular endothelial proliferation. A highly
anaplastic astrocytoma is a moderately to highly cellular glial

Table 1: CNS tumors and normal brain specimens examined for extra-
cellular matrix protein expression.
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Glioblastoma multiforme
Highly anaplastic astrocytoma
Moderately anaplastic astrocytoma
Gemistocytic astrocytoma
Gliosarcoma
Oligodendroglioma
Ependymoma
Medulloblastoma
Meningioma

malignant
Normal human brain

adult

fetal

Total
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neoplasm with at least two of the following characteristics: a
high nuclear:cytoplasmic ratio, coarse nuclear chromatin, mitotic
activity, and nuclear or cytoplasmic pleomorphism. A moder-
ately anaplastic astrocytoma is a mildly to moderately cellular
glial neoplasm with enlarged nuclei and a relatively uniform
cytoplasm. GFAP was used as a marker to identify tumours of
glial origin.

For comparison with the tumour specimens, samples of nor-
mal human brain were obtained from adult patients undergoing
routine craniotomies for trauma or intractable seizures and
from normal fetuses electively aborted at 12-20 weeks’ gestation.
Permission to obtain the fetal brain specimens was granted by
the Human Research Committee of the University of California,
San Francisco.

All specimens were fixed for 24 hours at 0-4°C in Carnoy’s
solution'? or in 10% neutral buffered formalin.'' The paraffin-
embedded tissue blocks were cut into sections 5.5 um thick,
mounted on glycerin-coated glass slides, deparaffinized, and
rehydrated. Sections fixed in Carnoy’s solution were pretreated
with 0.05% collagenase (Sigma type I, C0130) in 0.05% CaCl,,
pH7.4'° and those fixed in formalin were pretreated with 0.4%
pepsin (Sigma) in 0.01 N HC1 for 45 minutes at 37°C before
immunostaining.'' Tissue sections immunostained for GFAP
were not pretreated with proteolytic enzymes.

Immunohistochemical Staining

Theintracytoplasmic and ECM proteins were immunostained
with the peroxidase-antiperoxidase (PAP) technique of Stern-
berger.'? For the primary antibodies raised in rabbits, PAP kit
K548 (Dako) was used; for mouse monoclonal antibodies, PAP
monoclonal kit K660 (Dako) was used. Primary antibodies
(anti-GFAP, -fibronectin, -Factor-VIII-related antigen, and
-laminin diluted 1:200; anti-procollagen type III and -type 1V
collagen diluted 1:100) were allowed to incubate overnight at
4°C. The slides were carefully rinsed in phosphate-buffered
saline after each step. The sections were then counterstained
with hematoxylin and mounted with glycerol gelatin (Sigma).
Immunostaining of ECM proteins in blood vessels in tumour
sections served as an internal positive control. In control
sections, the primary antibody was replaced with either non-
immune rabbit serum (Dako) or ascites fluid (Cappel) at the
same dilution as the primary antibody.

RESULTS

The difference in fixation technique did not affect the inten- -
sity of staining. However, preincubation of the specimens with
the appropriate proteolytic enzyme was necessary to localize
and enhance the various ECM reaction products. All 42 speci-
mens were positively immunostained to various degrees by all
of the antisera and antibodies to the ECM proteins. Staining
was most consistent for laminin, type IV collagen, and fibro-
nectin and was most variable for procollagen type I1I. Factor-
VIII/vWF-related antigen distinctly stained endothelial cells in
all blood vessels; the subendothelial basement membrane and
the perivascular regions stained less intensely.

Normal Brain

In the adult human brain specimens, laminin and type IV
collagen were identically distributed in the basal lamina of
cerebral parenchymal and leptomeningeal blood vessels (Figure
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1) and in the glial limitans externa. The procollagen type III
reaction product was noted chiefly in the fibromuscular com-
partment of the larger arterioles and arteries of the leptomenin-
ges and brain, Corpora amylacea in one specimen were posi-
tively identified by immunostains for fibronectin. In the fetal
brain specimens, the distribution of all ECM macromolecules
was similar to that of adult brain. In addition, the vascular and
epithelial basement membranes of the choroid plexus stained
positively and perivascular immunostaining for the various
glycoproteins was observed even in the paraventricular germinal
layer (Figure 2).

Glioblastoma Multiforme

The most striking aspect of all 10 glioblastomas was the
intratumoral vascularity, which was identified by antisera or
antibodies to all ECM macromolecules (Figure 3). Staining was
particularly intense in thick-walled, hyperplastic blood vessels
and in glomeruloid vascular formations. There was only occa-
sional fragmentation of the endothelial basement membrane
(Figure 4). The glial limitans externa was also identified in all
specimens and was similarly intact. Laminin and collagen type
IV were similarly distributed along the endothelial basal laminae,
but some less intense staining was seen beyond the basement
membrane. Fibronectin was identified throughout all layers of
blood vessels; some thick-walled vessels had alaminated appear-
ance (Figure 5). Procollagen type I1I was also immunolocalized
to all layers of proliferated vessels. Immunostaining showed no
evidence of ECM glycoproteins between glial tumour cells.

Gliosarcoma

Gliomatous regions of the three gliosarcomas were positively
identified by immunostains for GFAP. Giant cells were nega-
tive for GFAP in two cases and positive in one. Sarcomatous
regions were positively identified by immunostains for fibro-
nectin, laminin, type 1V collagen, and procollagen type 11l in
two tumours (Figure 6). Granular, intracytoplasmic staining for
laminin and fibronectin was present in the cytoplasm of some
cells in the sarcomatous portion of one tumour.

Other Gliomas

The staining pattern for all ECM molecules in highly anaplas-
tic gliomas was similar to that seen in glioblastomas multiforme.
Vascular mesenchymal immunostaining was not as prominent.
Both the glial limitans externa and the subendothelial basement
membranes were intact. A moderately anaplastic astrocytoma
was found to have a narrow, slit-like Virchow-Robin space that
contained a moderately large arteriole with a lymphocytic infil-
trate (Figure 7). None of the gliomas, including the ependymo-
mas and the oligodendrogliomas, stained positively for any of
the ECM proteins except in perivascular regions.

Medulloblastoma

In both meduiloblastomas, ECM proteins were found in a
perivascular distribution. In one tumour in which a desmoplastic
response had occurred, strands of fibrous connective tissue
were positively identified by antisera or antibodies to all of the
ECM proteins.

Meningioma

All ECM proteins were positively identified by immuno-
staininginall eight meningiomas. None of these tumours stained
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positively for GFAP. The intrinsic vascularity of the meningio-
mas was extremely well delineated by immunostains for the
ECM proteins. Inaddition, intracytoplasmic staining of laminin
and fibronectin was seen in one malignant and two transitional
meningiomas (Figure 8). Intercellular spaces in whorl forma-
tions and psammoma bodies were positively identified by anti-
sera to fibronectin in a meningotheliomatous meningioma.

DISCUSSION

The extracellular space of the CNS has yet to be completely
characterized. Whereas the parenchyma of the CNS appears to
be filled with a relatively amorphous matrix that is largely free
of collagens and other fibrous proteins,®”'3 a well-defined

ECM exists in the form of a true basement membrane around all
cerebral blood vessels and at the glial limitans externa.” As a
delimiting basement membrane, the glial limitans externa invests
the entire cortical surface of the brain and separates astrocytic
foot processes from pia-arachnoid cells. Thus, it forms an
interface between celtular CNS elements derived embryologic-
ally from neuroepithelium and leptomeningeal elements pre-

Figure 1 — Immunolocalization of rype IV collagen in normal adult cerebral
cortex. The thin-walled subendothelial basal laminae of the cortical
capillaries are positively stained (large arrows). Neurons (small arrows)
and intervening neuropil are unstained. Light microscopy, x 200.

Figure 2 — Paraventricular germinal layer of human fetal brain, gestational
age 18 weeks, stained for fibronectin. This densely cellular region demon-
strates diffuse fibronectin positivity in all layers of the blood vessel walls
(arrows). Light microscopy, x 200.
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Figure 3 — Immunostain for laminin clearly delineates the vascularity of a Figure 4 — Immunostainfor laminin in a glioblastoma multiforme identifies a
glioblastoma multiforme. The endothelial basement membrane in all large thick-walled hvperplastic blood vessel (curved arrow) and a fragmented
and small vessels is continuous and intact (arrows). Tumour cells are not endothelial basement membrane (straight arrow) of a thin-walled blood
stained. Light microscopy, x 75. vessel cut longitudinally. Light microscopy, x 500.

Figure 5 — Immunostain for fibronectin in a glioblastoma. The entire thick- Figure 6 — Immunostain for procollagen Il in a gliosarcoma shows that
ness of a large, tangentially sectioned blood vessel is stained positively sarcomatous regions (S) are separated from gliomatous regions (G) and
and is composed of several laminae. Light microscopy, x 200. stain positively for procollagen I . Light microscopy, x 75.

Figure 8 — Meningiotheliomatous meningioma immunostained for laminin.
The subendothelial basement membrane of the blood vessels (curved
Figure 7 — Immunostain for laminin in a moderately anaplastic astrocytoma arrows) and the cvtoplasm of the meningioma cells are positively identi-
identifies the subendothelial basement membrane of a longitudinally sec- fied in a whorl formation (straight arrows). Light microscopy, x 200.
tioned blood vessel (large arrow) and the glial limitans externa (small
arrow). The glial limitans externa is intact. The Virchow-Robin space
contains several lymphocytes (arrowheads). The tumour cells and
intratumoral regions are unstained. Light microscopy. x 200.
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sumably derived from the neural crest. In other tissues outside
the CNS, a loss of coordination and an alteration in the interac-
tions between mesenchymal cells and epithelial cells across a
basement membrane are thought to be fundamental steps in the
development and progression of cancer. '

In most tissues, the ECM is composed of various types of
collagen, noncoliagenous glycoproteins such as laminin and
fibronectin, glycosaminoglycans, and proteoglycans.'>'® Base-
ment membranes are continuous ECMs consisting of type IV
collagen, laminin, fibronectin, entactin, and heparan sulfate
proteoglycan.'® Immunohistochemical studies of normal and
pathological human CNS specimens have shown that ECM
proteins are predominantly deposited at the junction between
glial and mesenchymal elements, '%-1112:13.19-23

Conventional histological stains such as reticulin and alcian
blue do not accurately define the biochemical composition of
the ECM because they recognize only large aggregate mixtures
of ECM components. With monoclonal antibodies and antisera
that identify individual ECM proteins, however, biochemically
complex structures such as the glial limitans externa can be
completely characterized.?* Another important advance in the
immunohistochemical analysis of the ECM was the discovery
that proteolytic enzymes can restore the antigenicity of formalin-
fixed, paraffin-embedded tissues.'%*?® As a fixative, forma-
lin links proteins by intermolecular bonds that render antigen
binding sites temporarily inaccessible.?’ Incubation of tissue
sections with weak solutions of pepsin, trypsin, or pronase
before immunostaining enhances staining of the ECM'%-* with-
out affecting cell preservation or increasing background staining.
Incubation with proteolytic enzymes has also consistently
enhanced the immunostaining of CNS specimens fixed in
Carnoy’s solytion, even though it is not a cross-linking fixa-
1iV€.|0'23

Laminin has been immunolocalized to hyperplastic blood
vessels and glomerular vascular formations in gliomas,'®? in
the cytoplasm of the sarcomatous elements of some gliosarco-
mas,?® and in the vasculature and fibrillary extracellular spaces
of some meningiomas.'"?* Immunostaining for laminin has
shown that the glial limitans externa and the subendothelial
basal laminae of blood vessels are almost always intact, even in
the most anaplastic gliomas.'"?" In addition to this pattern of
laminin immunoreactivity, in our study we were able to demon-
strate alaminin reaction product in the cytoplasm of meningioma
cells. The finding of laminin in the sarcomatous portion of
gliosarcomas in vivo and in vitro®® suggests that regardless of
their histological origin, sarcoma cells synthesize rather than
phagocytose laminin, as was previously hypothesized.?

In the CNS, fibronectin has been immunolocalized to the
gliomesenchymal junction in vivo.'%21:222930 1 addition to
staining of all layers of both normal and tumour-associated
blood vessels, the glial limitans externa, the leptomeninges,
and meningioma cells in whorl formations, we demonstrated
intense fibronectin immunoreactivity at the border between
gliomatous and sarcomatous elements in a gliosarcoma and in
the copora amylacea of a normal brain specimen.

The interstitial collagens, types I and 111, have been immuno-
localized to the leptomeninges, the fibromuscular coats of large
cerebral blood vessels, and the glial limitans externa.'>"?
Because of the ubiquity of the interstitial collagens in various
tissues throughout the body, types L and 11l collagens tend to be
weak immunogens.?' We therefore used a monoclonal antibody
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to procollagen III, the aminopropeptide of type 111 collagen, to
enhance the sensitivity of staining for type I collagen in the
CNS. Procollagen Il was found in blood vessel walls, in the
leptomeninges, and in the sarcomatous element of the gliosar-
coma.

Using an immunofluorescence analysis, Bellon et al'® local-
ized type IV collagen to the subendothelial basement mem-
brane of blood vessels in gliomas and meningiomas. The
antibody to type 1V collagen produced a linear staining pattern
in capillaries and large vessels. Type 1V collagen and laminin
were localized to the same areas. Our results are similar to
those of Bellon et al.'® In addition, we found that neuroepithe-
lial derivatives (glia, neurons, glioma cells) never stained
positively, even in the fetal brain specimens, and that the glial
limitans externa identified by the monoclonal antibody to type
IV collagen remained intact evenin the most malignant gliomas.

The integrity of basal laminae in the CNS, even in large
malignant tumours, is in some ways contrary to the currently
accepted paradigm of malignant cel} behaviour. Tumour inva-
siveness is a function of the ability of malignant tumour cells to
transgress normal tissue barriers such as basement mem-
branes.?2** For example, at the transition from in situ to inva-
sive carcinoma, local dissolution of the epithelial basement
membrane can be observed microscopically and coincides with
tumour cell invasion of the underlying stroma.*® Tumour cells
that metastasize hematogenously must cross the endothelial
basement membrane during entry into and egress from blood
vessels. The success of malignant tumour cells in penetrating
ECMs such as basement membranes, which are resilient
mechanical barriers to invasion, depends in part on the ability
of these cells to produce specific proteases.'®** For poorly
understood reasons, malignant gliomas rarely metastasize
extracranially.®>*7 In only 10-12% of cases does glioblastoma
multiforme spread into cerebrospinal fluid pathways; in such
cases, spread occurs as a result of ventricular or leptomenin-
geal involvement.®®

In summary, the immunohistochemical data obtained in this
study suggest that collagenous and noncollagenous glycopro-
teins of the ECM in the normal CNS are found predominantly at
sites of contact between neuroepithelial and mesenchymal or
leptomeningeal elements. Which subclass of cells in the CNS
synthesizesand deposits the various ECM components inin vivo
remains an unanswered question; however, there is evidence
that, at least in vitro, both immature astrocytes and normal adult
leptomeningeal cells can synthesize basement membrane pro-
teins.?’*® In addition, we have demonstrated that the cyto-
plasm of certain meningioma cells is positively identified by
antibodies to laminin and fibronectin, which strongly implies
that these tumourcells produce laminin and fibronectin. Finally,
we have confirmed that the integrity of the glial limitans externa
is often preserved, even in the most malignant gliomas. Further
studies that focus on the distribution of other major compo-
nents of the ECM such as the glycosaminoglycans and proteo-
glycans will be of great value in determining the role of this
structure in the CNS under normal and pathological conditions.
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