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Extracellular matrix glycoproteins and diffusion barriers in human astrocytic tumours

The extracellular matrix (ECM) and changes in the size
and geometry of the extracellular space (ECS) in tumour
tissue are thought to be of critical importance in influenc-
ing the migratory abilities of tumour cells as well as the
delivery of therapeutic agents into the tumour. In 21
astrocytic neoplasms, the ECM composition was investi-
gated in situ by the immunohistochemical detection of
ECM glycoproteins (tenascin,
fibronectin, collagen types I-VI). To explain the changes in
ECS size and to detect barriers to diffusion in the tumour

laminin, vitronectin,

tissue, the ECM composition, the cellularity, the density of
glial fibrillary acidic protein (GFAP)-positive tumour cell
processes and the proliferative activity of the tumours
were compared with the size and geometry of the ECS. The

ECS volume fraction and the complex of hindrances to dif-
fusion in the ECS (i.e. the tortuosity) were revealed by the
real-time iontophoretic tetramethylammonium method.
Increased proliferative activity of the tumours correlated
with increased ECS volume fraction and tortuosity. The
tortuosity of the tumour tissue was not significantly influ-
enced by tumour cell density. Higher tortuosity was found
in low-grade astrocytomas associated with the presence of
a dense net of GFAP-positive fibrillary processes of the
tumour cells. The increase in tortuosity in high-grade
tumours correlated with an increased accumulation of
ECM molecules, particularly of tenascin. We conclude that
the increased malignancy of astrocytic tumours correlates
with increases in both ECS volume and ECM deposition.
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Introduction

The process of tumour progression, which comprises
changes in the expression of extracellular matrix (ECM)
components, cell adhesion molecules and proteolytic
enzymes [1,2], also inevitably leads to changes in extra-
cellular space (ECS) size and geometry. The ECS of the
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brain is an important microenvironment of the nervous
system and a communication channel for nerve cells [3],
and it dynamically changes during neuronal activity,
development, ageing and some pathological states [4].
Although changes in the ECS are thought to be of critical
importance for influencing not only the migratory abili-
ties of tumour cells but also the delivery of neuroactive
substances or therapeutic drugs into the tumour, there is
only limited information available concerning the ECS in
neoplasms of the brain.

The structure (size and geometry) of the ECS in nervous
tissue can be accurately determined by the tetramethy-
lammonium (TMA®) real-time iontophoretic method,
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which uses TMA™ as an extracellular marker and follows
its diffusion in the ECS by TMA*-selective microelectrodes
[5]. Diffusion in the ECS of the nervous system is con-
strained mainly by two factors [6]: the restricted volume of
the selected tissue available for diffusing particles, that is,
the ECS volume fraction o (o0 = ECS volume/total tissue
volume), and tortuosity A (A* = free/apparent diffusion
coefficient), a factor describing the hindrances to diffusion
in the ECS [7].

Our recent study on human primary brain tumours
revealed critical changes in the diffusion parameters in
brain tumours, namely an increase in both volume frac-
tion and tortuosity [8]. The diffusion of molecules in the
ECS may be hindered by membrane obstructions, fine cell
processes and by macromolecules forming the ECM [9].
Previous studies indicate that changes in ECS volume and
an increase in diffusion barriers can be evoked by astrogli-
osis [7,10] or by changes in ECM content [ 7,9]. It has been
shown that the ECM composition of brain tumours is
changed in comparison with normal brain tissue (for
review see [2,11,12]). However, present knowledge about
ECM composition in glial tumours is based mostly on stud-
ies of permanent cell lines or spheroids; considerably less
work has been done on the in situ characterization of the
presence and distribution of ECM molecules in biopsy
specimens [2,11,12].

We therefore studied biopsy specimens of human astro-
cytic neoplasms, the most frequent primary brain
tumours [13], in order to detect diffusion barriers and to
explain the observed changes in ECS size and geometry.
We investigated the relationships between the size and
geometry of the ECS and the histological tumour struc-
ture, namely the cellularity, the density of glial fibrillary
acidic protein (GFAP)-positive tumour cell processes, the
proliferative activity of the tumour cells and the ECM com-
position. As antibodies against ECM glycoproteins suitable
for paraffin-embedded material have recently become
available, we investigated the expression of a spectrum of
the larger ECM molecules, including tenascin, laminin,
vitronectin, fibronectin and collagen types I-VI.

Materials and methods

Tissue samples for structural and immunohistochemical
analysis and diffusion measurements were obtained dur-
ing surgical resections of brain tumours in 21 previously
untreated male (n = 12) and female (n=9) patients, 2—
75 years old (mean 33.8 years). Because of the previously
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demonstrated diffusion anisotropy in white matter
[3,5,14], cortical tissue from four patients aged 10—
27 years that was resected during the surgical treatment
of temporal lobe epilepsy as a result of hippocampal scle-
rosis and that did not reveal any structural changes was
used as a control.

Slice preparation for the diffusion measurements

Prior to histological and immunohistochemical analysis,
diffusion measurements were performed on freshly
resected brain tissue samples. Immediately after tissue
removal, samples were placed into ice-cold, bicarbonate-
buffered transport solution bubbled with 95% O, and 5%
CO, of the following composition: 134 mM NaCl,
1.25 mM K,HPO,4, 26 mM NaHCO;, 3.3 mM MgCl, and
20 mM glucose. Within 30 min after surgery, 400 um
thick slices were cut in ice-cold solution using a
Vibratome. A slice was then placed into the experimental
chamber and perfused with a continuously bubbled (95%
0, and 5% CO,) calcium-containing solution (134 mM
NaCl, 1.25 mM K,HPO,, 26 mM NaHCO3, 1.3 mM MgCl,,
2 mM CacCl,, 20 mM glucose) at a flow rate of 10 ml/min.
In the experimental chamber, the slice was slowly warmed
up, and measurements were performed at room tempera-
ture (22-24°C) at various locations in the slice at a depth
of 200 um.

Diffusion measurements

The ECS diffusion parameters ECS volume fraction (o), tor-
tuosity (A) and nonspecific cellular uptake (k*, a factor
describing the loss of a substance across cell membranes,
were determined by the real-time iontophoretic method
developed by Nicholson and Phillips [6] and described in
detail previously [15]. In brief, an extracellular marker
that is restricted to the extracellular compartment is used,
such as TMA® (molecular weight = 74.1), to which cell
membranes are relatively impermeable. TMA™ is adminis-
tered into the tissue by iontophoresis and its concentration
in the ECS, measured by a TMA*-ion selective microelec-
trode (ISM), is inversely proportional to the ECS volume.
Double-barreled TMA*-ISMs were prepared by a proce-
dure described in detail previously [16]. In brief, the tip of
the ion-sensitive barrel was filled with an ion exchanger
(Corning 477317), and the rest of the barrel was back-
filled with 100 mM TMA chloride. The reference barrel
contained 150 mM NaCl. To determine the slope and
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interference, TMA*-ISMs were calibrated in a sequence of
solutions of 150 mM NaCl + 3 mM KCl with the addition
of the following concentrations of TMA chloride (mM):
0.1,0.3,1.0, 3.0 and 10.0. The shank of the iontophoretic
pipette was bent so that it could be aligned parallel to that
of the ISM and was back-filled with 100 mM TMA chlo-
ride. An electrode array was made by gluing together a
TMA*-ISM and an iontophoretic micropipette with a tip
separation of 100-200 um (Figure 1). The iontophoresis
parameters were +20 nA bias current (continuously
applied to maintain a constant electrode transport num-
ber) with an +180 nA current step of 60 sduration to gen-
erate the diffusion curve. The three parameters were
extracted by a nonlinear curve-fitting simplex algorithm
operating on the diffusion curve assuming that TMA*
spreads out with spherical symmetry [6].

Prior to tissue measurements, diffusion curves were
recorded in 0.3% agar gel (Difco, Kansas City, MO, USA)
dissolved in a solution of 150 mM NacCl, 3 mM KCl and
1 mM TMA chloride. In dilute agar oc and A are by defini-
tion set to 1 and k”is set to O; the electrode transport
number (n) and the free TMA™ diffusion coefficient (D) are
extracted by curve fitting. Knowing n and D, the parame-
ters o, A and k” can be obtained when the experiment is
repeated in a tissue sample.

Measurements were performed in 2—6 slices from each
tissue sample. In each slice, at least two diffusion measure-
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ments were conducted in 2—3 different locations and the
obtained results were averaged. In this study, we per-
formed 51 measurements in 10 slices obtained from five
patients; the diffusion measurements from the remaining
patients (n=16) were published previously [8]. In the
current study, we used the tissue samples from all patients
(n=21) for further morphological and immunohis-
tochemical analysis.

Morphology and tumour grading

Tissue samples used for diffusion measurements as well as
the remaining resected tissue were fixed in 10% buffered
formalin and embedded in paraffin. To determine the mor-
phological features of the tissue and for tumour typing,
routine haematoxylin-eosin staining was performed.
Astrogliosis or the astrocytic nature of the neoplasm was
demonstrated by immunohistochemical staining with
antibodies directed against GFAP as described in the fol-
lowing section. The tumours were classified and graded
according to the criteria outlined by the World Health
Organization (WHO) [13]. The histological structure of
the slices in the locations where the ECS diffusion param-
eters were measured was evaluated and correlated with
the diffusion measurements. The results of diffusion mea-
surements made in areas from near the edge of the
tumour, from the vicinity of large vessels or in areas with
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Figure 1. Experimental setup for the measurement of extracellular space (ECS) diffusion parameters (left) and representative
Tetramethylammonium (TMA*)-diffusion curves with the corresponding values of the parameters obtained in agar gel, control neocortical
tissue and a glioblastoma (right). TMA* was iontophoresed into the tissue by an iontophoretic micropipette, and its concentration was measured
by aTMA™ ion-selective microelectrode (ISM). To stabilize the intertip distance of the electrode array, an iontophoretic micropipette and a TMA *-
selective microelectrode were glued together with dental cement. In the brain, where diffusion is constrained by various barriers and restricted
to the ECS, the amplitude of the diffusion curve is much higher and its shape differs from the diffusion curve measured in agar gel, where by
definition o= A =1 and k”= 0. o, ECS volume fraction; A, tortuosity; GB, glioblastoma.
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haemorrhage were excluded. In glioblastomas, a consis-
tent feature of which were areas of coagulative necroses,
only measurements in viable cellular regions were used
for statistical analysis (for details see [8]).

Immunohistochemistry

Serial tissue sections 4 um thick were recut from the
appropriate paraffin blocks for immunohistochemical
purposes, approximately at the level where diffusion mea-
surements were performed. Tissue sections were deparaf-
finized and rehydrated. Following cooling for 20 min and
blocking of endogenous peroxidase activity, sections were
incubated overnight at 4°C with antibodies directed
against tumour cell proliferation markers, GFAP or ECM
glycoproteins (tenascin, vitronectin, laminin, fibronectin
and collagen types I-VI). To avoid background staining,
the optimal dilutions of the primary antibodies and tissue
section pretreatments were determined prior to the study
by test stainings using checkerboard titrations on normal
brain, kidney and skin tissues. We used the immunohis-
tochemical detection of the Ki-67 antigen (MIB-1) [17]
and phospho-topoisomerase II-o (topo-Ila) [18] as prolif-
eration markers. The antigen—antibody complexes were
visualized by biotin-streptavidin detection systems
(LSAB2 System, HRP, Dako, Glostrup, Denmark; cat. no.
K0675; ChemMate Detection kit, HRP, Dako, cat. no.
K5001). Chromogenic development was performed using
3,3’-diaminobenzidine (Fluka Chemie GmbH, Steinheim,
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Germany). Further details concerning the antibodies,
dilutions and pretreatment methods used are indicated in
Table 1. Positive and negative controls were used in each
assay.

Evaluation of histopathological and
immunohistochemical features

Each slice in which diffusion measurements were per-
formed was studied under high-power magnification
(high-power field, HPF; x400, area
0.017 mm?). The cell density was counted exactly in at
least 10 HPFs of serial sections in viable regions of the
tumours and was expressed as the mean value for one

comprising

HPF. Mitotic activity was expressed as the mean mitotic
count value for 10 HPFs. Vascular proliferation was
defined as an increase in the number of vessels in a section
and/or as a hyperplasia of the endothelial cells forming
multilayered small vessels. The presence of such hyper-
plastic vasculature was graded as excessive (+++), mod-
erate (++), mild (+) or absent (—).

The results of immunostaining with antibodies
directed against MIB-1 and topo-Ila. antigens were evalu-
ated in the areas with the most intensive staining and
were expressed as labelling indices (LIs), defined as the
percentages of immunoreactive nuclei divided by the total
number of tumour cells in the evaluated area. For each
evaluation, at least 1000 cells in at least five HPFs were
counted.

Table 1. Antibodies and detection kits used for the immunohistochemical studies

Antigen (antibody) Source Dilution Pretreatment, detection kit
Glial fibrillary acidic protein (MM, clone 6F2) Dako 1:1000 Microwave pretreatment*
Tenascin (MM, clone BC-24) Sigma Aldrich 1:500 Microwave pretreatment™
Laminin (MM, clone LAM-89) Sigma Aldrich 1:500 40 min enzyme predigestion*
Vitronectin (MM, clone BV2) Chemicon 1:100 Microwave pretreatment
Fibronectin (MM, clone IST-4) Sigma Aldrich 1:50 30 min enzyme predigestion,

microwave pretreatment
Type I collagen (RP, cat. no. 2150-0020) Biotrend, GmbH 1:10 40 min enzyme predigestion™
Type II collagen (MM, cat. no. NCL-COLL-IIp) Novocastra 1:20 30 min enzyme predigestion*
Type III collagen (MM, cat. no. AM167-5M) Biogenex 1:100 30 min enzyme predigestion™
Type IV collagen (MM, clone CIV 22) Dako 1:50 Microwave pretreatment™
Type V collagen (MM, clone V-3C9) Chemicon 1:150 Microwave pretreatment™®
Type VI collagen (MM, clone VI-26) Chemicon 1:150 Microwave pretreatment®
Ki-67 (MM, clone MIB-1) Dako 1:100 Microwave pretreatment™
Phospho-topoisomerase II-o. (MM, clone PT/3D4) Immunotech 1:100 —*

MM, mouse monoclonal antibody; RP, rat polyclonal antibody.
*LSAB2 System HRP detection Kkit.
TChemMate detection kit.
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The intensity of the immunohistochemical staining
using antibodies directed against ECM glycoproteins was
evaluated in the studied areas in two separate regions, in
association with the blood vessels and also in the ECS
surrounding the tumour cells, independently by two
observers, and consensus was reached for the scoring of
the definitive staining intensity. To exclude the evalua-
tion of equivocal staining, the evaluations were per-
formed in two steps:
counterstaining, then the precise localization and distri-

first in sections without
bution of the evaluated glycoprotein were confirmed after
counterstaining with Harris’ haematoxylin. The pres-
ence of ECM glycoproteins in the pericellular spaces was
classified as strong (++) or weak (+) fibrillar or dot
immunopositivity or as negative (—). The diffuse or focal
pattern of the distribution was also noted. The percent-
age of immunopositive small blood vessel walls or capil-
laries was determined for each studied ECM glycoprotein
and expressed semiquantitatively: no positivity in blood
vessels (-), positive in less than one-half of blood vessels
(+), positive in more than one-half of blood vessels (++),
or positive in all blood vessels (+++). The distribution of
the immunoreactions in the blood vessel walls was also
noted. The density of GFAP immunostaining in astrocytic
tumours was semiquantitatively graded as a loose (+),
moderately dense (++) or very dense (+++) net of GFAP-
positive tumour cell processes. In the sections of control
cortex, only scarce GFAP-positive glial processes were
observed, and the results were classified as negative (-).

Statistical analysis

Associations between numeric variables were assessed via
Spearman’s rank correlation analysis (with correlation
coefficient estimate, r), and associations between categor-
ical and numeric variables were assessed via the Mann—
Whitney test. All analytical work was performed using the
analytical software SPSS (version 10, SPSS Inc., Chicago,
IL, USA). Probability (P) values < 0.05 were considered
significant.

Results

Human temporal cortex

In control healthy temporal lobe neocortex (cases 1-4),
immunohistochemical staining revealed rare GFAP-

positive astrocytes, mostly in the subpial and perivascu-
lar regions. The walls of capillaries and blood vessels
were free of tenascin; however, clearly distinguishable
fine fibrils of tenascin were detected in all the studied
cases in the outer regions of layer I of the cortex and
glial limitans externa. Weak diffuse fibrillary tenascin
immunopositivity was also noted in the ECS of the sub-
cortical white matter (Figure 2). In the deep cortical tis-
sue, where the diffusion measurements were performed,
no tenascin accumulation was observed. The basement
membranes of all of the few small blood vessels and cap-
illaries found were positive for type IV collagen, laminin
and fibronectin. Collagens types II, V and VI were pro-
nounced in the adventitia of larger blood vessel, while
fibres of collagen types I and III were present in their
fibromuscular coat. Immunopositivity for collagen types
I-III, V and VI was also observed in the connective tis-
sues of leptomeninges. However, no deposits of either vit-
ronectin or collagen types I-III, V or VI were detected in
the deeper cortical areas that were the sites of the
diffusion measurements.

ECS diffusion parameter measurements were performed
in layers II-1V of the lateral cortex of the temporal lobe (see
Table 2). The average values of o and A in control tissue
were 0.24 and 1.55, respectively.

Pilocytic astrocytomas (WHO grade 1)

The pilocytic astrocytomas (cases 5-9) were all typical
neoplasms with a varying proportion of compacted
regions of bipolar cells with Rosenthal fibres and loose
textured multipolar cells with microcysts and eosino-
philic granular bodies. Cell density, mitotic activity and
the MIB-1 and topo-Ila. LIs were very low. All tumour
cells were GFAP-positive; however, the density of GFAP-
positive fibrillary processes of the tumour cells was
lower in loose textured areas with microcysts and mod-
erate to strong in compacted regions. No extracellular
deposits of ECM glycoproteins were detected (Figure 3).
The basement membranes of all tumour blood vessels
were intensely positive for type IV collagen, laminin
and fibronectin. In comparison with the control
temporal cortex, ECS volume fraction in pilocytic
astrocytomas was significantly higher [Mann—Whitney
test (MW); P<0.001] while the tortuosity values did
not significantly differ from the control values (see
Table 2).
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Figure 2. Tenascin immunopositivity in the outer region of layer I of the cortex and glial limitans externa (counterstained slightly with
haematoxylin, scale bar = 100 um). Inset: immunoperoxidase staining for tenascin in normal temporal cortex at low magnification

(counterstained slightly with haematoxylin, scale bar = 1000 pwm).

Astrocytomas (WHO grade II)

Astrocytomas (cases 10-14) exhibited a modest increase
in cellularity. Anti-GFAP immunostaining revealed a
dense fibrillary network of numerous fine, long-branched
GFAP-positive processes of irregularly distributed neoplas-
tic astrocytes (Figure 3). Proliferative activity was very
low, and vascular proliferations were absent. The expres-
sion and distribution of the studied ECM glycoproteins
were the same as observed in pilocytic astrocytomas
(Figure 3). The average value of o was significantly higher
than in control tissue (MW; P<0.001) but lower than
that in pilocytic astrocytomas (MW; P <0.001). The gen-
erally increased tortuosity varied greatly among the cases
(Table 2): extremely high tortuosity (2.12) was observed
in case 13, the dominant histological feature of which was
a dense network of fascicularly arranged GFAP-positive
tumour cell processes.

Anaplastic astrocytomas and glioblastomas
(WHO grade III and IV)

A notably increased cellularity, distinct nuclear and cellu-
lar pleomorphism and marked mitotic activity together
with increased proliferative activity as demonstrated by

MIB-1 and topo-Ila. LIs were characteristics of high-grade
astrocytic tumours. The viable regions of glioblastomas
(cases 18-25) differed from anaplastic astrocytomas
(cases 15—17) by the presence of various degrees of vas-
cular proliferation, often forming glomeruloid formations.

Anti-GFAP immunostaining demonstrated that all
tumour cells in both anaplastic astrocytomas and glio-
blastomas were GFAP-positive, but that they had distinctly
shorter processes with reduced branching when com-
pared with low-grade tumours (Figure 3). In nine of 11
high-grade astrocytomas, a varying degree of tenascin
production was observed in both the dilated spaces sur-
rounding the neoplastic astrocytes and in the walls of
blood vessels, being mostly focal in anaplastic astrocyto-
mas and diffuse in glioblastomas. In four cases of high-
grade astrocytomas, focal deposits of vitronectin were
detected in the ECS (Figure 3). A range of ECM glycopro-
teins was observed in the basement membranes of blood
vessels in high-grade astrocytomas. A significant decrease
in the intensity and percentage of fibronectin-positive
blood vessel basal membranes was noted, and in two glio-
blastoma cases no fibronectin expression was found
(Figure 4). An accumulation of tenascin in the blood ves-
sel walls was observed in nine of 11 cases of high-grade
tumours. Both type IV collagen and laminin were detected
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Figure 3. A comparison of tissue structure [A-D, haematoxylin-eosin (H&E) stain], the density of GFAP-positive tumour cell processes (E-H,
immunoperoxidase stain; E, counterstained slightly with haematoxylin), the accumulation of tenascin (I-L, immunoperoxidase stain, I-K,
counterstained slightly with haematoxylin) and vitronectin (M-P, immunoperoxidase stain, M—0, counterstained slightly with haematoxylin)
in the extracellular space (ECS), and the ECS diffusion parameters (o, ECS volume fraction; A, tortuosity). Scale bar (A-P) = 40 um. PA, pilocytic
astrocytoma (case 5); A, astrocytoma (case 12); GB, glioblastoma (case 20).
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Figure 4. Immunoperoxidase staining for laminin localized in the subendothelial basement membranes of hyperplastic blood vessels of a
glioblastoma (case 17, counterstained slightly with haematoxylin). Inset (upper): the same case, immunoperoxidase staining for type IV
collagen (counterstained slightly with haematoxylin). Inset (lower): negative immunoperoxidase staining for fibronectin (counterstained

slightly with haematoxylin). Scale bars = 50 um.

in the subendothelial basement membranes of all blood
vessels; collagen types II, V and VI were observed in the
adventitia of clusters of hyperplastic tumour blood vessels
in all glioblastoma cases (not shown). Collagen types I and
III were not observed in high-grade astrocytomas.

In comparison with low-grade astrocytic tumours, both
o and A were significantly more increased in high-grade
astrocytomas (MW; P <0.001 and P <0.05, respectively)
than in low-grade astrocytomas (see Table 2).

Correlative analysis

The expression of the studied ECM glycoproteins in tissue
samples obtained from patients with astrocytic tumours of
different grades is summarized in Table 2, together with
proliferation markers, tumour cell density, the density of
GFAP-positive tumour cell processes and the ECS diffusion
parameter values of the respective tumours.

The correlation between all possible combinations of
pairs of variables reflecting cell density, the proliferative
activity of diffuse infiltrating astrocytomas (WHO grade
II-1V) and the diffusion parameters was examined statis-
tically and is summarized in Table 3. Data from case 13

Table 3. Statistical correlation between extracellular space (ECS)
diffusion parameters (ECS volume fraction o; tortuosity A), tumour
cell density (TCD) and markers of tumour proliferative activity: MIB-
1 labelling index (MIB-1), topoisomerase II-o labelling index (topo-
Ilor) and mitotic activity (MA, mitotic count per 10 high-power
fields). Spearman’s rank correlation analysis (with correlation
coefficient estimate, r)

TCD MA MIB-1 topo-Ilo. a

MA r 0.68 - - - -
P <0.001

MIB-1 r 0.66 0.94 - - -
P <0.001 <0.0005

topo-lloc  r 0.65 0.97 0.98 - -
P <0.001 <0.0005 <0.0005

o r 0.69 091 0.88 0.93 -
P <0.001 <0.0005 <0.0005 <0.0005

A r 0.26 0.36 0.41 0.40 0.14
P NS NS <0.05 <0.05 NS

NS, not significant.

were not incorporated into the analysis. The analysis
revealed a strong positive correlation between increasing
ECS volume fraction and increasing cellularity and prolif-
erative activity. A similar relationship was found between
increasing tortuosity and increasing proliferative Lls;
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however, the tortuosity changes were independent of
tumour cell density.

The relationship between the expression of the ECM gly-
coprotein tenascin and both tortuosity and ECS volume
fraction in diffusely infiltrating astrocytomas (WHO grade
ITI-1V) is shown in Figure 5. Both the ECS volume fraction
and the tortuosity were significantly increased in tumours
producing tenascin (cases 15-17, 19-22, 24, 25) (mean
0=0.47%+0.02, A=1.75%£0.03) when compared with
tenascin-negative tumours (mean o=0.37%0.01,
A=1.50+0.04) (MW; P<0.05 and P<0.003, respec-
tively). No statistically significant relationships between
changes in volume and tortuosity and the other ECM gly-
coproteins that were overexpressed in high-grade gliomas
(vitronectin and collagen types II, V and VI) were found.

Discussion

The ECS diffusion parameters investigated in our study
enable one to quantify the exact volume of the ECS and to
describe the complex of diffusion hindrances caused by
cell processes and by the ECM in the ECS of the tissues, that
is, the tortuosity. It has been repeatedly shown that the
ECS diffusion parameters in central nervous system tissue
slices obtained from experimental animals do not signifi-
cantly differ from those determined in animals in vivo
[14,15]. We can therefore assume that data from human
tissue slices reflect the situation in the human brain in
vivo.

Although the characteristic hypercellularity of brain
neoplasms would seem to predict a reduced intercellular
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Figure 5. Graphs showing the increase in extracellular space (ECS)
volume fraction (o) and tortuosity (A) in astrocytic tumours with a
small (tenascin +) or large (tenascin ++) accumulation of tenascin
in the ECS compared to the diffusion parameters of tenascin-negative
tumours (tenascin —). Stars indicate significant differences in the
diffusion parameters o and A between tenascin-positive and
tenascin-negative tumours.
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space in tumour tissue, a varying degree of ECS enlarge-
ment in brain tumours was shown earlier [19,20] and
confirmed in our previous study [8] across a spectrum of
different brain tumours, including astrocytomas, ependy-
momas, oligodendrogliomas and medulloblastomas, and
has been confirmed again in the current study. In addition
to factors such as the ability of tumour cells to adhere to
and migrate along the existing ECM [21], the migratory
capacity of tumour cells may also be dependent on the
ability of the tumour to create space for migrating cells.
There are several factors that may contribute to an
enlargement of the ECS: the degradation of the ECM by
metalloproteinases produced by tumour cells [22], a loss
of gap junctions associated with the inability of cells to
regulate either their own or the extracellular volume [23],
or the excitotoxic effect of glutamate, which reaches high
concentrations in gliomas as a result of failed glutamate
uptake [24]. The positive correlation between extensive
intercellular tenascin deposits and an enlarged ECS vol-
ume suggests that another mechanism leading to ECS
volume fraction increase is the enlargement of the
intercellular space by overexpressed ECM components.
The studied pilocytic astrocytomas had, when compared
with grade II astrocytomas, a larger ECS volume fraction
in spite of their lower grade and slower growth. This might
be owing to the enlargement of the ECS by microcysts,
which were consistently observed during light micro-
scopic examination of these tumours. Based on our obser-
vations, the microcysts might be filled by a mucinous fluid
of low density without any larger structural glycoproteins,
which reflects the low tortuosity of the ECS in these
tumours.

The observed ECS volume increase in high-grade glio-
mas was not associated with a decrease in tortuosity but
rather with a significant tortuosity increase. Several fac-
tors that could possibly contribute to these changes have
been investigated in our study, that is, cell density, fibril-
lary nets of GFAP-positive tumour cell processes, the
hyperplastic vasculature of the tumours and the qualita-
tive and quantitative changes in the composition of the
ECM. Surprisingly, although we found a correlation
between increased cell density and an enlarged ECS vol-
ume fraction, there was no obvious relationship between
cell density and tortuosity. Furthermore, tortuosity seems
to be only slightly influenced by the presence of hyperplas-
tic vasculature in a tumour. Our data indicate that the
hindrances to diffusion in the ECS of low-grade tumours
are created by the network of GFAP-positive fibrillary pro-
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cesses of the tumour cells. A similar increase in ECS tortu-
osity was demonstrated previously in rats to be the result
of postwounding astrogliosis [7]. On the other hand, we
showed that shorter fibrillary processes of the tumour cells
are of less importance in high-grade astrocytic tumours,
where the major contributor to the tortuosity increase is
probably the overexpression of ECM glycoproteins.

Changes in ECM composition have been intensively
studied in tissue cultures of glioma cell lines [12]. How-
ever, because of extensive clonal selection and transdiffer-
entiation in the cultures, mesenchymal features arise with
an extensive ECM production [25-27], and the results
obtained by such experiments do not necessarily reflect
the situation in vivo. Although the capacity of cultured
glioma cells to produce laminin, fibronectin and collagen
types I and III-V has been shown [26,28-31], no intercel-
lular deposits of these molecules were found in our study.
In the case of collagen types I and III, their presence was
not observed anywhere in the tumour tissue; collagen
types IV-VI were associated strictly with vascular ele-
ments of both normal and tumour tissue independently of
the malignancy grade, which is in accordance with previ-
ous observations [28,32]. The expression of type II col-
lagen in normal and neoplastic brain tissue appears to be
a novel finding. This type of collagen is a structural com-
ponent of cartilage [33]. We observed a weak collagen
type II immunopositivity in the adventitia of both normal
larger blood vessels and the connective tissue of the
meninges. Fibronectin and laminin were reported to be
structural glycoproteins present in the vascular basement
membrane of normal and tumour blood vessels [29,34].
The presence of these two glycoprotein was observed in
that location in our study. However, similarly to Higuchi
etal. [34], we found a significant decrease in fibronectin
accumulation with increasing tumour grade. In contrast
to Oz et al. [35], we did not observe such a correlation in
the case of laminin, which was present in all the normal
and tumour blood vessels examined.

From the investigated spectrum of ECM components,
only tenascin together with vitronectin were found to be
present in the ECS surrounding the tumour cells. In agree-
ment with Gladson and Cheresh [36], we found vitronec-
tin deposits in the ECS of some of the most malignant
astrocytic tumours. However, the amount of vitronectin
produced was limited, and therefore its possible effect on
tortuosity could not be demonstrated. In contrast, there
was a large amount of tenascin, a large glycoprotein typ-
ically forming a hexabrachion structure [37], detected in

both the ECS and the perivascular tissues of the high-
grade gliomas in our series, a finding in agreement with
earlier data from both tissue culture and in situ studies
[34,38,39]. Although tenascin is usually reported as
being absent in the developed brain [37,40], our study in
normal brain tissue revealed clearly distinguishable
deposits of this glycoprotein in the glial limitans externa,
and a weak positivity was also detected in the ECS of the
white matter. A correlation between tenascin production
and the malignancy or angiogenesis of tumours was
recently clearly demonstrated [35,38,41,42] and can
now be confirmed by our data as well. Moreover, based on
our results, we suggest that the accumulation of this gly-
coprotein in the intercellular spaces is one of the major
factors leading to the critical increase in ECS tortuosity
and, at the same time, may contribute to the enlargement
of the ECS. Additional evidence for this hypothesis comes
from our recent findings that revealed decreased ECS vol-
ume and tortuosity in tenascin-knockout mice [43].

Other components of the brain ECM, such as glycosami-
noglycans and proteoglycans (above all hyaluronate and
chondroitin sulphate), have been demonstrated to be
present in increased amounts in glial tumours [44,45].
Although these ECM components were not investigated in
our study, we can speculate that this may not necessarily
reflect the ability of tumour cells to produce these sub-
stances in excess, but rather may only mirror indirectly an
enlarged ECS filled with the mucoid ground substances of
the brain ECM that are known to be ubiquitous in the cen-
tral nervous system [11,46].

In conclusion, our study demonstrates that with
increasing malignancy of astrocytic tumours, there is a
critical increase in the volume of the ECS accompanied by
increased tortuosity owing to the production of ECM gly-
coproteins, mostly of tenascin. At present, new therapeu-
tic approaches for the localized delivery of therapeutic
agents to brain tumours [47,48] are being brought to clin-
ical usage. The changes in the volume, geometry and com-
position of the tumour tissue ECS reported in this study,
especially in tenascin-positive tumours, are of major
importance, as they can critically impair the diffusion of
therapeutic agents into tumour tissue and may thus con-
tribute to their reduced effectiveness in some cases.
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