
Summary. Glioma growth depends on microvascular
adaptation and angiogenesis. Our study focused on the
structural changes that occur in the microvasculature to
adapt to glioma growth. 

Vascular morphology, morphometry and
permeability studies were performed in induced rat
gliomas. Tumours were identified by magnetic
resonance imaging and histopathology. Blood brain
barrier integrity was examined by EBA and GluT-1
immunostaining and correlated with vascular
permeability for gadolinium and intravital dyes.
VEGF165 immunoexpression was also analyzed.

Tumours were grouped in microtumours (6.69±0.99
mm3) displaying a homogeneous T2-w hyperintense
signal corresponding to low-grade gliomas, and
macrotumours (900.79±332.39 mm3) showing
gadolinium contrast enhancement, intravital dye
extravasation and histopathological features of high-
grade gliomas. 

Results show that the microvascular network
becomes aberrant as we move from micro to
macrotumours. Vessel density decreases, whereas the
relative area occupied by the vascular network increases.
Microtumours display homogeneous angioarchitecture
composed of simple and mildly dilated vessels similar to
normal tissue. Macrotumours show different patterns,
following a gradient from the neoangiogenic border to
the hypoxic core. The tumour core contains scarce, huge,
dilated vessels with some profiles co-expressing GluT-1
and VEGF165, the peripheral tissue shows light dilated
vessels co-expressing EBA and GluT-1, and the border
area displays glomeruloid vessels strongly positive for
VEGF. Glucose uptake was maintained for some
vascular endothelial sections in areas where BBB

function was lost.
In conclusion, during development of gliomas the

microvasculature becomes aberrant, undergoing a
sequence of adaptive changes which involve the
distribution and permeability of vessels. This explains
the disturbances of blood flow and the increased
permeability. 

Key words: Angiogenesis, Blood brain barrier (BBB),
Ethylnitrosourea (ENU), Gliomas, Microvascular
network.

Introduction

The development of solid neoplasms has a close
relationship with adequate oxygen delivery. The growth
and survival of gliomas, the most common type of
primary brain tumour, depends on vascular remodeling
and angiogenesis (Folkman, 2000); these tumours form
in highly-vascularized tissue. However, when the
metabolic supply has been exceeded during neoplastic
progression, vessel genesis becomes necessary
(Carmeliet and Jain, 2000; Yancopoulos et al., 2000).
Tissular hypoxia occurs when the vascular network
cannot satisfy cell requirements, and this situation
triggers the synthesis of vascular endothelial growth
factor (VEGF) (Jin et al., 2000; Marti et al., 2000;
Semenza, 2003). VEGF plays a pivotal role, inducing
angiogenesis and increasing vascular permeability
(Ferrara et al., 2003). 

Endothelial cells of brain capillaries are the
morphological substrate of the blood brain barrier that
separates the brain from the exterior in order to maintain
cerebral homeostasis. The lack of fenestrations and the
presence of numerous tight junctions (TJs) in the
interendothelial cleft differentiate brain microvessels
from those of peripheral microvasculature. Tumour
blood vessels have multiple abnormalities that result in a
heterogeneous environment. They are disorganized,
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tortuous, sinusoidal, branchy and leaky, the diameter is
irregular and the walls are thinner than those found in
healthy brain tissue (Bigner et al., 1998). Endothelial
cells of tumour vessels do not form a closed barrier, and
pericytes are loosely attached (Baluk et al., 2005).
Defective TJs explain the tumour vessel leakiness which
leads to blood brain barrier (BBB) breakdown and the
oedema associated with brain tumours (Hashizume et al.,
2000; Papadopoulos et al., 2004).

The BBB is the set of physical and metabolic
mechanisms regulating the passage of substances
between the blood flow and the nervous parenchyma.
Most of these mechanisms are involved in permeability
regulation and are based on endothelial cells. This BBB
permeability leads to extravasation of plasma proteins
into brain parenchyma corresponding to an enhancement
of the edematous fluid (Huber et al., 2001; Harhaj and
Antonetti, 2004). In experimental models, vascular
permeability has been detected by extravasation of
intravital tracers such, as Evans Blue (Lafuente et al.,
1994, Lafuente, 2004; Machein et al., 2004) or Rose
Bengal (Yao et al., 2003). MRI enhanced with contrast
media has also been used to study vascular permeability
in tumours (Brasch and Turetschek, 2000; Roberts et al.,
2000a,b). However, although gadolinium (Gd-DTPA) is
a useful contrast medium to highlight increased
permeability in malignant tumours, it is poorly suited for
characterizing microvessels (Quarles and Schmainda,
2007).

On the other hand, some studies have been
conducted to quantify the vasculature, using methods
such as butyrylcholinesterase histochemistry (Argandona
and Lafuente, 1996), alkaline phosphatase histo-
chemistry (Fonta and Imbert, 2002), lectin
histochemistry for LEA (Mazzetti et al., 2004;
Argandona et al., 2005; Bengoetxea et al., 2008),
immunohistochemistry against the glucose transporter-1
(GluT-1) (Dobrogowska and Vorbrodt, 1999) and Factor
VIII antigens or the endothelial barrier antigen (EBA)
(Lin and Ginsberg, 2000; Zhu et al., 2001; Krum et al.,
2002).

Changes in vascular morphology, BBB permeability
and angiogenesis during progression of cerebral tumours
have been studied experimentally by brain injection of
C6 cells (Holash et al., 1999; Vajkoczy et al., 2002) or
by cerebral xenotransplants (Cha et al., 2003). All of
these models develop tumours in healthy hosts, these
being the providers of the vascular network. The present
study has been conducted on an endogenous model of
brain tumour that reproduces quite closely the whole
oncological disease. 

To date, little attention has been paid to the different
stages of vasculature by those interested in glioma
development. To address this question, we have been
using a model of neurocarcinogenesis in which brain
gliomas develop several months after a single prenatal
exposure of rats to N-ethyl-N-nitrosourea (ENU). The
aim of this work is to study the morphology of the
microvascular network, from early to advanced stages of
endogenously-induced rat gliomas, in order to elucidate

changes related to the angiogenic switch. This
information will help us to understand the effectiveness
of parenteral treatments, when success or failure of
therapies is linked to secondary changes in tumour
growth.

Material and methods

Tumours were induced in Sprague Dawley rats by
transplacentary exposure of litters to the carcinogen
Ethylnitrosourea (ENU). 8 Dams were intraperitoneally
injected with N-nitroso- N-ethylurea (10mg/ml in 0.9%
NaCl, Ref.: E2129, Sigma-Aldrich, Spain), 80mg/kg of
body weight, on the 15th day of pregnancy. Offspring
rats exposed to ENU were reared in standard laboratory
conditions. The study was performed on 55 rats from 6
months to one year of age. 

All animal experiments were performed in
accordance with the European Community Council
Directive of 24 November 1986 (86/609/EEC).

Tumour screening

Intracerebral glial tumours were selected by
magnetic resonance imaging (MRI, Biospec BMT 47/40,
Bruker, Ettlingen, Germany, operating at 4.7 Tesla)
taking into account the size, topographic location and
intensity of the signal on T2-w and T1-w images and by
histopathology study from H&E staining as previously
described (Bulnes and Lafuente 2007). The MRI
technique is a useful tool to detect “in vivo” cerebral
tumours in order to reduce the number of animals
devoted to the study.

Animals were anesthetized with isofluorane and
intraperitoneally injected with 1.5ml/kg.b.w. of
gadolinium (Gd-DTPA, Magnevist, Schering AG,
Berlin, Germany). Coronal and sagittal images on T2-w
fast spin-echo (TR/ effective TE= 3000/60 ms) and on
T1-w spin-echo sequence (TR/TE = 700/15 ms) were
obtained immediately after contrast administration.
Glioma volumes were evaluated as previously described,
Machein et al. (2004). 

Following MRI, rats received an i.v. injection of
28.5mg/kg.b.w. of Evans Blue (EB) (Sigma Aldrich
E2129) or Rose Bengal (RB) (Sigma Aldrich R3877)
dye solutions for the vascular permeability study. After
thirty minutes, animals were transcardially perfused with
4% fresh paraformaldehyde. Then brains were removed
and immersed in the same solution at 4ºC overnight.
Some coronal sections, including the tumour, were
embedded in paraffin wax and cut at 4 µm. Some others
were stored in 30% sucrose in 0.1M PBS until the
tissues sank, cut in slices of 80 µm and stored in free-
floating chambers.

Histochemistry and immunohistochemistry

The angioarchitecture was studied by butyryl-
cholinesterase histochemistry (Ref.: B-3253, Sigma-
Aldrich) conducted on free-floating sections according
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to Argandona and Lafuente (1996) and LEA
histochemistry (Lycopersicon esculentum, Ref.: L-0651,
Sigma-Aldrich, 5 µg/ml) on paraffin sections, following
the ABC method (Argandona and Lafuente, 2000). 

Immunohistochemistry assay, using the conventional
ABC method (Elite ABC Kit, Vector Laboratories,
Burlingame, CA) was carried out on paraffin sections
for: Vascular endothelial growth factor (polyclonal anti-
VEGF165, Ref.: sc-152, Santa Cruz Biotechnology Inc.,
Germany, 1:75), blood barrier specific antibody
(monoclonal anti-EBA, Ref.: SMI 71, Sternberger
Monoclonals Inc, Baltimore, MD, USA, 1:1000) and
glucose transporter-1 (polyclonal anti-GluT-1, Ref.: AB
1340, Chemicon International, CA, USA, 1:1000). The
reaction product was developed by 3.3-diamino-
benzidine (DAB) (Ref.: 8001, Sigma-Aldrich, 0.25
mg/ml) and H2O2 solution (0.01%). 

Some sections were used to co-localize EBA and
GluT-1 antigens by double indirect immunofluorescence.
The sections were incubated overnight with the aforesaid
primary antibodies and with the folloing secondary
antibodies: fluorescein isothiocyanate (FITC) conjugated
anti-mouse IgG (Ref.: F-9137, Sigma-Aldrich, 1:100) ad
ytetra,etjyl rhodamine isothiocyanate (TRITC)
conjugated anti-rabbit IgG (Ref.: T-6778, Sigma-
Aldrich, 1:100). Finally, the sections were incubated
with solutions of Hoechst 33258 (Sigma-Aldrich, 5
µg/ml) in distilled water during 10 minutes. Images were
acquired with an Olympus Fluovie FV500 confocal
microscope using sequential acquisition to avoid
overlapping of fluorescent emission spectra.

Negative controls, omitting the primary antisera,
were also included in each staining run.

Computer-assisted morphometry

Measurements of the microvascular network were
made in the core areas of 26 gliomas and in 5 areas of
parietal cortex. Two slices of 4 µm were serially cut, one
was used for haematoxylin-eosin staining in order to
identify tumour areas, deleting necrotic or hemorrhagic
parts, and the other was devoted to morphometry. In this
second slice LEA histochemistry, as previously
described, was performed but the cromogen signal was
intensified by adding 1.3% NH4NiSO4 and 1.6% CoCl2
to the developing solution.

Photomicrographs were digitalized using an
Olympus camera (CAMEDIA 3030) at 100x
magnification (pixel size of 0.476 µm) and pretreated
with Adobe Photoshop 8.0.1, deleting artefacts in order
to quantify the tumour vascular structures. Blood vessel
measurements were carried out using the Image J
Program (1.34n). The parameters taken into account
were: vascular density (Vd.- number of vascular profiles
per mm2 of tissue), total vascular area (Va.- mm2 of
surface occupied by vessels per mm2 of tissue) and mean
vascular area (Vm.- mean size of vascular sections for
each type of vessel, expressed in µm2). Results from this
assay allowed us to classify gliomas according to vessel
shapes and sizes.

Data analysis

All the statistical analysis was performed using
SPSS statistical software (version 14.0 SPSS, Inc.,
Chicago, Illinois). Prior to analysis, the data were
examined for normal distribution using the Kolmogorov-
Smirnov test and for homogeneity of variances using
Levene’s test. ANOVA analysis was performed to study
the differences among the morphometric parameters
from the three different groups of vessels. Post hoc test
used the DMS and Bonferroni correction for equal
variances or Tamhane’s T2 correction for unequal
variances. An unpaired t test was used to analyze
differences among the averages of tumour volumes,
vessel density, vascular network area and vessel area.
Data are described as mean ± SD. A p value less than
0.05 was considered statistically significant.

Results

MR T2-weighted images allowed us to identify 65
intracerebral glial tumours, growing in association with
the subcortical white matter, segregated into micro and
macrotumour groups. Microtumours (n=34), with sizes
from 0.53mm3 to 20mm3 (mean volume of 6.69±0.99
mm3), displayed a hyperintense signal on T2-w images
(Fig. 1a-c). Their margins appeared well delimited from
the adjacent normal brain and there was no evidence of
necrosis or sensitivity to spin-echo images to suggest
hemorrhagic or calcified components. No appreciable
mass effect or oedema was noted around the tumour.
According to the microtumour size, two patterns of
gadolinium (Gd-DTPA) contrast enhancement were
found: small masses without gadolinium enhancement
on T1-w images (Fig. 1a’, b’) and tumours around 20
mm3 with a mild hyperintense signal (Fig. 1c’). By
histopathology, microtumours displayed an isomorphous
cellular pattern typical of low-grade gliomas. Most of
them were constituted by cells with rounded,
homogeneous nuclei and clear cytoplasm (honeycomb
pattern). Neoplastic proliferations (12 in five different
animals), undetected by MRI and discovered only by
haematoxylin-eosin, were also included in this group.
Although some of the microtumours revealed small
haemorrhages (Fig. 2a), no histopathological features of
malignancy were found, and the isomorphous histology
pattern was maintained. They were mostly classic
oligodendrogliomas.

Macrotumours (n=31) with dimensions from 20 to
7626.91 mm3 (mean value of 900.79±332.39 mm3) were
localized in brain convexities involving the cortex and
subcortical structures, with some occupying the whole
hemisphere and expanding across the corpus callosum
(Fig. 1f) towards the contralateral hemisphere, in the
way of highly infiltrative and aggressive gliomas. The
homogeneity of the microtumour T2-w signal was lost,
showing intratumour areas with both hyperintense and
hypointense signals (Fig. 1d-f). These neoplastic masses
also displayed a heterogeneous T1-w image of
gadolinium enhancement (Fig. 1d’-f’). Most malignant
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gliomas showed an annular rim of gadolinium
enhancement signal lining the neoplastic mass (Fig. 1f’).
The tissue pattern corresponds to anaplastic
oligodendrogliomas. Histopathology features, such as
cellular anaplasia with atypical mitosis, endothelial
proliferations, hemorrhagic areas, cysts and necrosis
were predominant. The largest tumours corresponded to
highly-infiltrative malignant gliomas that displayed
diagnostic features of glioblastoma multiforme (GBM),
such as macro-haemorrhages (Fig. 2b), prominent
microvascular proliferation, macrocysts (Fig. 2c) and
necrosis with pseudopallisading (Fig. 2d). 

Microvascular network

Butyrylcholinesterase

The enzymatic activity of butyrylcholinesterase
(BChE) was homogeneously detected in the rat vascular

endothelium and it was maintained in different
conditions. In the tumour tissue we observed an
abundant capillary network and perivascular cells
strongly positive for this enzyme. The angioarchitecture
of microtumours was similar to normal brain
parenchyma (Fig. 3a). Tumours near to 20 mm3 in size
showed dilated vessels and some tortuousness (Fig. 3b).
The capillary distribution was quite regular throughout
the tumour and an avascular peritumoural rim was
sometimes observed. In contrast, macrotumours
displayed a chaotic vascular organization related to
histopathological heterogeneity (Fig. 3c). The largest
macrotumours displayed various microvascular patterns
corresponding to areas of different histological
characteristics (Fig. 3d): 1) Intratumour pattern, scarce
vessels displaying huge dilated lumen and an unusual
branched configuration; 2) Peripheral area with dilated
vessels similar to those in brain parenchyma; 3) Border
area separating tumour and peritumoural tissue, with
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Fig. 1. Coronal sections of rat
brains by MRI on T2-w and
T1-w after injection of
gadolinium. a) Small
neoplastic mass with a
homogeneous hyperintense
signal on T2-w growing on the
cortex; (b) tumour on
subcortical white matter; (a’-
b’) both display an isointense
signal on T1-w. (c - c’) The
pictures show a tumour of
about 20 mm3 displaying a
hyperintense signal on both
T2 and T1. d - e)
Macrotumour with
heterogeneous hyperintense
signal on T2 and (d´- e´) after
gadolinium injection. f) Highly-
proliferative macrotumour
covering a whole cerebral
hemisphere. The T2-w images
reveal an intratumoural
hyperintense signal in the
region occupied by a cyst. f´)
The gadolinium enhancement
shown on this T1-w image
adopts a rim shape bordering
the neoplastic mass.



numerous closely bunched small vessels. These results
show a progression from homogeneous vascular
distribution in microtumours to a disorganized and
aberrant distribution in macrotumours. Remarkably,
some strong positive cells were located around vessels
constituting a cell sleeve.

Lycopersicon esculentum (LEA)

LEA glycoprotein was homogeneously present on all
microvessels of normal and tumour tissue. LEA
histochemistry depicted the complete microvascular
network and also early changes in microglia. Its staining
of the vascular network was very reproducible and
consistent, with minimal background that enabled an
easy identification of vascular profiles and quantification
of the surface occupied by them. By classifying the
microvascular profiles found in the gliomas by LEA
histochemistry, the vessels were named and

characterized as follows: 
Tumour simple vessels (SV) (Fig. 4b), similar to the

control tissue ones (Fig. 4a), displayed a mean size of
130±3.9 µm2. Dilated vessels (DV) (Fig. 4c) of a mean
size of 2125±695.2 µm2 were characterized by incipient
sinuosity. Huge caliber vessels (HCV) (Fig. 4d) with a
size of 19615.13±3743.74 µm2 showed a hyperplasic
wall made up of several endothelial cell lines with a
cube shape, and a thick basal membrane. Some sections
of these huge vessels displayed patchy dye staining.
Endothelial proliferation (EP) (Fig. 2a), showed a shape
similar to Borist’s rosettes from ependymoma. It
consisted of several perivascular cell layers around the
vascular lumen. Glomeruloid vessels (GV) (Fig. 4e),
similar to human glioblastoma multiforme vessels, were
characterized by numerous vascular lumina with a
continuous endothelium sharing a basal membrane.
Folding vascular structures (Fig. 4f) were similar to the
glomeruloid vessels. They appeared in the intratumour
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Fig. 2. Haematoxilin-eosin staining of gliomas showing histopathology features. a. Endothelial proliferations characteristic of gliomas near to 20 mm3 in
size. b. Macrohaemorrhages, macrocyst (c) and pseudopallisading necrosis (d) often found in macrotumour. Bar scale: 50 µm.



zones demarcating necrotic and perinecrotic areas.
Taking into account the location of the vessels

described previously, it was found that simple and
dilated vessels were a trait of microtumours, and
vascular aberrant structures, such as huge, glomeruloid
and folding vessels, were macrotumour features.
Endothelial proliferations were observed in
microtumours as well as in macrotumour cores. Simple
vessels were homogenously distributed in small
microtumours and cell proliferations and dilated vessels
in microtumours around 20 mm3. It is important to
mention that these simple and dilated vessels were not
exclusively found on microtumours, being frequently
observed on the periphery of macrotumours. The
microvascular network of the largest macrotumours
showed variations related to the blood flow capacity of
the different tumour areas. Between the core and the

tumour border a gradient of changes in the vascular
structures was found, from huge dilated vessels to
normal ones in the peritumoural area.

Measurements of vessels were obtained from tumour
areas already identified on HE slices. Briefly, SV are
representative of neoplastic cell proliferations and small
microtumours, DV of microtumours except for small
ones, while HCV are representative of macrotumours. A
comparative study of these three types of vessels and
control vessels was made and the results are shown in
Table 1. Vascular density and mean vascular area kept an
inverse relationship throughout tumour development,
and the surface occupied by tumour vessel sections
increased according to glioma size. Vascular mean area
decreased from HCV to control vessels but significant
differences were only found for DV and HCV compared
to controls (p<0.05). DV revealed a 37-fold higher
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Fig. 3. Angioarchitecture of gliomas shown by butyrylcholinesterase histochemistry. a. Small mass showing some strongly-positive vessels for BChE
(arrow). b. Tumour displaying a network of numerous capillaries of anarchic distribution. c. Macrotumour with avascular zone (black arrow) encircled by
aberrant vessels. d. Malignant infiltrating macrotumour, with two aberrant vascular morphology patterns: intratumour pattern with scarce vessels of wide
lumen (blue arrow) and peripheral area with numerous close vessels sharing a basal membrane (white arrow). Bar scale: 200 µm. 



lumen area than controls and their network covered
eleven percent of the neoplastic area. HCV were 150
times greater than SV and 350 times greater than
controls. Neoplasm surface occupied by huge dilated
vessels extended over 17% of the tumour area, similar to
the dilated vessels and significantly higher than the area
occupied by control or simple vessels.

BBB tracers

Evidence of gadolinium contrast enhancement in
vivo or EB-RB dye extravasation ex vivo (Fig. 5A,B)
appears in tumours around 20 mm3. These exhibited
mild homogeneous contrast enhancement on T1-w

image (Fig. 5C). Macrotumours revealed irregular strong
gadolinium enhancement as well as dye extravasation
(Fig. 5D). 

EBA, GluT-1 and VEGF

Vascular profiles from normal brain tissue were
intensely and continuously labelled by EBA and GluT-1
as well as by LEA (Fig. 6i). The staining pattern of SV
and DV for these markers was similar (Fig. 6j,k).
Macrotumours revealed irregular and heterogeneous
expression in vascular profiles for both BBB markers.
Some tortuous vessels and DVs were unstained for EBA
but they remained positive for GluT-1 (Fig. 6c,g,k). In
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Fig. 4. Vascular profiles shown by LEA histochemistry. a. Microvessels of normal cerebral tissue. b. Microtumour blood vessel inside the neoplasia
(called simple vessels), similar to the normal ones. c. Capillaries dilated inside tumour displaying a tortuous path. d. Huge dilated vessel with
hyperplasic wall, their endothelial cells become cube-shaped. e. Glomeruloid vessels on the border of a macrotumour. f. Folding vascular structures like
glomeruloid vessels limiting the peri-necrotic or peri-haemorrhagic area. These vascular structures separate areas of different interstitial tension. Bar
scale: 50 µm.

Table 1. The table shows the mean values (x ± SD).

Vessel type Nº cases Vd. (nº of vessels) Va.  (mm2 network/tumour) Vm. (µm2)

Control 6 549±74.19 0.03±0.004 56.26±5.37
Simple vessel 15 293.53±39.854 0.035±0.008 130.22±32.97
Dilated 6 113.49±19.79 0.11±0.02 2,125.9±695.23
Huge caliber 5 23.73±8.13 0.17±0.03 19,615.13±3,743.74

Vascular density (Vd, number of vascular profiles per mm2 of tumour); total vascular area (Va, mm2 occupied by vessels per mm2 of tumour); mean
vascular area (Vm, mean size of vascular sections for each type of vessel, expressed in µm2).



HCV, in spite of not finding immunopositive vascular
profiles for EBA, the GluT-1 immunostaining remained
positive in a minority of vascular sections (Fig. 6d, h, l),
occasionally co-expressing VEGF (Fig. 7a). Some
endothelial proliferations (EP) in macrotumours showed
VEGF-positive cells (Fig. 7b).

T1-w gadolinium enhancement in the most
malignant and infiltrative gliomas displayed a rim with a
hyperintense signal confined to the tumour border, like a
ring. This area is mainly composed of glomeruloid
vessels (Fig. 8A). Perinecrotic vessels were
characterized by folding vascular structures. Both of

these aberrant vascular structures, glomeruloid and
perinecrotic vessels (Fig. 8B,C), had strong positivity for
VEGF and usually co-expressed GluT-1 but not EBA
(Fig. 8D). The microvascular endothelium from tumour
borders was immunopositive for EBA antibody but
surrounding haemorrhages or necrotic areas were
unlabelled for this BBB antigen.

Discussion

This paper addresses some questions about
microvascular morphology and remodeling features due
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Fig. 5. Study of vascular permeability in micro and macrotumours taking into account intravital dye extravasation and gadolinium contrast enhancement
signals. Coronal sections of rat brains are showed in vivo by MRI, at autopsy time by Evans Blue (EB) and Rose Bengal (RB) and histologically by
haematoxylin eosin staining. A, B. Microtumours without contrast enhancement or Evans blue extravasation. C. Tumour displaying a mild hyperintense
signal on T1 postcontrast and diffuse staining by Rose Bengal. D. Macrotumour showing heterogeneous dye staining and gadolinium signals on T1
image. This is due to haemorrhage and cysts shown in the histology section. 



to glioma progression. Specifically, it defines some
characteristics of vasculature in and around experimental
endogenous gliomas. 

Glioma transplacentary induction by ENU is a
known and well establish model (Mennel et al., 2004;
Slikker et al., 2004). It is well documented that ENU
induces brain tumours mainly diagnosed as gliomas and
schwannomas (Kish et al., 2001; Zook and Simmens,
2005; Bulnes-Sesma et al., 2006; Bulnes and Lafuente,
2007). For this study, we have selected only cerebral
gliomas, based on the correlation between MR images
and histopathology study. In previous works, we have
shown that ENU induced microtumours over 6 months
of extra-uterine life become nodular and around one year
of age grow as a macrotumour toward the contralateral
hemisphere. The microtumours studied were diagnosed
as classic oligodendrogliomas, and the macrotumours as

anaplastic oligodendrogliomas (Bulnes and Lafuente,
2007). The largest macrotumours, occupying a whole
cerebral hemisphere or more, were very anaplastic,
showing necroses with pseudopallisading, glomeruloid
vessels, etc., all characteristics of glioblastoma
multiforme (Kleihues et al., 2000; Brat and Van Meir,
2001). These results support the origin of GBM from an
oligodendroglial cell lineage too. That could be relevant
in human pathology, because oligodendrogliomas with
deletion of 1p and 19q are sensitive to chemotherapy
(Perry, 2001; Engelhard et al., 2002). 

During glioma growth, the metabolic demand must
be supplied by pre-existing vessels, and adaptation to
new requirements leads to intrinsic vascular changes and
to the generation of new vessels from pre-existing ones
(Risau, 1997). When the proliferating cells outgrow the
capacity of the regional vasculature to maintain
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Fig. 6. Confocal microphotographs for EBA and GluT-1 double staining obtained by immunofluorescence with FITC (in green for the EBA, a-d) and
TRITC (in red for the GluT-1, e-h); tumours were contrasted with Hoechst. i-k) Co-localized expression for both BBB markers in vascular profiles of
simple and dilated tumour vessels (in yellow). d. Huge caliber vessels negative for EBA antibody with some vascular sections positive for GluT-1 (h, l).
Scale bar: 20 µm.

 



homeostatic changes, the “angiogenic switch” is induced
(Bergers and Benjamin, 2003). In the current study,
vascular adaptations predominate over angiogenesis
(Lafuente et al., 2000; Bian et al., 2006). This idea was
supported by the adaptive changes of the
microvasculature progression from low- to high-grade
gliomas, which involved an increase in the tumour area
occupied by the vascular network (Korkolopoulou et al.,
2002). In accordance with the findings of Wesseling et
al. (1998) on human gliomas, we have found a
significant decrease in vascular density related to glioma
malignancy, whereas tumour vascular area increases as a
result of vessel dilatation. On the other hand,
Korkolopoulou et al. (2002) reported an increase in
vascular density in the same situation; but they selected

the highest vascular field in GBM which, as in our
model, corresponds with the neoangiogenic peripheral
area. Therefore, this discrepancy could be due to this
methodological difference. 

Enzymatic activity for butyrylcholinesterase has
been used to reveal changes in the angioarchitecture
(Argandona and Lafuente, 1996), but in addition to this
BChE activity is strongly related to neurogenesis and
cellular proliferation (Mack and Robitzki, 2000), having
a great role in tumourigenesis. Barbosa et al. (2001)
reported the relationship between human glioma
progression and BChE activity. They referred to a
moderate activity of this esterase in grade II gliomas and
high activity in grade III /IV gliomas. In our model, a
progression from homogeneous to anarchic vascular
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Fig. 7. VEGF165 staining for
the different aberrant vascular
structures of the malignant
macrotumours. 
a. Glomeruloid vessels on the
tumour border, strongly-
positive for this cytokine. 
b. Intratumour vascular
proliferations positive for
VEGF and (c) folding vascular
structures like glomeruloid
perinecrotic ones with some
sections positive for VEGF
Bar scale: 50 µm.



distribution, corresponding to low- and high-grade
gliomas respectively, has been demonstrated. It is also
worth mentioning that perivascular cells often displayed
a high activity for BChE, depicted by a strong brown
staining. These findings have led us to postulate that
these perivascular cells might be stem cells proliferating
around intratumour vessels (Brat et al., 2004; Anderson
et al., 2005) and migrating through the vascular
extracellular matrix (Ruoslahti, 2002).

Along the glioma progression there is a transition
from the homogeneous capillary network to an anarchic
angioarchitecture. There is a phase in tumour growth in
which the microcirculation vessels acquire aberrant
morphologies, becoming tortuous and dilated and

displaying vascular leakage (Hashizume et al., 2000).
Following this vascular aberration process, we have
identified three vascular development stages: early,
intermediate and advanced. The early vascular stage is
constituted by simple vessels, the intermediate stage by
tortuous and dilated vessels and the advanced stage by
anarchic and aberrant vessels. These vascular
development stages represent the ability of microvessels
to adapt in order to maintain blood perfusion and
metabolic support in adverse conditions, constituting a
peculiar tissular microenvironment in response to
hypoxia (Blouw et al., 2003). 

The gradient from the well-oxygenated tumour
periphery to the central hypoxic core is represented in
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Fig. 8. Study of the vascular aberrant structures localized in the gadolinium (Gd-DTPA) enhancement signal area of macrotumours. A. Coronal sections
of rat head by MRI on T2-w and T1-w postcontrast. The area of different intensity of gadolinium is shown by the red arrow. Corresponding brain section
at autopsy time thirty minutes post Evans Blue (EB) dye i.p. injection and 4 µm slices of haematoxylin-eosin stain. B. Butyrylcholinesterase activity
showed a strongly-positive vascular structure on the area studied. C. H&E corresponding with these vascular structures, showing numerous closely-
bunched folded vessels. D. Histochemistry and immunohistochemistry study of vascular profiles. a. LEA stain. b. Lack of EBA immunopositivity. All
vascular profiles express GluT-1 antigen (c) with co-expression of VEGF165 (d). Bar scale: B, 200 µm; C, D, 50 µm.



ENU high-grade gliomas. Dilated intratumoural vessels,
expressing VEGF (Lafuente et al., 1999), increase their
lumen on account of endothelial elongation but not of
cell proliferation (Helmlinger et al., 2000). The
intratumour area displays irregularly branching vessels,
variable intravascular spaces and large avascular areas.
Our results are in agreement with authors that consider
the core of a high-grade glioma as an avascular zone,
since it has scarce capillaries with wide lumen and a
fragmented basal membrane, being rather inefficient for
metabolic exchange (Vajkoczy and Menger, 2004). Cells
adapted to hypoxic stress were clonally selected, and
move toward the tumour periphery to infiltrate the
parenchyma adjacent to the glioma (Fan et al., 2006;
Jensen, 2006). In previous work we have shown that
these cells co-express Ki-67 and VEGF (Bulnes and
Lafuente, 2007). 

ENU-induced glioblastomas develop two
microvascular patterns closely related to tissue
oxygenation. We found glomeruloid vessels positive for
VEGF on the oxygenated peripheral area and huge
dilated vessels with patchy staining for VEGF in the
central hypoxic tumour zone. This cytokine not only
triggers the angiogenesis process but also increases
vascular permeability (Dvorak, 2006). 

The increase of vascular permeability in this context
could be due to the blood brain barrier dysfunction, to a
structural break-down or to its immaturity. In
pathological conditions, the BBB distortion and
permeability increase has been related to intravital dyes
extravasation, Gd-DTPA contrast enhancement on T1-w
images (Cha et al., 2003; Claes et al., 2008) and to
changes in the expression of BBB markers, such as EBA
and GluT-1 (Sternberger et al., 1989; Zhu et al., 2001;
Lafuente et al., 2006). This data support the view that
only aberrant vessels in advanced stages lack the
continuous EBA and GluT-1 expression. 

Although dilated tortuous vessels of the intermediate
vascular stage corresponding to non-anaplastic gliomas
were stained for BBB markers and unstained for VEGF,
these gliomas showed a homogeneous Gd-DTPA
hyperintense signal and dye extravasation over the
whole lesion. A possible explanation for the increased
vascular permeability in these vessels could be the
ultrastructural disruption of interendothelial tight
junctions, without alterations of the BBB, mediated by
growth factors such as VEGF (Ballabh et al., 2004).
Furthermore, several researchers have stated that
gadolinium enhancement and angiogenesis are two
interconnected events (Brasch and Turetschek, 2000;
Brasch et al., 2002). Perhaps in this early glioma
development stage angiogenic switching can occur
without alteration of the blood brain barrier function. 

Malignant gliomas showed an uneven distribution of
dyes and contrast and, as in human glioblastoma, a
hyperintense rim on T1 surrounding the tumour. We
were interested in elucidating the specific vascular
structure of this rim and its BBB characteristics. Our
findings showed two microvascular structures: aberrant
folding microvascular structures and glomeruloid

vessels. They lined two areas of different interstitial
pressure: between the tumour and peritumoural areas
and/or delimiting the necrotic or haemorrhagic area. We
showed that glomeruloid vessels, in spite of being
neoangiogenic and consequently immature vessels,
express both BBB markers (EBA and GluT-1).
Nevertheless, folding microvessels only keep the GluT-1
expression. These findings do not agree with Rosenstein
et al. (1998), who associates VEGF expression with
BBB dysfunction and the lack of GluT-1. According to
Yeh et al. (2008) VEGF secreted by hypoxic neoplastic
cells enhanced GluT-1 expression in brain endothelial
cells, resulting in increased glucose uptake across the
endothelium into surrounding cells. This enzymatic
compensatory mechanism of the BBB represents a
fundamental and critical adaptation needed for cellular
homeostasis, and is necessary for brain tumour cells to
survive and proliferate (Cornford and Hyman, 2005). 

In conclusion, during development of these
experimental gliomas the microvasculature undergoes a
sequence of adaptive changes related to vascular
distribution, as well as to the vessel wall, which explains
blood flow distortion and increased permeability. These
changes are similar to those manifested by human
gliomas. Neoplasm causes an intratumour deficit of
blood perfusion; it induces changes in vascular walls,
including neoangiogenesis, remodeling and increase of
vascular permeability by modification of the BBB in
adapted vessels. Microvascular adaptations in early
development stages are based on vasodilatation,
endothelium elongation and permeability increase
mediated by VEGF without BBB dysfunction. On the
other hand, in malignant gliomas the microvascular
adaptations vary according to blood flow perfusion.
Permeability increase in intratumour vessels is not
enough to supply the metabolic demand, and triggering
of the angiogenesis process on the tumour border is
necessary. This glioma model allows the sequential
study of vascular aberrations. It may be useful in the
design of vascular target therapies or antiangiogenic
therapies to normalize the tumour vessels and recover
normal blood flow.
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