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Abstract. Background: To study the neuropathology and
selected tumour markers of malignant gliomas, an animal
glioma model was developed using the implantation of human
glioblastoma clone US7 into rat brains. Materials and Methods:
The U87 cell suspension, or precultured U87 tumour spheroids,
were inoculated into the brain of 4-week-old cyclosporin A
immunosuppressed Wistar rats. The resulting first generation
tumours were then transferred, through serial transplantations
to rats, to obtain second and third generation tumours. Brain
tumour sections were examined for various known tumour
markers by routine HE staining and immunohistochemical
analyses. Results: The immunohistochemical analyses showed
that p53, S100 protein, glial fibrillary acidic protein (GFAP)
and synaptophysin expressions, initially present in the tissue
culture, were gradually lost in later tumour generations, whereas
nestin and musashi expressions increased, possibly indicating
progressive tumour cell dedifferentation. Persistent kallikrein,
CD68 and vimentin expressions in US7 cells, as well as in all
the generations of tumours, may be related to the preservation
of the mesenchymal cell phenotype in this tumorigenesis model.
Decreased cathepsins expression indicated lower invasive
potential, but increasing Ki-67 expression marked higher
proliferation activity in the subsequent tumour generations. The
strong immune reaction for FVIII in the second and third
generation tumours correlated with the observed increase in
vascular proliferation in these tumours. Conclusion: A simple,
and well-defined rat model of fast-growing glioma was
established, providing a basis for further experimental studies of
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genetic and protein expression fingerprints during human
glioma tumorigenesis.

The objective of experimental neuro-oncology is to contribute
to a better understanding of human malignant brain tumours
(1). To this end, the development of several animal models
has provided specific clues about the formation of gliomas
(2). Such animal models are also beneficial for selective
molecular and biochemical analyses of tumour markers (3).
Heterotransplant models hold great potential for studying the
expression of markers which translate into the phenotypic
behaviour of consecutive tumour generations. It has been
proposed that, with serial passages, highly malignant cell
populations are selected, which cause a decrease in the latent
period and an increase in the tumour growth rate (4). The
culture of human glial tumours has long been recognized, not
only as a tool for gaining additional diagnostic (prognostic)
information and to planning individualized therapies, but also
for a better understanding of brain tumour cell biology. Glial
tumours are made up of heterogeneous cell populations.
Vascular elements (endothelial cells, pericytes) and other
mesenchyme-derived cells (fibroblasts, microglia) in the
tumour also contribute to its behaviour (4).

Multicellular tumour spheroids from human gliomas have
been introduced as a model for the study of brain tumour
invasion (5-7). Since all these cell types can grow in vitro, the
cultures must be characterized to ascertain the cell
subpopulations which have been selected through the culture
conditions. Morphological characterization is not sufficient
and a panel of markers may be required to define the
populations present. However, as the cells adapt to the tissue
culture conditions, they may lose the ability to express one
or more of these markers. The need for better and more
relevant brain tumour models is generally acknowledged.

In the present study, a tumorigenesis model was
developed, originating from tumour spheroids prepared
from the U87 human glioblastoma cell line, in the brain of
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Wistar rats, which were immunosuppressed with
cyclosporine A. U87 cells are considered to be a rapidly
proliferating cell line, which can be grown in culture as
monolayers and tumour spheroids (Figure 1a,b). Tumours
that were induced by this procedure were also transferred
through serial transplantations from rat to rat. Our
technique was simple, reproducible and associated with a
high tumour take rate in 2 to 3 weeks. This model, if
similarities with in vivo human glioma progression are found,
would offer the opportunity to compare the expression of
various immunohistochemical markers of U87 cells and
spheroids in culture in rat brain, in order to understand the
biology of tumour progression and the possible interference
at the molecular level of down-regulating the most relevant
factors responsible for this progression.

Materials and Methods

US87 glioma clone and culture conditions. U87 is a highly malignant
anaplastic glioma clone derived from a 44-year-old Caucasian
woman. Its in vitro and in vivo growth characteristics have been
described in detail (8-10). The cells were grown in plastic 75-cm?
flasks with Vent Cap (Corning, Acton, MA, USA). The cell lines
were routinely maintained in tissue culture medium, consisting of
Dulbecco’s modified Eagle’s medium (DMEM) (Sigma, St. Louis,
MO, USA) containing 10% heat-inactivated foetal bovine serum, 2%
L-glutamine, penicillin (100 IU/ml) and streptomycin (100 pug/ml).
The flasks were kept in a standard tissue culture incubator (100%
relative humidity, 95% air and 5% CO,) (Forma Scientific, USA)
and studied daily by phase-contrast microscopy (Euromex, The
Netherlands). The culture medium was changed twice weekly.

For transplantations and spheroid formation, the monolayer of
cells in culture were trypsinized (Trypsin-EDTA Gibco, Invitrogen
Corporation), washed in phosphate-buffered saline (PBS), pH 7.4,
(Sigma-Aldrich Cheme, Steinheim, Germany) and suspended in
tissue culture medium. The cell number was determined by
counting the cells in a haemocytometer (Neubauer improved,
Labor Optik) and the percentage of living cells was evaluated by
Trypan blue (Sigma-Aldrich Cheme) exclusion.

Rat tumour tissue for tumour transplantation and for spheroid
formation. Two weeks after inoculation, the rats were anaesthetized
by intramuscular (i.7m.) injection of 80-100 mg/kg 10% ketamin and
3-4 mg/kg 2% xylasin. Under sterile conditions, the inoculation site
was exposed, additional bone was removed using a dental drill and
the tumour was dissected under the operating microscope. The
specimens were immediately aseptically transferred to a tissue culture
dish (Orange Scientific, Braine-I'Alleud, Belgium) containing tissue
culture medium. Specimens selected for spheroid formation and for
rat implantation were cut with scalpels into 0.5- to 1-mm pieces.
Representative samples were also fixed in 10% buffered formalin for
histological and immunohistochemical (IHC) assessment.

Spheroid cell growth. For spheroid formation, the US87 cell
suspension or 0.5-mm tumour fragments were put into a 60-mm
Ultra Low Attachment Dish (Corning Inc., NY, USA). The Ultra
Low Attachment surface is a covalently bound hydrogel layer that is
hydrophilic and neutrally charged, preventing cell attachment. The
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surface was rehydrated with medium 15 min prior to the addition
of the cells or tumour fragments. The rehydration medium was
aspirated and 5 ml of fresh medium was added. The dishes were
kept in a standard tissue culture incubator as described above. The
spheroids were studied daily by phase-contrast microscope, and the
medium was changed every week. Spheroids for inoculation into the
brains of normal rats, ranging from 200 to 300 um in diameter, were
selected using a micropipette and a stereomicroscope with a
calibrated reticle in the eyepiece. The spheroids were cultured for
up to 30 days, at which time they were fixed for histology and
immunohistochemistry.

Tumour-glioblastoma progression models in rats. All procedures and
experiments involving animals in this study were approved by the
Veterinary Administration of the Republic of Slovenia and
conducted according to the European Convention for the
Protection of Vertebrates Used for Scientific Purposes. The hosts
were fifteen normal 4-week-old Wistar Hanover rats (120-150 g)
(Medical Faculty, Institute of Pathology, Ljubljana, Slovenia). The
animals were kept at 25°C in a specific pathogen-free environment,
on a standard 12-h night and day cycle. The U87 cell suspension
and US87 cell spheroids (Sph-I generation, first generation
spheroids) were injected into three animals and transplanted into
the brain in seven animals, respectively, giving rise to the ten
tumours of the first generation (Tumours-I generation). Out of
these tumours, three were cut in pieces and the cell spheroids were
grown under the same conditions as spheroids from the first
generation, giving rise to the Sph-II generation. For the second
implantation, the tumour pieces (of Tumour-I generation) were
implanted into three rats and the tumours of the second generation
(Tumour-II generation) were grown in the rats. After 2 weeks, two
tumours were excised, cut into pieces and implanted again into
rats, giving rise to tumours of the third generation (Tumour-III
generation). From the tumours of the II generation spheroids were
prepared (Sph-III generation) for analyses of biological markers.
The spheroids were not further transplanted into the rats.

At the time of the experiments, the rats were anaesthetized by i.m.
injection of 80-100 mg/kg 10% ketamin and 3-4 mg/kg 2% xylasin.
The animals were mounted in a small-animal stereotactic frame
(Stoelting, USA) and, after washing the skin of the head, a midline
incision was made in the scalp to expose the skull. A small hole was
drilled 1-2 mm to the right of the midline fissure and 1-2 mm
posterior to the bregma of the animal’s skull using a dental drill.

For intracranial inoculation of the single cell suspension and
spheroids, a Hamilton (Hamilton, Bonaduz, Switzerland) syringe
was used. The syringe was washed with 70% alcohol and flushed
with sterile saline before, and with sterile water after, use. The
syringe was placed in the syringe holder of the stereotactic frame.
The needle was then placed 2.5 mm below the surface of the brain
and the single cell suspension or spheroids were slowly injected
into the brain, after which the needle was slowly withdrawn and the
skin wound was closed. For the implantation of tumour pieces, a
slightly larger hole was drilled, the dura was opened and tumour
pieces were inoculated under the microscope into the subcortical
white matter.

The inflammatory reaction against the human glioma cells was
inhibited with cyclosporin A (50 mg/ml; Novartis, Basel,
Switzerland), i.m. injections (12 mg/kg/d) daily.

The animals were sacrificed 1, 2 and 3 weeks post-implantation.
For in situ perfusion of the brain, the animals were anaesthetized
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as described. Thoracotomy was performed and the left ventricle
was canulated. The descending aorta was clamped. After rinsing
with 0.9% NaCl, the animals were perfused with 10% formalin in
PBS (pH 7.4). Right atriotomy was performed immediately after
starting to rinse. The brain was then left within the skull for 24 h at
room temperature. After removal, it was placed into rodent brain
matrices and cut in the coronal plane. Thereafter, transverse slides
were embedded in paraffin. Five-micrometer sections were stained
with haematoxylin and eosin (HE) and labelled for the presence of
different markers.

Immunohistochemical analysis. IHC staining was performed using
the standard technique, according to the protocol of the
Department of Pathology at the Maribor Teaching Hospital,
Slovenia. The U87 cell suspension was centrifuged at 2500 rpm for
15 min, the supernatant poured off and the cell sediment
resuspended in 0.5% bovine serum albumin (BSA; Serva,
Heidelberg, Germany). Smears were fixed in methanol for 1 h and
then treated with methanol peroxide solution for 15 min. Pre-
cultured spheroids were placed in 10% buffered formalin for
fixation. Five-um-thick sections, sliced from paraffin-embedded
specimens, were mounted on glass slides precoated with silane and
dried overnight at 37°C, and then at 57°C for 8 h. After
deparaffinizing in xylene and washing in a graded series of ethanol,
the sections were placed in a 10 mmol/l sodium citrate buffer (pH
6.0) and boiled for 12 min at 110°C in a Microwave Vacuum
Histoprocessor (Milestone RHS-1, Shelton, CT, USA) for antigen
retrieval. The slides were incubated with the primary antibodies
raised against the Ki-67 marker of the proliferation monoclonal
antibody (MAD) (1:50 dilution; DAKO, Glostrup, Denmark), p53
tumour suppressor protein MAb (1:150 dilution; DAKO), vimentin
developmentally-regulated intermediate filament MAb (1:300
dilution; DAKO), S100 protein, glial and ependymal cell marker
polyclonal antibody (PAb) (1:2500 dilution; DAKO), GFAP
astrocyte specific glial fibrillary acidic protein PAb (1:2500;
DAKO), nestin stem cell marker anti-human PAb (1:1000 dilution;
Karolinska Institute, Stockholm, Sweden), musashi stem cell
marker anti-human PAb (1:1000 dilution; Chemicon Inc., CA,
USA), synaptophysin marker of neuroendocrinal function PAb
(1:50 dilution; DAKO), cathepsin B cystein protease MADb (1:100
dilution; clone 3E1, KRKA, d.d. Novo mesto, Slovenia), cathepsin
L cysteine protease MADb (1:10 dilution; clone N135, KRKA),
CD68 macrophage and microglia marker anti-human MAb (1:50
dilution; DAKO), FVIII endothelial cell marker Ab (1:2000
dilution; DAKO) and human kallikrein 6 serine protease PAb
(1:400 dilution; Mount Sinai Hospital, Toronto, Canada).

All incubations were carried out overnight at 4°C. After washing
in Tris-buffered saline, immunoperoxidase staining was performed
by an EnVision Ab complex method using the ENVISION kit
(DAKO) (11). After rinsing in tap water, the sections were
counterstained with Mayer’s haematoxylin and mounted.

Nuclear staining of Ki-67 was considered positive. The Ki-67
staining index (SI) was defined as the percentage of positive nuclei
of a total of 2,000 tumour cells counted using an eyepiece grid (12).
p53 staining was considered positive if more than 10% of the
tumour cells showed nuclear staining and negative if less than 10%
of the tumour cells showed nuclear staining (13). Immunoreactivity
for the other brain-associated cell markers listed above was
evaluated as negative (0) when no positive immunoreaction in the
cells was observed within the tumour, weak (+) when less than

30% of the tumour cells were positive, moderate (++) when 30-
60% of the tumour cells were positive, and strong (+++) when
more than 60% of the tumour cells were positive. Twenty
representative fields were counted using x40 magnification.

Slides stained with omission of the primary antibody served as
negative controls for Ki-67 and p53 staining. Positive controls for
S100 protein, synaptophysin, GFAP, vimentin kallikrein, FVIII
(vessels) and cathepsin L (pyramidal cells) were performed using
normal brain sections. Liver tissue sections were used as a positive
control for cathepsin B and spleen for the macrophage surface
marker CD68. One glioblastoma specimen was used as a nestin-
and musashi-positive control sample, while an adenocarcinoma
brain metastasis was used as a nestin- and musashi-negative
control (14).

Results

Clinical course. After intracerebral transplantation, the
animals quickly recovered. One week later, four animals
were sacrificed. The other eleven animals remained
neurologically intact for 1 week. Thereafter, five out of the
eleven animals exhibited symptoms of raised intracranial
pressure with restlessness, convulsions and paresis on the
opposite side from the operation, whereas the remaining six
animals were without obvious neurological effects.

Macroscopic findings. Initial tumour growth was already
seen 1 week after transplantation in three animals
(spheroid Tumour-I gen., Tumour-II gen., Tumour-III
gen.). The tumours were solid, spherical in shape and grey-
red in colour. They measured approximately 2x2x2 mm and
were surrounded with a zone of oedema. One week after
inoculation of a 3x10° cell suspension, a narrow, somewhat
haemorrhagic, tumour
nodules, approximately 1 mm in diameter, could only just
be detected (Figure 2b). After 2 weeks, three animals with
first generation tumours (all received spheroid injection)

injection channel with small

and two animals with second generation tumours were
sacrificed. Spreading of the tumour through the hole into
the subcutaneous tissue was noted in two out of three
animals with US87 spheroid-induced first generation
tumours and in both animals with second generation
tumours. The tumours in those animals were lobulated in
shape and had reached a size of approximately 3x2x2 mm
(Figure 2a). In the remaining animal, the U87 spheroid-
induced first generation tumour measured 4x2x2 mm,
extending through the entire right hemisphere but
remaining within the brain. After 3 weeks, the tumours had
reached their maximum size, measuring approximately
5x3x3 mm in the remaining three animals of the U87
spheroid-induced first generation tumour and in one
animal with third generation tumour. In all the animals, the
tumour had spread through the hole in the subcutaneous
tissue. Peritumorous ipsilateral
hemisphere and a shift of the midline to the opposite side

oedema within the
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Figure 2. a) Coronal brain tissue sections demonstrated solid, lobulated, greyish tumour in the region of the right basal ganglia 2 weeks after inoculation
of U87 spheroids (arrow); b) One week after inoculation of a 3x10° cell suspension, a narrow, somewhat haemorrhagic, injection channel with small
tumour nodules approximately 1 mm in diameter could just be detected (arrows).

were most prominent after 3 weeks. In the remaining two
animals, which had received the cell suspension, only small
tumour nodules approximately 1.5 mm in diameter could
be detected, and brain oedema was present, but not so
extensively as in the previous group.

Histopathology

First generation tumours obtained from US87 cell suspension:
One week after transplantation of 3x10° cells into the
brain, coronal whole brain sections demonstrated a narrow
haemorrhagic injection channel through the white matter
to the basal ganglia. Tumour cells, an oedematous reaction
of the surrounding brain, microcalcifications, siderophages
and widespread leukocyte infiltration were observed
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(Figure 3A). After 3 weeks, small solid tumour nodules, of
0.5 to 1 mm in diameter, extended along the injection
channel in both the remaining animals. The tumour growth
was characterized by the formation of multiple and small
tumour nodules infiltrating the neighbouring brain tissue
more or less irregularly. The cells were spindle-shaped or
polygonal and contained round or oval hypochromatic
nuclei with nucleoli (Figure 3b). They had a tendency to
grow closely packed in whorls and streams. Many mitoses
demonstrated rapid growth. Regressive changes with cyst
formation were observed in some of these tumours. The
tumour nodules appeared to be connected by a narrow
band of tumour cells running in the subarachnoid space
(Figure 3c).
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First generation tumours obtained from US87 cell spheroids:
After 1 week, an irregular 2 mm in diameter tumour was
seen just underneath the corpus callosum. The tumour was
sharply demarcated against the surrounding brain tissue, but
invaded the choroid plexus and was spreading towards the
ventricles (Figure 4a). A narrow band of leukocyte infiltrate,
consisting of granulocytes and lymphocytes, surrounded the
tumour (Figure 4b), while the surrounding brain was
oedematous. Within the tumour, polygonal cells were
densely packed and many mitoses demonstrated rapid
growth (Figure 4c). After 2 weeks, the tumour size had
increased and reached approximately 3 to 4 mm in diameter.
The tumours were fairly large and irregular with extensive
oedema reactions, especially in the white matter of the
homolateral hemisphere. In the tumour periphery, numerous
blood vessels demonstrated tumour neovascularization,
whereas leukocyte infiltration was less expressed (Figure 4d).
After 3 weeks, the tumours had reached their maximum size
with a diameter of approximately 5 mm. Solid tumour areas
were composed of densely-packed polygonal cells. The

Figure 3. a) Histology 1 week after transplantation of 3x10° cells into the
brain (br) revealed tumour cells (arrow), an oedematous reaction of the
surrounding brain, microcalcifications, siderophages and widespread
leukocyte infiltration (arrowhead) (HE, x10). b) After 3 weeks, tumour
(tu) growth was characterized by the formation of multiple and small
tumour nodules. The cells were spindle-shaped or polygonal and contained
round or oval hypochromatic nuclei with nucleoli (HE, x40). ¢) Tumour
nodules appeared to be connected with a narrow band of tumour cells
running in the subarachnoid space (arrows) (HE, x4).

polymitotic tissue with numerous tumour cells indicated
rapid growth. Inside the tumour, there were several small
areas of tumour necrosis. In the neighbourhood of the
tumours, especially in the white matter of the ipsilateral
hemisphere, marked oedema had developed.

Second generation tumour: One week after implantation of
the first generation tumour, the tumour had reached
approximately 2 to 3 mm in diameter. The tumour border
appeared irregular. The spongiform state of perifocal
oedema was restricted to a narrow zone around the tumour.
A broader band of leukocyte infiltrate, consisting of
granulocytes and lymphocytes, surrounded the tumour,
especially at its base. No necroses and only a few tumour
blood vessels could be observed. Stream-like solid patterns
contained fine reticulin fibres. Many mitoses indicated rapid
growth. The cells were spindle-shaped or polygonal and
contained oval hypochromatic nuclei with nucleoli. After 2
weeks, the tumours were clearly larger and surrounded with
extensive brain oedema, which extended into the
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Figure 4. a) One week after inoculation of spheroids, a tumour demarcated against the surrounding brain tissue, but invading the choroid plexus (cp)
and spreading toward the ventricles, was seen (arrow) (HE, x10). b) A narrow band of leukocyte infiltrate, consisting of granulocytes and lymphocytes,
surrounded the tumour (arrow) (HE, x10). c) Within the tumour, polygonal cells were densely packed and many mitoses demonstrated rapid growth
(HE, x40). d) After 2 weeks, in the tumour periphery numerous blood vessels demonstrated tumour neovascularization, whereas leukocyte infiltration was
less expressed (arrow) (HE, x10).

surrounding white matter, whereas leukocyte infiltration was
less expressed. Inside the tumour, small areas of coagulation
necrosis and some vessels could be detected.

Third generation tumour: The tumour had reached
approximately 3 to 4 mm in diameter as early as 1 week after
implantation. A broad band of leukocyte infiltrate, consisting
of granulocytes and lymphocytes, surrounded the tumour
(Figure 5a). The tumour border appeared irregular. Inside the
tumour, numerous tumour blood vessels and areas of
coagulation necrosis were observed (Figure 5b). Many mitoses
indicated rapid growth. After 3 weeks, a huge tumour,
measuring nearly 6 mm in diameter and penetrating into the
subcutaneous tissue, had developed. The tumour consisted of
numerous tumour vessels, areas of coagulation necroses and a
cell population which was heterogeneous, consisting not only
of spindle-shaped or polygonal cells with oval hypochromatic
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nuclei with nucleoli, but also bizarre gigantic cells with
hyperchromatic round nuclei (Figure 5c). Again, many
mitoses indicated rapid tumour growth (Figure 5d).

Immunohistochemistry. Immunostaining was evaluated as
described in Materials and Methods. The results of the
immunostaining are summarized in Table I.

The index of proliferation, Ki-67 LI, increased from a
mean value of 45% in the U87 cell suspension to 75-80% in
the tumour (Figure 6a,b). In the spheroids, more nuclei
were positive on the periphery. In the U87 cell suspension,
more than 10% of the tumour cells showed p53 nuclear
staining, whereas in the spheroids and in the tumour the
staining was negative (Figure 6¢). Most of the tumour cells
presented a strong immune reaction for vimentin (Figure
6d). Reactive astrocytes, cells of the ependyma, choroid
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Figure 5. a) Third generation tumour 1 week after implantation. A broad band of leukocyte infiltrate, consisting of granulocytes and lymphocytes,
surrounded the tumour (arrow) (HE, x10). b) Inside the tumour, numerous tumour blood vessels (arrowhead) and areas of coagulation necrosis (arrow)
could be observed (HE, x40). c) The tumour consisted of numerous tumour vessels, areas of coagulation necroses and a cell population which was
heterogeneous, consisting not only of polygonal cells with oval hypochromatic nuclei, but also bizarre gigantic cells with hyperchromatic round nuclei
(arrow) (HE, x40). d) Many mitoses indicated rapid tumour growth (HE, x40).

plexus and vascular endothelia were vimentin-negative. The
expression of the S100 protein was moderate in the cells in
suspension and minimal in the tumour cells of the spheroids
and tumour, whereas strong immunostaining was noted in
the surrounding normal and oedematous brain tissue,
especially reactive astrocytes (Figure 6e). The cell
suspension expressed glial fibrillary acidic protein (GFAP)
to a moderate degree, but the spheroids and the tumours
were GFAP-negative. Normal and oedematous brain tissue
showed an intense expression of GFAP in nearly all
astroglial cells. Reactive astrocytes within the peritumorous
oedema lesion revealed strong positive immunoreactivity
(Figure 6f). Weak nestin staining was revealed in the cell
suspension, but not in the spheroids. The expression of
nestin increased in the tumour cells and vascular endothelia
of the tumours to a moderate degree (Figure 6g,h). The

expression of musashi was minimal in the cell suspension,
whereas tumour cells in the spheorids and tumours
presented a moderate immune reaction (Figure 7a).
Tumour cells in the suspension expressed moderate
synaptophysin immunoreactivity, whereas the tumour cell
expression in the spheroids and tumours was minimal
(Figure 7b). The surrounding brain tissue displayed an
intense expression of synaptophysin. Most of the tumours
cells in the cell suspension, first generation spheroids and
first generation tumours presented strong immune reactions
for cathepsin B, whereas the expression in the second and
third generation spheroids and tumours was weak to
moderate. Besides the tumour cells, staining in the vascular
endothelia was noted (Figure 7c). Staining with the
cathepsin L antibody revealed a strong positive reaction in
the cells in suspension. The spheroids presented a moderate
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Table 1. Immunohistochemistry of U87 cell smears, spheroids and tumour samples.

Samples U87 susp. Sph-I gen. Sph-II gen. Sph-III gen. Tu-I gen. Tu-II gen. Tu-IIT gen.
Markers*** No.=5 No.=3 No.=3 No.=3 No.=5 No.=3 No.=2
Ki-67 LI* 45% 55% 30% 40% 75% 80% 78%
p53** pos. 0 / / 0 / /
Vimentin +++ +++ +++ +++ +++ +++ +++
S100 ++ / + + + + +
GFAP ++ 0 0 0 0 0 0
Nestin + 0 0 / ++ ++ ++
Musashi + ++ ++ / ++ +++ ++
Synaptophysin ++ 0 + + + + +
Cathepsin B +++ +++ ++ + +++ ++ +
Cathepsin L +++ ++ ++ ++ + ++ +
CD68 +++ +++ +++ +++ +++ +++ +++
FVIII 0 0 0 / + +++ +++
Kallikrein 6 +++ +++ +++ +++ +++ +++ +++

susp. = cell suspension; Sph-I (II, IIT) gen = first (second, third) generation spheroids; Tu-I (II, III) gen. = first (second, third) generation tumour;
No. = number of samples; GFAP = glial fibrillary acidic protein. *percentage of K-67-positive nuclei (mean value of samples); **pos. = positive
(>10% of the tumour cells showed p53 nuclear staining); 0 = negative; / = no data; ***immunoreactivity for other brain-associated cell markers
listed in the Table was evaluated as negative (0) when no positive cells were observed within the tumour, weak (+) when <30% of the tumour cells
were positive, moderate (++) when 30-60% of the tumour cells were positive and strong (+++) when >60% of tumour cells were positive.
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Figure 6. Immunostaining was evaluated as described in Materials and Methods. a) Numerous Ki-67-positive nuclei in the US7 cell suspension and b)
in the tumour (x40). c) Smear preparation of the U87 cell suspension with numerous p53-positive nuclei (x40). d) Most of the tumour cells presented a
strong immune reaction for vimentin (x4). e) The expression of S100 protein was minimal in the tumour cells. Strong immunostaining for S100 protein
was noted in the surrounding normal and oedematous brain tissue, especially for reactive astrocytes (arrow) (x10). f) Tumours were GFAP-negative,
whereas normal and oedematous brain tissue showed an intense expression of GFEAP in nearly all the astroglial cells (arrow) (x10). g) Spheroids negative
for nestin (x10). h) The expression of nestin was moderately increased in the tumour cells and vascular endothelia (x10).

reaction, especially at the periphery (Figure 7d). The
expression of cathepsin L in the tumour cells of the tumours
was weaker, whereas there was no reaction in the vascular
endothelia. The cortical pyramidal cells also stained positive
for cathepsin L. Staining with the CD68 antibody revealed a
strong positive reaction in most of the cells in suspension,
spheroids and in tumours of all three generations (Figure
7e,f). The tumour periphery, with widespread leukocyte
infiltration, showed only weak immunoreactivity for the
CD68 antibody, whereas perivascular cell cuffs near the
tumour showed a strong positive reaction. There was no
expression of FVIII in the tumour cells in suspension and
in the spheroids, whereas tumour and normal brain vascular
endothelia displayed a strong positive reaction (Figure 7g).
Most of the tumour cells in suspension, spheroids and in

tumours of all three generations presented a strong immune
reaction for kallikrein 6, whereas the expression in the
vascular endothelia of the tumour and in the surrounding
brain was weak or absent. Normal and oedematous rat brain
tissue showed weak expression of kallikrein (Figure 7h).

Discussion

Xenograft models of experimental and human gliomas have
been used for different purposes in recent years (1, 2). The
main objective of the present work was to develop a simple
and cheap animal model, with high tumour take rate, for
brain tumour progression studies. The macroscopic tumour
appearance, histopathology and immunohistochemistry of
selected relevant tumour progression markers were
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Figure 7.

monitored in U87 human glioblastoma cells xenografted
into the brain of immunosuppressed rats.

In accordance with other reports, maximum progressive
tumour growth was observed after 3 weeks (1). However,
some authors had not sacrificed the animals before 3
months (7), which may have caused problems due to the
host’s immune reaction, in spite of the fact that the brain
is considered to be an immunologically privileged site
(15). In our hands, suppression with cyclosporin A
resulted in rapid tumour formation with no signs of
transplant rejection, when the animals were sacrificed in
the 2 to 3-week period. After the first week, the leukocyte
infiltration was pronounced around the tumour, whereas
after the second and third weeks this infiltration had
diminished, as also described by Wechsler et al. (1) and
Hossmann et al. (16). According to the WHO classification
of human brain tumours (17), the transplantation tumours
demonstrated features of anaplastic astrocytic tumour
(WHO grade III), but became increasingly similar to
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glioblastomas (WHO grade 1V) in the second and third
generations. Parallel to this progression, increasing
neovascularization and tumour necrosis was observed,
both characteristic of glioblastoma.

The benefits of inoculation of pre-cultured small tumour
spheroids have been well described (5, 7). However, it should
be stressed that spheroids from a biopsy specimen consist of
heterogeneous cell populations, e.g., vascular elements
(endothelial cells, pericytes), other mesenchyme-derived cells
(fibroblasts) and microglia (a type of differentiated tissue
macrophage) (4, 18), requiring more careful characterization
of the cellular composition of the inoculated spheroids when
interpreting the resulting tumour behaviour. In contrast, U87
cell-inoculated tumours have a relatively isomorphous
cellular composition, due to their clonal origin, and further
tumour development can be followed during subsequent
generations, with respect to dedifferentiation of the tumour
cells and induced recruitment of stromal cells from the
tumour microenvironment (19).
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Figure 7. a) Moderate immunoreactivity for musashi inside the tumour (x40). b) Synaptophysin expression in tumour cells was minimal (x40). c) Diffuse
positive immune reaction for cathepsin B inside the tumour (x10). d) The expression of cathepsin L in the tumour cells of the tumours was stronger on
the periphery (x10). e) Staining with CD68 antibody revealed a strong positive reaction in most spheroids (x40). f) The same was found in tumours of
all three generations (x10). g) Inside the third generation tumour, numerous tumour blood vessels could be observed (arrows) (x10). h) Most of the
tumour cells inside the tumours of all three generations presented a strong immune reaction for kallikrein 6 (x10).

Ki-67 antigen expression is a measure of the proportion
of cellular and, hence, biological aggressiveness in
malignancy (20, 21). The proliferative activity, defined by
the Ki-67 LI, was correlated with progression and prognosis
in a number of malignant tumours including prostate cancer
(22). We found higher levels of this antigen in the first,
second and third generation tumours compared to the U87
cell suspension and the spheroids, indicating increased
proliferation in this model of tumorigenicity.

Vimentin is an intermediate filament protein, which
marks the mesenchymal cell phenotype. In the course of
development of the nervous system, vimentin appears first
in immature glial cells (23), but rapidly decreases as
GFAP appears concomitantly with myelination (24). In
mature astroglia, vimentin and GFAP coexist, and normal,

reactive and neoplastic astrocytes have been found to
contain variable amounts of both (25). In the present
work, it was revealed that high production of vimentin by
the tumour cells was preserved in tumour progression in
the host, thus showing that the U87 clone consists of
immature cells.

S100 and its subunits have been identified in a wide
variety of normal, reactive and neoplastic human tissues (26,
27) and determined both in biopsies of glial tumours and
their established primary cell cultures (28, 29). Only
moderate S100 immunoreactivity was detected in the U87
cell suspension and weak expression in the tumour induced
by injection of spheroids or implantation of tumour tissue,
which can be explained by the possible down-regulation of
S100 expression following tumour dedifferentiation (4).
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GFAP represents one of the five essential cytoskeletal
components of most vertebrate eukaryotic cells (30) and is
restricted to mature astrocytes. The U87 cell suspension
presented a moderate immune reaction for GFAP, but it
was absent in the induced tumours. This does not
necessarily mean that a cell is of non-glial origin, but
similarly to that observed for S100, the ability to synthesise
GFAP after further dedifferentiation of theU87 cells in the
host was gradually lost.

Nestin has been detected in primary central nervous
system tumours (31). We showed that nestin could be used
as a biological marker for glioma malignancy (32). Contrary
to the weak nestin expression of the U87 clone in cell
cultures, immunostaining was absent in the spheroids. A
switch to further dedifferentiation in the host might explain
the moderate staining in the Tumour-I generation induced
by inoculation of U87 cells or spheroids, as well as in the
Tumour-II and -IIT generations induced by implantation of
tumour tissue.

In mammals, the musashi family controls neural stem cell
homeostasis, differentiation and tumorigenesis by repressing
translation of particular mRNAs (33). The U87 cell
suspension presented a weak immune reaction for musashi
and, in contrast to nestin, its expression increased in the
tumour cells as the tumours progressed, perhaps related to
their malignant growth and dedifferentiation.

Synaptophysin is a useful marker for the identification of
normal neuroendocrine cells and neuroendocrine neoplasm
(34). The expression of synaptophysin decreased from
moderate in the U87 cell suspension to weak in the induced
tumours. Further dedifferentiation in the host might explain
this loss of expression.

Lysosomal cathepsins (Cats) comprise intracellular
proteinases of different classes. The malignant progression
of human gliomas was first found to be associated with an
increase in cysteine proteases, as described by Levicar et al.
(35). Demchick et al. (36) also described high levels of Cat B
in tumour and endothelial cells of tumour tissue. In our
previous study, we concluded that specific immunostaining
of Cat B in tumours, and particularly in endothelial cells,
can be used to predict the risk of death in patients with
primary tumours of the central nervous system (37). Strong
immunostaining for Cat B in the U87 cell suspension and
in the first generation, but not in other generation
spheroids, indicated that these highly proliferative tumours
had lost some of their invasive potential. A closer
relationship to in vitro tumour cell invasiveness, but not to
the tumorigenic potential of tumour cells, was also
observed in our breast cancer cell model (38, 39). In
agreement with our previous study, Cat B, but not Cat L,
staining was observed in endothelial cells of neovessels in
higher tumour generations. Sivaparvathi et al. (40)
demonstrated that Cat L expression and activity also
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correlated positively with the increasing malignancy of
human glioma. We demonstrated Cat L immunolabelling
in glioma tissue sections, where it was mostly localized to
the tumour cells and was significantly higher in malignant
than in benign gliomas (41). Although Cat L protein
expression correlated to that of Cat B, Cat L was localized
more selectively to the malignant tumour cells, implying its
specific role in the malignant transformation of brain
tumour cells. Here, a high expression of Cat L was
observed in the U87 cell suspension, which decreased in all
tumours induced by injection of spheroids and even more
in the tumours induced by implantation of tumour tissue,
probably because of tumour cell dedifferentiation.

CD68 is a specific marker for resting microglia (42).
Considered as immune effector cells of the central nervous
system, the microglia represent a major component of the
inflammatory cells found in malignant gliomas (43). The
role of microglia in malignant glioma biology remains
unclear. On the one hand, the microglia may represent a
central nervous system antitumour response, which is
inactivated by the local secretion of immunonosuppressive
factors by glioma cells. On the other hand, taking into
account that the microglia are capable of secreting a variety
of immunomodulatory cytokines, it is possible that they are
attracted by gliomas to promote tumour growth (18). In
accordance with the strong immune reaction for CD68 in all
our samples, we believe that microglia accumulation in glial
tumours does not merely represent a non-specific reaction
to tissue injury, but reflects the participation of these cells in
supporting and promoting the invasive phenotype of
astrocytoma cells.

Factor VIII-related antigen is synthesized in vascular
endothelial cells. Anti-FVIIIrAg antibodies have proved
reliable markers for human endothelial cells (44). A strong
immune reaction for FVIII was noted in tumours of the
second and third generation, which correlated with
increased vascular proliferation in more malignant tumours.

Tissue kallikreins also exist as proteases in various tissues
including the brain (45-47) and have recently been strongly
associated with tumour progression (48). Strong kallikrein 6
immunostaining in the U87 cell suspension and in tumours
induced by injection of spheroids and implantation of tumour
tissue indicated the role of kallikrein in tumour growth.

Conclusion

In conclusion, the U87 human glioblastoma spheroid cell
line model in immunosuppressed Wistar rats provides an
excellent system for experimental studies of human
malignant brain tumours. The panel of marker protein
expressions were followed in the first, second and third
generations of tumours. The data indicated that tumour
progression was characterised by increased cell proliferation
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and tumour cell dedifferentiation, but lower invasiveness of
the resulting tumours. However, increased angiogenesis
indicated high malignancy of the higher tumour generation.
The model provides the basis for further multigenetic and
multimolecular tumour cell analyses.
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