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Abstract

A novel model of glioma cell invasion was established by using an
organotypic culture of rat brains. Brain slices prepared from 2-day-old rat

neonates were maintained in a culture at the interface between air and the
culture medium. The slices were placed on double-layered membranes
consisting of a polycarbonate membrane with 8-/im pores and a mem
brane with 0.4-fim pores. The organotypic cytoarchitecture of the cul

tured brain slices remained well preserved, and the neuronal viability was
kept intact for over 2 months. When C6 glioma spheroids were cocultured
with the brain slices, the tumor cells migrated in a scattered fashion
around the spheroids. Exogenous LI or glioma motility factor I strongly
stimulated the cell migration, whereas fibronectin, tenascin, and glioma
motility factor II had little or no effect. When C6 glioma cells placed on
the brain slices were incubated while being stimulated by Ll-transfected

fibroblast cells for 2 days, many more tumor cells invaded and reached the
bottom of the upper membrane. This Ll-stimulated glioma cell invasion
into brain slices was significantly inhibited by an anti-Li antibody. Our

novel invasion model, which mimics the in vivo conditions of the central
nervous system, may make it possible to analyze actual events of glioma
cell invasion in normal brains in situ.

Introduction

Malignant glial tumors show a specific growth and invasion pattern
that is different from that of various malignant neoplasms outside the
CNS.3 The primary intrinsic glial tumors rarely metastasize to sites

beyond the CNS, and they show a marked propensity for diffuse
invasion into the surrounding normal brain tissues. Failure to control
these invading tumor cells seems to be largely responsible for local
tumor recurrence after the initial treatment and may contribute to
extremely poor prognosis for patients with malignant glial tumors.
Therefore, a novel approach to controlling the local invasion of tumor
cells may lead to a promising radical cure for these intractable
neoplasms. Unlike the case of distant metastasis of non-CNS tumors,

in which the tumor cells spread to other sites across the basement
membrane of vessels, it is difficult to study directly the interactions
between invading glial tumor cells and normal brains in situ. Although
an in vitro chemoinvasion assay method ( 1) has been used for eval
uating tumor invasiveness in general, it is not suitable for a study of
glioma cell invasion because basement membranes do not actually
constitute a barrier for the invading glioma cells in brains. To over
come these problems, several organ culture models have been de
signed to explore the mechanisms of invasion in malignant brain
tumors, including confrontations between glioma aggregates and dif
ferent types of heterologous tissues (2, 3). To analyze more directly
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the effects on brain tissues, fetal brain aggregates have been con
fronted with malignant brain tumor cells (4, 5). However, these
coculture systems, even with normal brain tissues, are insufficient for
a study of glioma invasion because such aggregates are lacking in not
only the normal architecture of the neural tissues but also the bio
chemical and electrophysiological functions of normal neurons that
may actually affect invading tumor cells in normal brains in vivo. In
addition, a three-dimensional model using collagen gels has been

developed recently to monitor the invasive behavior of C6 glioma
cells (6), but this model also does not reflect the normal conditions of
brain tissues, although it has the advantage of making it possible to
modify the extracellular matrix components.

Recently, organotypic cultures of nervous tissue, including those of
the hippocampal and cortical regions, have been successfully pro
duced with a simple method in which brain slices are maintained in a
culture at the interface between air and the culture medium (7-10).

Not only is the normal cytoarchitecture such as cortical lamination
and pyramidal cells preserved in these organotypic brain slice cul
tures, but the biochemical and electrophysiological properties of neu
ronal cells are also usually maintained for relatively long periods of
more than 1 month. By modifying this organotypic culture of nervous
tissues, we have managed to establish a novel model for glial tumor
cell invasion with conditions analogous to those of normal brains in
situ. This model may make it possible not only to investigate molec
ular events outside the living body (events which actually occur
between brain tumor cells and brains in vivo) but also to evaluate the
actual effects of anti-invasion therapy on malignant gliomas.

Materials and Methods

Brain Slice Culture. A slice culture of rat whole cerebrum was produced
by modifying an organotypic culture method used previously (8). Brain slices
were prepared from 2-day-old neonatal Wistar rats. After brief anesthesia with
diethyl ether, the rats were plunged into a 10% povidone-iodine solution, and

the heads were cutoff with scissors. The whole brains were quickly removed
and placed in HBSS (Life Technologies, Inc.. Rockville, MD). The brain was
then cut vertically to the base. 1 mm inward from both rostral and caudal ends
of the cerebrum, and mounted on the stage of a microslicer (Dosaka EM Co.
Ltd., Kyoto, Japan). Slices of 300-u.m thickness were cut and transferred onto
double-layered membranes, which consisted of two different types of mem
branes. The upper membrane was a polycarbonate membrane with 8-p.m pores
(Nucleopore, Pleasanton, CA) which was placed on a membrane with 0.4-/xm
pores (Millicell-CM, Nihon Millipore Ltd., Tokyo, Japan), with the latter

functioning as a lower membrane affixed to the bottom of an upper chamber.
These double-layered membranes were then placed in wells of six-well culture

plates filled with PBS. After the brain slices had been placed on the mem
branes, the PBS was aspirated and 1 ml of culture medium was added to each
well of the plate but without covering the brain slices. The slice culture
medium consisted of 50% Eagle's MEM with HEPES, 25% HBSS, 25%

heat-inactivated horse serum (Life Technologies, Inc.), 6.5 mg/ml glucose. 100

units/ml penicillin, 100 pig/ml streptomycin, and 2.5 /Â¿g/mlamphotericin B
(Fungizone). The brain slice culture was incubated at 37Â°Cunder standard

conditions of 100% humidity, 95% air, and 5% CO2. Half of the medium was
replaced with fresh medium twice a week. The volume of the medium after the
second change was reduced to 0.8 ml to allow the slice to remain well exposed
to the air. This was critical for long-term survival of the neuronal cells in the

slices.
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Assay of Neuronal Viability in Brain Slices. To determine whether brain
slices in the culture were viable, a morphological examination of the slices was
performed every day. and neuronal viability was assessed in terms of cellular
uptake of PI (Sigma Chemical Co., St. Louis. MO) before and after NMDA
(Sigma) treatment. In the NMDA insult, after exposure to 100 Â¿AMNMDA for
15 min. brain slices were incubated with PI for l h to measure early neuronal
death or for 24 h to measure delayed neuronal death. PI signals were viewed
under a fluorescence microscope with a TRITC filter. PI was dissolved in a
serum-free solution containing 75% Eagle's MEM. 25% HBSS, 2 mM L-

glutamine. and 6.5 mg/ml glucose to a final concentration of 4.6 Â¿tg/ml.
Glioma Cell Spheroids. C6 rat glioma cells (obtained from American

Type Culture Collection. Rockville. MD) were grown as a monolayer culture
in Ham's F-IO medium supplemented with 10% FBS (Equitech-Bio, Inc.,

Ingram. TX). The C6 cells were labeled with the PKH2 fluorescent cell
staining kit (ZYNAXIS Cell Science. Inc.. Malvern, PA) as described previ
ously (11). Briefly, the C6 cells were harvested by trypsinization, washed
twice, and resuspended in labeling diluent "A" (provided with the PKH2

staining kit) at a concentration of 2 X IO7 cells/ml. PKH2 dye was added to an
equal volume of diluent "A" to make a 4 /J.Msolution. This solution was added

to the cell/diluent suspension and mixed by gentle agitation. After incubating
the cells at room temperature for 5 min. the labeling reaction was stopped by
adding a double volume of the medium containing 10% FBS and four times the
volume of FBS into the sample tubes. The cells were then washed and
resuspended in Ham's F-IO medium containing 10% FBS. The labeled C6

glioma cells (5 x IO6) were seeded into a 1.25% agar-coated culture dish (100

mm in diameter. Iwaki Glass. Chiba. Japan). The cells were incubated under
continuous agitation at a speed of 40 rpm on a reciprocating shaker (Taitec,
Saitama. Japan) at 37Â°Cin a humidified atmosphere of 5% CO, and 95% air

for 2 to 3 days. C6 glioma cell spheroids obtained with this method had a
diameter ranging from 60-150 /xm. For the experiments, cell aggregates with

a size of about 100 /im were selected.
Migration Assay in Brain Slices. One spheroid of C6 glioma cells was

pipetted, placed on a brain slice as close to the corpus callosum as possible, and
incubated at 37Â°Cunder the standard conditions described above. Four h later.

2 PL\of one of various molecules, all of which had been found to be chemo-

tactic stimulators for C6 glioma cells, was applied directly to the C6 spheroid.
Thereafter, the application of the molecule was carried out once a day for 6
days. The molecules included neural cell adhesion molecule LI (a gift from Dr.
M. Sugawa. Chugai Pharmaceutical Co. Ltd., Shizuoka. Japan). GMF-I. and
GMF-II (12). fibronectin (Telios. San Diego, CA). and tenascin (Telios). All of

these were used at a concentration of 5 /j.g/ml in PBS. PBS only was also
applied to C6 spheroids as a control. To estimate the extent of cell migration,
the distance between the margin of the initially placed spheroids and the
population of the migrating cells showing half the density (area) of the
maximum density of migrating cells from the C6 spheroid was calculated by
using computer images for which the original fluorescent pictures of the slices
were taken with a color chilled 3-CCD (charge coupled device) camera

(C5810. Hamamatsu Photonics Co. Ltd., Shizuoka. Japan). For this calcula
tion, concentric circles 10 firn apart were drawn around the margin of the
spheroid, and the total area of the fluorescent dye-stained cells contained

within each ring was calculated from an NIH Image. Each area was plotted as
a function of the distance from the margin of the tumor spheroid, and the
distribution curve of migrating cells outside the spheroid was constructed for
each brain slice. The migratory strength of the cells on the slice was then
defined as the distance (/urn) that showed half of the value of the maximum
density (area) of migrating cells on the distribution curve.

Invasion Assay in Brain Slices. Ll-transfected fibroblast cells (LI cells)

were used as attractants for C6 glioma cell invasion into the brain slices.
Cloned cells that express and secrete LI were obtained by tranfecting rat LI
cDNA into mouse fibroblast L cells (13). The LI cells and nontransfected
fibroblast cells (LO-cells) were seeded in 6-well culture plates (ranging from
5X lO'toSX IO5cells per well) and incubated in MEM containing 10% FBS.
After a 24-h incubation at 37Â°Cunder standard conditions, the medium was

replaced with the brain slice culture medium. PKH2 fluorescent dye-labeled

C6 glioma cell suspension was added to an equal volume of Matrigel (Col
laborative Research. Bedford, MA) and the mixture was kept at 4Â°Cbefore the

invasion assay in the brain slices.
Two jj.1of the mixture (containing I X IO5 cells) were put on the surface of

the brain slices that had been cultured on the double-layered membranes. The

upper chambers were then reset in 6-well culture plates in which LI or LO cells
had been grown. The coculture was performed at 37Â°Cunder standard condi

tions. After 2 to 4 days of incubation, the brain slices and any cells on the
membrane were wiped away with a cotton swab. The upper membrane was
then removed and mounted with the bottom side facing up on a glass slide.
Fluorescent images of cells that had migrated to the bottom of the membrane
with the 8-/xm pores were viewed under a fluorescence microscope with an
FITC filter and were entered into a desk-top computer by means of a color
chilled 3-CCD camera. The number of fluorescent dye-labeled glioma cells

displayed on the computer image was counted over the entire area of the
membrane. To examine the effect of LI on glioma cell invasion into brain
slices, an anti-Li antibody (a generous gift from Dr. H. Asou. Tokyo Metro

politan Institute of Gerontology, Tokyo) that was found to be able to neutralize
LI-promoted neuronal cell migration was added to the lower chamber in which

the LI cells were grown.

Results

Cytoarchitecture and Viability of Cultured Brain Slices. Dur
ing about 1 week of static culture conditions, brain (whole cere
brum) slices on culture membranes decreased in thickness from
300 firn to 100-150 p.m and maintained this reduced thickness for

about 1 month. The organotypic organization, including the lami
nar structure of the cortex and corpus callosum in the brain slices,
remained well preserved for over 2 months. The viability of
cultured brain slices was evaluated by PI staining before and after
NMDA insult. Although brain slices in the early periods of culture
(within 3 days) showed spontaneous PI fluorescence even in the
absence of NMDA insult, those after 5 days of culture did not
develop spontaneous PI staining for at least 1 month. A 15-min

exposure to 100 /J.MNMDA induced intense PI fluorescence in the
brain slices at both 1 and 24 h after the insult (reflecting both early
and delayed neuronal death; data not shown). Therefore, the en
suing glioma cell migraton and invasion experiments used brain
slices at least 1 week after the initiation of the culture. In addition,
an NMDA assay was carried out in conjunction with experiments
to check whether the brain slices used in the experiments were
maintaining normal viability.

Glioma Cell Migration on Brain Slices. C6 glioma cell sphe
roids cocultured with brain slices caused the tumor cells to spread
in a scattered fashion on the surface of the slices; this tendency
increased as the culture progressed (Fig. \A). The distribution
curves in which the density (area) of migrating cells outside the
spheroids was represented as a function of the distance from the
margin of the spheroids showed almost normal distribution. From
the distribution curves, the extent of cell migration, defined as the
distance from the margin at which the total area of the cell
population was half of the maximum area, was calculated for each
brain slice. The extent of the cell migration changed in accordance
with the different chemotactic molecules used. LI was found to
stimulate cell migration most strongly and GMF-I second most

strongly (Fig. 2). In particular, LI caused the tumor cells to spread
much farther away from the original spheroid (Fig. IÃŸ),whereas
GMF-I caused the tumor cells to extend diffusively as though they
were still surrounding the original C6 spheroid. GMF-II and tena

scin had a minor enhancing effect on cell migration, but this was
not significant except after treatment with tenascin for 6 days.
Fibronectin, on the other hand, which showed a strong migratory
effect on glioma cells in the Boyden chamber assay, had little
influence on cell migration in the brain slices even at a concen
tration comparable to that used in the Boyden chamber method.

Glioma Cell Invasion into Brain Slices. Most of the C6 glioma
cells that had been applied to the brain slices remained on the
surface of the slices and were spot-like in appearance even after 2

days of coculture (Fig. 3A). The distribution of glioma cells on the
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B

2d.

4d.

6d.

Fig. I. PKH2 fluorescent dye-labeled Iunior cell migration from C6 glioma spheroids cocultured with rat brain slices 2. 4. and 6 days after treatment with PBS (control; A) or LI
(ÃŸ).Without ,1111,1Â»i,mi-,. C6 glioma cells expand and migrate over a short distance around the tumor spheroids, whereas they are diffusively scattered away from the spheroids by the
stimulation with LI. x 100. Bar. 100 /Â¿m.

upper surface of the brain slices did not differ in accordance with through the brain slice (Fig. 3fl). LO-cells also stimulated cell

the substrates in the lower chambers. On the other hand, when LI
cells were used as attractants in the lower chamber, C6 glioma cells
dose-dependently (according to the number of LI cells seeded in

the lower chamber) migrated to the bottom of the upper membrane

invasion, but the effect was much less than that of LI cells
(P < 0.05). In addition, the invasion-promoting effect of LI cells
was significantly inhibited by the addition of an anti-Li antibody

(P < 0.001; Fig. 4).
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Fig. 2. Effects of different molecules on the cell migration from C6
glioma spheroids that were cocullured with rat brain slices. Two ju.1of/,/.
GMF-1, GMF-II, fibronectin (FAO, and tenascin (TNI were directly ap

plied to the spheroids at a concentration of 5 jxg/ml once a day for 2, 4.
or 6 days. PBS was also applied to the spheroids as a control. The extent
of cell migration was estimated by calculating the distance from the
margin of the initial spheroids to the population of the migrating cells
showing half the value of the maximum density (area) of migrating cells
outside the spheroid. The calculation was performed by drawing concen
tric circles, 10 jam apart, around the spheroid and making distribution
curves of migrating cells around the spheroids (the total area of cells
within each ring versus the distance from the margin of the spheroid to
each ring). Columns and bara represent means Â±SD for the four different
experiments. *, P < 0.05 and **. P < 0.01 versus PBS treatment for all
of the durations (paired I test).
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Discussion

In the organotypic brain culture presented here, we have used a
method by which whole cerebral slices on two different porous
membranes can be maintained at the interface between air and a
culture medium. Other procedures such as the roller tube technique
(14, 15) may also be used for organotypic cultures of various areas of
the CNS, but the present method has been found to have major
advantages for the invasion model: (a) the technique is relatively
simple and reproducible; (b) a large slice with a moderate thickness
(100-150 /im) can be maintained for a long period of time; and (c) the
method allows for a long-term coculture between tumor cells or tissue

fragments and normally organized brains and thus provides a favor
able condition for analyzing glioma cell invasion in circumstances
analogous to those of normal brains in vivo.

Although it has been considered to be more difficult to prepare and
maintain the organotypic culture of slices of the whole cerebrum
compared with those of smaller areas such as the hippocampus and
cortex only, we have successfully accomplished brain (whole cere
brum) slice culture by using 2-day-old neonatal rat brains. Brains of

any other age were considered to be unsuitable for the present studies.
In the case of smaller brains (much younger rats), it was difficult to
manipulate the whole cerebrum as intact slices and particularly to
prevent the two cerebral hemispheres from detaching. Brains prepared
from rats of an older age were relatively resistant to invasion of tumor
cells; it took the cells a much longer time to penetrate into brain slices
and reach the bottom than in the case of younger brains. During the
first several days after the slice culture was initiated, many glial cells
migrated on the porous membranes as observed previously (16); the
glial migration continued for several weeks with a gradual decrease in
the number of cells. This required some labeling of glioma cells with
an appropriate marker so that migrating and invading glioma cells
could be clearly distinguished from normal migrating glial cells in the
coculture study. We used PKH2-fluorescent dye for the marker be

cause it had been found to be very useful for in vivo observation of C6
glioma cell migration in normal rat brains (11). It is known that
treatment of neural cells and tissues with NMDA induces neurotox-

icity by activating the NMDA receptor only in the living neuronal
cells (17). The NMDA insult is, therefore, a simple and useful tool to
assess the viability of neuronal cells. However, it has been observed
that the NMDA insult in organotypic hippocampal slices induces two
different types of neuronal deathâ€”early and delayed cell deathâ€”at

different culture stages (18). This suggests that the neuronal properties
of an organotypic culture may change during the culture period. Thus,
a long-term experiment using brain slices should be used to identify

possible alterations in the electrophysiological nature of the slices. In
the present study, early stages (up to 3 weeks) of brain slice culture
showed both early and delayed neuronal cell death as a result of
NMDA insult, and, therefore, all of the experiments used slices
cultured for 1-3 weeks.

C6 glioma cells cocultured with brain slices spontaneously mi
grated on the surface of the slices, but the speed and extent of the cell
migration on the brain slices were much less than those for cells
grown in a monolayer culture on a plastic dish. When combined with
the observation that glioma cells, confronted with fetal rat brain
aggregates, migrated into the brain tissues at a relatively early stage
and completely destroyed them within 10 days (4), our results suggest
that not only the components of nervous tissues but also the three-

dimensional normal cytoarchitecture of brains may contribute to such
a relatively slow movement of glioma cells on brain slices. Actually,
an in vivo migration study of C6 glioma cells transplanted into rat
brains has demonstrated that tumor cell migration to LI was not
observed for at least the first 4 days after the transplantation (11). We
previously used the modified Boyden chamber method or monolayer
migration assay with 96 precision cylinders to examine effects of
several extracellular matrix proteins and cell adhesion molecules on
glioma cell migration (12, 19). In these studies, fibronectin and
GMF-I were seen to strongly stimulate glioma cell migration, whereas
LI and GMF-II did so moderately. Furthermore, it has been observed

that reaggregates of glioma cells strongly and preferably migrated on
dishes that were coated with fibronectin and laminin (20). The neural
cell adhesion molecule LI used in the present study showed an
extremely strong effect on glioma cell migration on brain slices.
Although the reason LI produces such a strong migratory activity in
brain slices remains unknown, LI was also found to markedly stim
ulate glioma cell invasion into the brain slices, whereas fibronectin
and GMF-I did so to a much lesser extent (data not shown). These

findings are consistent with a previous observation that intracerebrally
placed LI-secreting cells markedly stimulated the migration of C6

glioma cells that were transplanted into rat brains (11). Contrary to
expectation, fibronectin had only a minor effect on cell migration in
brain slices and seemed rather to localize the tumors, which resulted
in expansive spreading of the tumor cells within a limited area around

2938

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/14/2935/2467335/cr0580142935.pdf by guest on 19 M

ay 2023



GLIOMA INVASION IN BRAIN SLICE CULTURE

Fig. 3. The C6 glioma cell invasion into the rat
brain slices maintained on the double-layered
membranes. PKH2-dye stained C6 glioma cells
remained on the surface of brain slices (A: X 100).
but the glioma cells migrated to the bottom of the
upper membrane with an 8-fim pore size through
the slices (B; X200) under the stimulation of Ll-

secreting fibroblast cells.

the spheroids. A three-dimensional model that used collagen gels also

demonstrated that the fibronectin that was incorporated into the gels
had no significant influence on the invasive activity of C6 glioma cells
(6). These observations suggest that previous in vitro studies, in which
glioma cell migration was analyzed in terms of interaction with
extracellular matrix components and cell adhesion molecules only, do
not exactly reflect cellular and molecular events brought about by the
interaction of glioma cells and brain tissues in vivo.

Although the present invasion model using cultured brain slices
lacks blood vessels and immune systems, it seems to be the most
satisfactory model available at present for investigating molecular
mechanisms actually occurring in the process of glioma invasion in
normal brains in situ. In particular, when brain slices in cultures of the
same duration are used for the migration and invasion studies, repro-

ducibility of the results is very good, even if the brain slices are
obtained from different rats. Preliminary studies using this invasion

model have demonstrated that LI-stimulated glioma cell migration
and invasion are accompanied by the activation of matrix metallopro-

teinases and that the inhibition of the enzyme activity significantly
decreases both cell migration and cell invasion in brain slices.4

Interestingly, cells migrating from the tumor spheroid were
intensely stained with an anti-matrix metalloproteinase 2 antibody,

whereas the spheroid itself was very poorly stained with the
antibody. In our invasion model, the double-membrane technique

was used to evaluate cell invasion into brain slice tissues. When
tumor spheroids were applied to brain slices instead of tumor cell
suspensions, we could hardly detect any tumor cells that had
reached the bottom of the upper membrane. This may be because

4 T. Ohnishi. H. Matsumura. S. Hiraga. S. I/umoto. and N. Arita. Quantitative analysis

of glioma cell invasion using an organotypic brain slice model coupled with a confocal
laser scanning microscope, manuscript in preparation.
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Substrates in Lower Chambers
Fig. 4. Effects of the LI-mediated invasion of C6 glioma cells into rat brain slices.

PKH2-labeled C6 glioma cells were placed on brain slices and cocultured for 2 days with
the stimulation of Ll-secreting cells (Li; 5 X IO5), control cells (LO: 5 X IO5), or MEM

only. Cell invasion was estimated in terms of the number of cells that had migrated to the
bottom of the upper membrane. An anti-Li antibody was added to the Ll-secreting cells

so as to examine its effect (LI + Ab}. Columns and bars represent means Â±SD for the
five different experiments. (/>s were determined by the paired t tesi. P < 0.05 was

considered significanti.

tumor cells take much longer to migrate from the spheroid to reach
the bottom of brain slices than do glioma cells in suspensions.
Actually, confocal laser scanning microscopy detected the invad
ing tumor cells migrating from the spheroid at a depth of 60-80
;um from the top of the brain slices, which corresponds to a locus
about 20-40 ju,mfrom the bottom of the slices (data not shown).
Because confocal laser scanning microscopy has major advantages
in that it makes it possible to quantitatively analyze the spatial
extent as well as the distance over which invading tumor cells that
are cocultured with brain slices migrate. In addition, it allows for
the observation of cell migration in real time. For these reasons, we
are now trying to improve the present invasion model with the
addition of a confocal laser scanning microscope. The invasion
model presented here or the improved version is expected to
provide a new approach to the investigation of the mechanisms
underlying glioma cell invasion and may also suggest novel modes
of anti-invasion therapy for malignant gliomas.
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