
ICANCERRESEARCH53,5158-5105.Novemberi, 1993]

Migratory Pattern of Fetal Rat Brain Cells and Human Glioma Cells in the Adult
Rat Brain1

Paal-Henning Pedersen,2 Kirsten Marienhagen, Sverre \lork, and Rolf Bjerkvig

The Cade institute. Department of Pathology, University of Bergen, N-502I, Haukeland Hospital Â¡P-H. P., K. M., 5. M., R. BJ, and Department of Anatomy and Cell Biology,

University of Bergen Â¡R.BÂ¡,Bergen, Norway

ABSTRACT

The migratory behavior of two human glioma cell lines (D-54MG and

(,.iM(.i and fetal rat brain cells grafted into the adult rat brain was
studied. To trace the implanted cells, they were stained with the carbo-
cyanine vital dye l,l'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine

perchlorate before injecting them into the white matter above the corpus
calli IMIin. The animals were sacrificed 2 h and 7 and 21 days after injec
tion, and the brains were removed and cryosectioned. Fluorescence mi
croscopy showed that both the l.r-dioctadecvl-3.3,3'.3'-tttrami'thylind(>-

carbocyanine perchlorate-stained fetal and tumor cells had the same

migratory pattern. Implanted cells were found along myelinated fibers in
the corpus callosum and in the perivascular space.

After immunostaining for several extracellular matrix 11( M i compo
nents (laminin, fibronectin, collagen type IV, and chondroitin sulfate),
laminin deposits were observed in the border zone between the host tissue
and implanted tumor cells as well as fetal cells. By using two different
types of antibodies against fibronectin, it is shown that the fibronectin
expression observed in the tumor matrix may be host derived. This was
further supported by the fact that tumor spheroids obtained from the two
glioma cell lines were negative when immunostained for these IX M com
ponents.

Several of the ECM components may be host derived. This can be
caused by neovascularization and repair synthesis or by a local production
of guiding substrates which are important for tumor cell locomotion.

The present data suggest that the migratory patterns of fetal and glioma
cells are indistinguishable when transplanted into the adult rat brain.
Thus, glioma cells may be routed by the same ECM components that play
a major role during brain development.

INTRODUCTION

Extensive invasion and migration of malignant cells into the sur
rounding brain are common features of gliomas. The tumor cells have
a tendency to migrate along fiber tracts of the white matter and blood
vessels (1, 2). It is at present unclear whether this migration is en
hanced by specific biological properties of the tumor cells or by
specific anatomical structures in the brain itself.

In the developing nervous system, immature neuroectodermal cells
show a high mitotic activity and have a capacity for migration over
considerable distances (3-5). The cells follow certain routes of mi
gration and ECM-1components like fibronectin, heparan sulfate, chon

droitin sulfate, and laminin have been suggested as substances that
help in guiding the cells to their final destination (6-10). The impor

tance of these substances in development has been demonstrated by
antibodies against fibronectin, laminin, and a laminin-heparan sulfate

complex which will cause, after injection into the neural tube, distur
bances in neural development (11, 12).
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Since both immature neuroectodermal cells and glioma cells have a
capacity for proliferation and migration, it is tempting to speculate
that the two cell populations use similar mechanisms of migration in
the central nervous system. It is well known that tumor cells can
acquire certain fetal phenotypic traits during and after transformation
(13-15). This may, at least in part, explain the extensive migratory

behavior of glioma cells in the central nervous system. Such a theory
is supported by observations from developmental neurobiology where
the biological behavior of fetal cells is dependent upon the stage of
neural cell differentiation (16, 17). In gliomas, there may be a con
tinuous change in the genetic material during tumor progression (18).
However, the degree of differentiation, the histological "malignancy"

of gliomas, is not strictly linked to tumor cell invasion since also
highly differentiated gliomas are invasive in the brain (19). Several
studies have shown that both autografted and xenografted fetal brain
cells differentiate and migrate when transplanted into the brain of
adult recipients (20-25). Furthermore, human glioma cells may also

survive and migrate after implantation into the adult rat brain (26, 27).
In the present work, the pattern of migration of fetal rat brain cells

and human glioma cells transplanted into the adult rat brain is de
scribed. For this purpose, the transplanted cells were stained with the
carbocyanine dye Oil (28-31). At the concentration used, this dye is

nontoxic and will integrate within the plasma membrane of individual
living cells. Upon cell division, the dye is evenly distributed in the
membrane of the daughter cells (31). In cryosections, implanted cells
will appear bright red by fluorescence microscopy. To study a possible
role of potentially important ECM components in the migratory pro
cess, the implants were studied by immunofluorescence microscopy
for laminin, fibronectin, collagen type IV, and chondroitin sulfate as
well as GFAP and LCA.

MATERIALS AND METHODS

Animals

Thirty-six inbred BD IX rats (32) of both sexes weighing 250-350 g were

kept on a standard pellet diet, given lap water ad lihiium, and caged in pairs at
constant temperature and humidity on a 12-h light and dark schedule.

Cells

Fetal Rat Brain Cells. Fetal rat brain cells were obtained from 18-day-old

fetuses of inbred BD IX rats. The brains were removed aseptically, cleaned of
meningial coverings, and placed into sterile Petri dishes containing calcium-
and magnesium-free PBS (Sigma Chemical Co., St. Louis, MO). The brain

tissue was minced, washed in PBS, and dissociated by serial trypsination
(0.025% trypsin; Whiltaker Bioproducts, Walkerville, MD); the resulting
single cell suspension was counted electronically using a Coulter Counter
(Coulter Electronics, Ltd., Luton Beds, England) (33, 34). It has been shown
that the viability of the fetal cell is more then 90% as defined by the trypan blue
exclusion test.

Human Glioma Cells. Two permanent human glioma cell lines (GaMG
and D-54MG) were used. The D-54MG cell line was kindly supplied by Darell

D. Bigner at Duke University, Durham, NC (35). The GaMG cell line was
established in our laboratory and has been characterized elsewhere (36). The
cells were grown in DMEM (Gibco Life Technologies, Ltd., Paisley, Scotland)
supplemented with 10% heat-inactivated newborn bovine serum, 4 limes the
prescribed concentration of nonessential amino acids, 2% i.-glutamine, peni-
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cillin (KM) ID/ml), and streptomycin (1(K) /Â¿g/ml).The cells were kept in a
standard tissue culture incubator at 37Â°Cwith 100% relative humidity, 95% air,

and 5% CO;. When the monolayer was at confluence, the cells were trypsin-

ized and the resulting single cell suspension was washed in PBS and counted
electronically using a Coulter Counter.

Fetal Brain Cell Aggregates. Fetal rat brain aggregates were prepared by
seeding d x 10" cells in 1 ml growth medium into 16-mm multiwell dishes

(Nunc, Roskilde, Denmark) with a base coated with (1.5 ml agar. After 48 h,
aggregates with a diameter of 250 Â±50 (SD) /Â¿mwere selected using a
slereomicroscope and transferred separately into new wells. The aggregates
were kept in a standard tissue culture incubator (100% relative humidity, 95%
air, and 5% COi). After 7 days, the immature aggregates were frozen, cryo-

sectioned, and immunostained as described below. These aggregates consisted
of immature neuroectodermal cells which, upon further tissue culture (20
days), would develop into mature histiotypic structures (33, 34). For the
present experiments, aggregates with a diameter of 250 Â±50 /xm were used.

Tumor Spheroids. Multicellular spheroids of the D-54MG and GaMG cell
lines were initiated by seeding 5 X 10'' cells in 20 nil of complete DMEM into
80-cm- medium agar-coated tissue culture flasks (Nunc). After 7 days of

culture, multicellular tumor spheroids with diameters between 100 and 350 Â¡j.m
were formed. Tumor spheroids with a diameter of 250 Â±50 fj,m were selected
and immunostained for the ECM components as described below.

Staining of Fetal Brain Cells and Human Glioma Cells with the
Carbocyanine Dye Oil

To identify the implanted cells and distinguish them from the host tissue, the
carbocyanine dye Oil was used as a tracer. Oil consists of two conjugated rings
with an attached hydrocarbon chain on each ring. The two ring structures are
linked together by three methine groups. An isopropyl group is localized in
each ring structure. This dye is incorporated into lipid bilayers of the living
cells (28-31 ). Dil absorbs maximally at 546 nm and has its maximum emission

at 563 nm. Cells that are labeled with this dye fluorescc bright red when viewed
through rhodamine filter optics and yellow when viewed through FITC filter
optics. Dil fluorescence could be eliminated from the FITC fluorescence using
a Leitz high-performance interference short-pass filter (Ernst Leitz Wetzlar,

BMBII, Wetzlar, Germany).
Dil (2.5 mg) was dissolved in 100% ethanol by sonication. The resulting

solution was filtrated through a 0.5 /Â¿mfilter and diluted with DMEM to a final
concentration of 0.075 mg/ml. The single cell suspension of either fetal or
glioma cells was incubated in DMEM-dye solution for 1.5 h at 37Â°Cin a rotary

mixer. The excess dye was removed by washing the cells twice in DMEM.

i.e. Implantation

The rats were anesthetized with a mixture of fentanyl (Hypnorm; Janssen
Pharmaceutica BV. Beerse, Belgium) and midazolam (Dormicum: Roche,
Basel, Switzerland) at a concentration of 0.5 mg/100 g body weight. One half
of the dose was given i.m. and the other half was given s.c. Alter local
anesthesia with lidocaine (Xylocaine, 5 mg/ml; Astra SÃ¶dertalje, Sweden), a
skin incision was made. The skull was trephined using a dental drill 2.5 mm in
diameter. The burr hole was localized 1 mm posterior to the coronal suture and
2 mm lateral to the sagittal suture. The dura mater was cross-incised and 1 X
IO5 cells in 30 jil of saline were injected with a sterile Hamilton syringe with

a cone-tipped 0.7-mm needle threaded with a Perspex stopper device at a depth

of 2.5 mm.
Thereafter, the skin was closed with nonabsorbahle suture. The animals

were allowed to recover under a warming lamp before returning to their cages.

Tissue Collection

The rats were sacrificed by CO2 inhalation at 2 h and 7 and 21 days after
implantation. The brains were removed, washed in PBS, and embedded in
Tissue-Tek (Miles Laboratories, Inc., Naperville, IL). The tissue was then

carefully frozen in isopentane and cooled with liquid N2. Serial coronal sec
tions of the brains were then performed with 300 firn between the sections
collected. At each level, at least ten 6-10-jj.m-thick sections were collected.
The sections were mounted on poly-i -lysine-coated glass slides and prepared

for both direct fluorescence microscopy and regular light microscopy. In ad
dition, slides were prepared for indirect immunofluoresccnce microscopy as
described below.

Antibodies and Immunostaining Procedures

Frozen sections were washed in PBS for 5 min and then incubated for l h
at 37Â°Cwith monoclonal antibodies against GFAP, LCA (CD 45; Dako, Glos-

trup, Denmark), chondroitin sulfate, and human fibronectin (Sigma). The an
tibodies were diluted 1:500, 1:500, 1:50, and 1:50 in PBS, respectively. Sec
tions stained with GFAP and LCA were prepared for immunoperoxidase
histochemistry using a standard Vectastain ABC kit (Vector Laboratories, Bur-

lingame, CA). Sections for demonstration of human fibronectin and chondroi
tin sulfate expression were incubated for I h with FITC-conjugated rabbit
anti-mouse IgG (Dako). washed 3 times for 5 min in PBS, and mounted in

Vectashield mounting medium (Vector Laboratories).
The sections were also stained for 1 h at 37Â°Cwith affinity-purified poly-

clonal antibodies against fibronectin, collagen type IV, and laminin (1:25
dilution for all antibodies). The fibronectin and collagen type IV antibodies
were kindly supplied by Dr. Garry Rucklidge at the Rowett Research Institute.
Aberdeen, Scotland, and have been characterized in detail elsewhere (37, 38).
Anti-laminin was obtained from Sigma. After incubation with primary anti

bodies, the sections were washed 3 times for 5 min in PBS and incubated for
1 h with FITC-conjugated swine anti-rabbit IgG (1:20 dilution; Dako). The

slides were then washed and mounted with Vectashield for fluorescence
microscopy.

Controls

Implantation of Fluorescent Microspheres and Mature Brain Cell Ag
gregates. To distinguish between an active cell migration and a passive dis
placement of implanted cells, 1 x 10s fluorescent polystyrene microspheres

(6.49 Â±0.4 firn in diameter; Polyscience, Warrington. PA) in 30 /il of saline
were injected into the right hemisphere at the same location as for the im
planted cells. The distribution of the microspheres was studied systematically
in sections collected from frozen brain tissue 7 days postimplantation (see
above).

Mature 20-day-old brain cell aggregates were incubated on a medium-agar
substrate tor 24 h in a Dil-medium solution (for details, see above). The

aggregates were then washed twice in DMEM and implanted into the same
area as for the fetal and tumor cell suspensions. After 7 days, serial sections
were collected and prepared for fluorescence microscopy.

Number of Experiments

Sixteen BD IX rats were divided into two groups which were implanted with
GaMG and D-54MG cells. Sixteen rats were implanted with fetal rat brain cells

and 4 rats received implants of fluorescent polystyrene microspheres.

RESULTS

Interaction between the Implants and Must Brain Tissue

Injection of Fetal Rat Brain Cells. The Dil-staincd fetal brain
cells were easily distinguished from the host brain tissue. In animals
sacrificed 2 h after implantation, Dil-stained cells were strictly local

ized at the implantation site with no spread of cells into the corpus
callosum or along vascular elements. Stained cells were, however,
widely distributed in the subarachnoid space.

After 7 days, the cells were localized along the injection pathway
with an accumulation of cells in the corpus callosum. The fetal cells
showed only limited migration into the surrounding host tissue from
the needle tract. There was, however, a marked migration of Dil-

positive cells both in coronal and sagittal directions within the corpus
callosum, confirming earlier implantation studies of fetal brain cells
(20-26). At this time, the cells were localized as far as 5 mm into the

corpus callosum from the end of the needle tract in the coronal plane
(Figs. 1 and 2Â«)and for up to 3 mm both posteriorly and anteriorly to
the site of implantation. Furthermore, Dil-positive cells were found

widely distributed in the subarachnoid space of both cerebrum and
cerebellum. A high proportion of Dil-stained cells were also present in
the Virchow-Robin space (Fig. 2/?). A similar pattern of migration was

found in all the animals studied.
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FETAL AND TUMOR CELL MIORATION IN THE BRAIN

Fig. 1. Schematic presentation of the needle
tract and the major migratory patterns of fetal (F)
and tumor (T) cells in the rat brain as illustrated by
a coronal section.

Injection of Human Glioma Cells. Brains from animals sacrificed
2 h after injection revealed a distribution of glioma cells similar to that
observed for fetal cells. After 7 days, both D-54MG and GaMG cells

were found distributed within the entire subarachnoid space with the
same preference for the perivascular space as the grafted fetal cells
(Fig. 3, a and b). The Dil-stained glioma cells also showed migration
along myelinated fiber tracts. Long-distance migration of glioma cells

was particularly found in the corpus callosum where the tumor cells
crossed the host commisure into the contralateral hemisphere (Fig. 3,
c and d). Glioma cells were also found 3 mm posteriorly and anteri
orly to the implantation site. Although the two glioma cell lines used
are proved highly invasive in other model systems, there was only a
short-distance migration of Dil-positive cells into the host tissue along

the injection pathway. A similar distribution of tumor cells was ob
served for both cell lines. After 21 days, Dil-positive cells were still

seen in the implantation area. However, the grafts were considerably
smaller as compared to the 7-day-old grafts (Fig. 3e).

Controls

Implantation of Fluorescent Microspheres and Mature Brain
Cell Aggregates. The injected microspheres were found in the needle
tract strictly confined to the injection pathway and in the corpus
callosum 2 mm from the end point of the needle tract in the coronal
plane (data not shown). Very few microspheres were observed in the

sagittal plane. As for the cell implants, microspheres were distributed
in the subarachnoid space, but in contrast to both fetal brain cells and
glioma cells, they were scarce in the Virchow-Robin space.

Fluorescence microscopy showed the mature brain cell aggregates
to be localized ~0.5 mm above the corpus callosum. The grafts were

well integrated into the normal brain tissue with a diffuse local infil
tration of cells for up to 0.2 mm (Fig. 4). In comparison to the
immature fetal cells and the tumor cells, no long-distance migration

was observed.

Immunostaining of Cell and Microsphere Transplants

Immunoperoxidase histochemistry showed that the injected glioma
cells, in contrast to implanted fetal brain cells, were GFAP negative
(Fig. 5). Some few cells in the fetal and tumor implant areas were
LCA positive 7 days after implantation, indicating a limited immu-

nological host reaction to the grafts (data not shown).
Using FITC, rhodamine, and interference short-pass filter optics, it

was possible to visualize the implanted Dil-stained cells as well as
the expression of ECM components as defined by the FITC immu-
nofluorescence. With FITC filter optics, Dil-stained cells appear yel

low (Fig. 6).
In the normal brain, laminin is associated with the perivascular

space (Fig. 6a) and the glia limitans with no expression in the host
parenchyma. However, in the border zone between brain tissue and

Fig. 2. Frozen section of Dil-stained fetal cells
present in the corpus callosum (a) and in the peri
vascular space (/)). X 60.
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FETAL AND TUMOR CELL MIGRATION IN THE BRAIN

Fig. 3. (a) Glioma cells present in the pcrivas-
cular space around large blood vessels. (/?) Identi
cal frozen section as a stained with H & E. (e)
Dil-stained glioma cells (GaMG) localized in the
injection tract and in the corpus callosum. (J) Same
section as in c stained with H & E. (e) The presence
of remaining Dil-stained glioma cells (GaMG) in
the corpus callosum 3 weeks after implantation.
X 60.

grafted glioma cells, small punctate deposits of laminin were observed
(Fig. 6, b and c). This laminin expression was similar for both the
GaMG and D-54MG cell lines.

As for the human glioma cells, punctate deposits of laminin were
also detected in the border zone between brain tissue and grafted fetal

cells (Fig. 6i/). Laminin was also found along vessels and in the glia
limitans (Table 1).

Immunostaining for laminin on rat brains treated by injection with
fluorescent microspheres revealed no punctate laminin deposits asso
ciated with the microspheres (Table 1).

Fig. 4. Fluorescence microscopy of a mature rat brain aggregate implanted into the
brain. Only limited migration is seen. X 60.

Fig. 5. Immunoperovidasc staining of GFAP in the corpus callosum. Islcis oÃtumor
cells are immunonegative for GFAP (arrow). Frozen section, X 7(1.
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FETAL AND TUMOR CELL MIGRATION IN THE BRAIN

Fig. 6. Immunofluoresccnce microscopy of
Limimi] associated with the pcrivascular space (a).
In immunostained sections, the Dil-stained glioma
cells appear yellow by the use of FITC" filter optics

(/>). To visualize laminin expression only, tetra-

melhylrhodamine filter optics were used. Laminin
deposits were both observed in the border between
host and tumor cells (c) as well as between host and
fetal cells (</). As for the laminin. fihronectin was
also observed associated with the perivascular
space (f). (/) Glioma cells stained for fibronectin
visualized by FITC" filter optics, showing Dil-

stained cells among a distinct matrix of fibronectin.
(K) Fihronectin expression in the glioma implant
(tetramethylrhodaminc filler optics). By using an
antibody against human fibronectin. only Dil-

stained cells were seen (/i). Chondroitin sulfate is
strongly expressed in the corpus callosum and
around blood vessels. Chondroitin sulfate is. how
ever, not associated with the tumor cells which
appear yellow in this section (/). X 80.

In the brains with fetal cell implants, fihronectin was detected in the
injection tract hut not in the corpus callosum. In addition, fihronectin
was localized in the glia limitans and around hlood vessels (Table 1).

Similar to the laminin expression, fibronectin was distributed in
association with the perivascular space and in the glia limitans (Fig.
6t'). Using the polyclonal antibody against fibronectin, this component
was strongly expressed in the GaMG and D-54MG parenchyma (Fig.

6, / and g).
The monoclonal antibody against human fibronectin did not stain

the fibronectin around blood vessels in the rat brain. No human

fibronectin expression was observed in the tumor parenchyma of
GaMG and D-54MG cells m vivo or in vitro (Fig. 6/1; Table 1). This

indicates that the fibronectin expression associated with the implanted
glioma cells is host derived.

Collagen type IV showed a positive reaction around blood vessels
but was not expressed in the tumor parenchyma of GaMG and
D-54MG implants. The fetal implants were also negative for this

collagen type.
In the normal brain, Chondroitin sulfate was strongly confined to

blood vessels and to the glia limitans. In addition, strong immuno-
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Table 1 Immunohislocliemistry of ral brains with fetal cell, tumor cell, anil mkrospherr implants

Laminin
(polyclonal)

Fihronectin
(polyclonal)

Fibroneclin
(monoclonal)

Chondroilin
sull'ale

(monoclonal)

Collagen
type IV

(polyclonal)

Injection tract
Fetal cells
GaMG
D-54MG
Microspheres

Corpus callosum
Fetal cells
GaMG
D-54MG

Microspheres

Vessels

Subarachnoidal space

(ilia limitans

Fetal aggregates

Tumor spheroids
GaMG
D-54MG

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND NI)

" -. negative; +++, strongly positive; ++, positive; +, weakly positive; ND. not determined.
'' Punctate deposits at the border zone between implants and host tissue.
' Larger deposits between glioma cells.
'' In the periphery oi the aggregates.

staining was observed along the fiber tracts of the corpus callosum
(Fig. 61). There was, however, no additional chondroitin sulfate ex
pression in association with the implanted fetal and glioma cells.

Immunostaining of Tumor Spheroids and Brain Aggregates

None of the ECM components studied were detected in the immu-

nostained tumor specimens (Table 1). However, chondroitin sulfate
was present in the periphery of the immature brain cell aggregates
(Table 1). The results are based on immunostaining of 20 tumor
spheroids and 15 brain aggregates.

Experimental Variation

For each cell line, the results are based on 2 animals sacrificed at 2
h, 4 animals sacrificed at 7 days, and 2 animals sacrificed at 21 days
after implantation. Within the observation groups, there was little
intraexperimental variation.

DISCUSSION

Several studies have shown that transplanted grafts of both fetal and
human glioma cells may survive, differentiate, and migrate in the
adult rat brain (2()-26, 38) We and others have shown that transplanted

fetal brain cells may be found at a considerable distance from the
implantation site in the rat brain (20, 21, 39). The implanted fetal cells
have a tendency to spread along myelinated fiber tracts, as for instance
in the corpus callosum. Fetal cells may also spread in the subarach-

noid space and along blood vessels. From neuropathological studies,
it is well known that human glioma cells may be found in the white
matter far from the main tumor mass (1, 19). Experimental studies
have shown a similar distribution when tumor cells are implanted in
the brain (40).

The present study show that fetal brain cells and malignant glioma
cells follow similar migratory paths in the brain. This pattern corre
sponds well with the invasive characteristics frequently observed in
patients with gliomas (18). Therefore, a common mechanism may be
responsible for the migratory behavior of fetal brain cells and glioma
cells. During development, immature neuroectodermal cells migrate

from the subventricular zone through the intermediate zone into the
rapidly developing cortex. At a certain stage, this migration ceases and
cell differentiation leads to mature neural cells. We have shown that if
differentiated rat brain cells, as present in mature brain cell aggre
gates, are implanted into the adult brain, only limited cell migration
take place (Fig. 4). It is, therefore, likely that the flow of genetic
information which codes for migration of fetal brain cells is turned off
at a certain stage during development. Since the pattern of migration
is similar for fetal cells and glioma cells, it may be that the genetic-

program which codes for fetal cell migration during brain develop
ment is turned on during the transformation process.

ECM components like laminili, fibronectin, and proteoglycans have
been suggested as candidates which are responsible for guiding the
cells from the subventricular zone to their final destination (6-10).

Since both laminin and fibronectin have been detected along radial
glia cells that guide the immature neurons to their final destination, it
has been suggested that these components represent the guiding mol
ecules for the migrating cells (10, 41). Furthermore, it has been shown
in the embryonic cerebrum that laminin is present throughout the brain
(42).

In the present study, laminin and fibronectin were not detected in
the corpus callosum of the normal rat brain (except around blood
vessels). Punctate deposits of laminin, however, were observed in the
border zone between glioma cells and host tissue as well as between
fetal cells and host tissue (Fig. 6). We also found fibronectin in the
tumor matrix. This is in contrast to the finding in the immunostained
sections of the rat brains where fetal cells were injected. In these
sections, no fibronectin was detected between the fetal cells, but small
amounts of fibronectin were found along the needle tract. The pres
ence of laminin in the border between migrating glioma cells and host
brain tissue could be due to a local production of laminin either by the
glioma cells or by some brain cells. It has, for instance, been shown
that laminin may be produced as a result of local brain injury (42).
However, no laminin was detected in the area of the cortical lesion or
along the injection tract, which may indicate that the production of
laminin associated with migrating cells is not due to brain tissue
destruction. This is further supported by the fact that no deposits of
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bulinili were detected in the border between injected microspheres
and brain tissue (Table 1).

It is intriguing that migrating fetal brain cells, which have the same
migratory pattern as glioma cells, showed identical laminin deposits
but not the same fibronectin deposits. Furthermore, laminin and fi-

bronectin are not commonly found in the matrix of human glioma
biopsies or in human glioma cell lines (43-46). However, it has been

shown that fibronectin may be found radiating out from blood vessels
during neovascularization of tumors (43).

Laminin, fibronectin, chondroitin sulfate, and collagen type IV
were not detected in the tumor spheroids obtained from the cell lines.
The only ECM component found in the brain aggregates was chon
droitin sulfate. There may, therefore, be multiple mechanisms in
volved in the guidance of glioma cells and fetal cells along myelinated
fiber tracts in the brain. This picture could be quite complex since
several variant forms of laminin may be produced by fetal glial cells
during development (47).

The glioma cells, as well as the fetal cells, migrated a considerable
distance, 5 mm laterally along the corpus callosum. The glioma cells
also migrated in a posterior and anterior direction for up to 3 mm.
Exactly the same migratory pattern was observed for the fetal cells.
The implantation of fetal cells together with 6.5 firn of fluorescent
microspheres enabled us to determine the extent of active cell migra
tion and passive cell displacement in the brain. Both injected micro-
spheres and fetal cells were found evenly distributed in the subarach-

noid space over both cerebral hemispheres. In addition, the
microspheres were localized to the injection pathway with a limited
distribution in the corpus callosum in the coronal plane but not in the
sagittal plane. These findings may suggest that the spread of cells has
a passive component which depends on specific anatomical structures
in the brain.

Several different methods have been used to trace implanted cells
(21, 48, 49). In the present study, we utilized the carbocyanine dye Dil
as a tracer which is rapidly incorporated into the lipid bilayer of the
plasma membrane in living cells. It has been shown in earlier studies
that the dye does not appear to pass from one cell to another in vivo
or i/i vitro (28-31). Moreover, at the concentration used, the dye is

considered nontoxic (31) and will, upon cell division, be evenly dis
tributed in the plasma membrane of the daughter cells (31).

The expansion of gliomas is characterized by extensive migration
of malignant cells into the surrounding brain as well as some degree
of destruction of brain tissue. This may partly be a result of the
expression of ECM-degrading proteinases produced by the tumor cells

(50, 51). However, although fetal cells migrate into the surrounding
host brain, no destruction of the host tissue has been observed. Ex
tensive metalloproteinase production may therefore be a property
which the tumor cell population obtains during progression and is not
necessarily shared by the fetal cells.

In conclusion, we have shown that the migratory pattern of human
glioma cells and fetal cells are identical when transplanted into the rat
brain. Thus, the cells may be guided by the same ECM components
that play a major role during brain development. In addition, glioma
cell invasion may depend on other cellular properties acquired during
tumor progression. Indications that glioma cell invasion primarily is a
"normal" phenotypic property may be derived from the fact that

highly differentiated astrocytoma cells have the capacity to invade the
normal brain even at a very early stage. Local presence of ECM
components may facilitate or even be necessary for the fetal cell
migration as well as for the migration of glioma cells.

The production of ECM components may in part be induced by
repair mechanisms due to neovascularization and/or by a local pro
duction of guiding substrates which are important for tumor cell
locomotion.
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