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ABSTRACT

Xenograft intracerebral glioma models have been developed
in normal mice by growing the rat C6 glioma in either adult or
neonatal mouse brains. Using this tumor line it was possible to
grow discrete intracerebral gliomas in either CBA or AKR adult
mice or neonatal mice. The size of the tumor mass and length
of survival was directly related to the number of tumor cells
injected and the time after implantation. To obtain localized
intracranial tumor growth cells were suspended in a 1% agarose
solution before implantation. Following injection of 106 cells into

the frontal lobe of adult CBA or AKR mice, discrete tumor masses
greater than 4 mm in diameter were obtained in 90% of animals
at 14 days, and the largest tumors in adult mice occurred
between 21 and 28 days after implantation. The tumor size
following implantation of 106 cells was significantly greater than
with 105 cells at 7 days (P < 0.05) and at 14 and 21 days (P <

0.01). Less than 60% of mice of BALB/c, Rill, or C57 black
strains developed tumors greater than 4 mm diameter at 14 days
after intracerebral injection of 106 C6 cells. Using neonatal mice
it was found that when 105 cells were injected intracranially

tumors greater than 4 mm in diameter developed in 14 of 15
animals within 2 weeks (CBA mice). Similar results were seen in
the Rill, AKR, C57 black, and BALB/c strains. Longer growth
periods resulted in larger tumors, up to 8 mm in diameter (6 of
10 animals at 20 days). The tumors in the neonatal animals were
not as discrete as in the adult mice, and tumor often spread to
the meninges and into the lateral ventricles. The tumor harvested
from the brain had a cloning efficiency of 1.2 Â±0.4% (SD).

A panel of monoclonal antibodies was raised to the C6 glioma,
and this was used to define clearly the margins of the tumor
within the brain. The xenograft mouse models should prove
useful for the study of the therapy of gliomas.

INTRODUCTION

The results of treatment of malignant gliomas of the brain are
most unsatisfactory. Even the best results in malignant gliomas
of high grade treated with surgery, radiation therapy, and bis-

chloroethylnitrosourea systemic therapy report a median survival
time of less than 1 year (1-3). An accurate and easily reproducible

animal model of the tumor is essential if there are to be significant
improvements in patient survival. Although many tumor systems
have been developed for the study of glioma, none of these is
completely satisfactory for the study of spontaneous human glial
tumors (4). Chemical (4-6) and viral (7, 8) induction in adult

animals, transplacental chemical induction (9), and transplanta
tion (10,11 ) are effective methods that induce tumors of different
histological types which to a greater or lesser extent simulate
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human tumors (4). The features of an appropriate model for the
study of glioma treatment should include a reproducible tumor
location and growth of the cells as a relatively discrete tumor;
the cells should resemble as closely as possible the histological
features of human gliomas; there should be a predictable growth
rate of the tumor, the ability to grow the tumor in tissue culture,
and a knowledge of the metabolic proliferation kinetics and
chemosensitivity; and the model should be in a small animal to
reduce expense.

Of the available models implantable tumor systems have the
advantage that the precise histology of the tumor is known and
the exact location of the tumor can be predicted. The mouse is
a valuable laboratory investigational animal, and although a nude
mouse model is established for the study of glioma (12) it has
the disadvantages that as an immuno-suppressed animal it is

not entirely representative of the clinical situation, and there are
difficulties in housing and handling these mice. Ependymoblas-

toma tumor has been used as an implantable intracerebral tumor
model in normal mice (10), but this is a rare tumor in humans (4).

We have developed an easily reproducible xenograft mouse
glioma brain model using the C6 rat glioma in both neonatal and
adult mouse brains. The C6 glioma cell line was originally pro
duced by i.v. injection of A/-nitrosomethyl urea into male Wistar

rats (13). The features of this cell line have been described in
detail previously (13-16). A panel of monoclonal antibodies was
raised to the C6 tumor, and these were used to define the brain-

tumor border. These glioma tumor models and the monoclonal
antibodies should prove useful for the evaluation of new tumor
therapies.

MATERIALS AND METHODS

Cells. The C6 glioma cell line was obtained from the American Type
Culture Collection, and the cells were grown Â¡nRPMI 1640 medium
supplemented with 10% PCS (Commonwealth Serum Laboratories,
Parkville, Australia). Cells were harvested during the log phase of growth.

Intracranial Implantation of C6 Glioma. Adult mice from 6-8 weeks

of age and neonatal mice less than 48 h old obtained from the Walter
and Eliza Hall Institute animal colony (Melbourne, Australia) were used.
The strains investigated in this study were CBA, BALB/c, AKR, C57
black, and Rill. To establish intracranial gliomas in mice the cells were
suspended in a solution of double strength RPMI 1640 containing 1%
agarose and kept at room temperature until injected.

Adult mice were anaesthetized by penthrane inhalation, and a 1-cm

midline scalp incision was made. If the coronal suture was fused, a burr
hole was inserted with a 1-mm dental burr 1 mm in front of the coronal

suture, 3 mm to the left of the midline. The tumor cell suspension (10 Â¡i\)
was injected using a Hamilton syringe with a 27-gauge disposable needle,

either through the burr hole or through the unfused coronal suture 3 mm
to the left of the midline. The needle was covered by a plastic sleeve
permitting an injection depth of 3.5 mm from the outer table of bone.
The needle was withdrawn 30 s after injection of the cell suspension,
and the bone hole was covered with sterile bone wax (Ethicon, Edin-
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burgh, Scotland). The skin was closed with a skin clip (Autoclip; Becton,
Dickinson and Company, Parsipanny, NJ).

Neonatal mice were given injections of 5 n\ of tumor suspension
through the skin using a 27-gauge needle covered with a plastic sleeve

to permit an injection depth of 3 mm from the skin. The injection was 1
mm caudal to the coronal suture, which could be visualized with a strong
light, and 2 mm to the left of the midline. The needle was withdrawn 15
s after injection of the cell suspension, and light pressure was then
applied to the injection site for a further 15 s.

Subcutaneous Implantation. Fifty adult mice (BALB/c, CBA, AKR,
Rill, C57 black strain) were given injections of 107 cells (25 Â¿Â¿I)s.c. in the

midline 5 mm posterior to the intercanthal line.
Subcutaneous and Intracerebral Implantation. Sixty adult CBA mice

were given injections of 107 (25 Â¿il)s.c. 1 cm posterior to the intercanthal
line. Intracranial implantation of C6 cells (10", 105, 106, 107 cells; 15 in

each group) was performed 2 weeks after the s.c. injection.
Animals were sacrificed by cervical dislocation at various times up to

60 days after inoculation. Brains were removed, placed in 10% formal
dehyde, and sectioned after adequate fixation using conventional histo-

logical procedures. Tumor diameter was measured on serial sections
using a graticule (Micrometer; Leitz, Wetzlar, West Germany).

Monoclonal Antibodies. A set of monoclonal antibodies were raised
to the rat C6glioma cell line. BALB/c mice were given injections i.p. with
2.5 x 106 cells, an i.p. boost of 8 x 106 C6cells 21 days later, and a final
i.v. boost of 106 cells after a further 8 days, with fusion 4 days later.

The fusion procedure was basically as described by Brodsky ef a/.
(17), with a fusion ratio of 5 spleen lymphocytes to one X 63-Ag-8.653

myeloma cell. The hybridoma medium (HAT medium) was RPMI 1640
containing 30% FCS,2 HAT [hypoxanthine (114 ^g/ml):aminopterin

(0.176 /jg/ml):thymidine (3.9 ^g/ml)], and OPIG [oxalacetic acid (150 ng/
ml) sodium pyruvate (50 ng/ml) bovine insulin (9 Mg/ml):L-glutamine (150

Â¿ig/ml)].RPMI 1640 and FCS were from Commonwealth Serum Labo
ratories, Parkville, Australia, and the chemicals were from Sigma Chem
ical Co., St. Louis, MO. One hundred p\ of the fusion mixture containing
10" myeloma cells were plated out into each of 384 6-mm tissue culture
wells (A/S Nunc, Kamstrup, Denmark) with 105 BALB/c mouse thymo-

cytes per well, fed with a further 100 n\ of HAT medium after 3 days,
and then fed twice weekly by removal of 100 ÃŸ\of spent medium and
replaced by fresh HAT medium. Hybrid colonies appeared after 11 days,
and supernatants from hybrid-containing wells were screened for the

presence of mouse antibody.
The screening assay was a solid phase enzyme-linked immunosorbent

assay against C6 cells grown to subconfluence in microtiter trays and
fixed with 0.0025% glutaraldehyde in phosphate-buffered saline, 10 min

at room temperature. Fifty p\ of supernatant from wells containing hybrid
colonies were added to assay plate wells containing fixed C6 cells and
were incubated for 30 min at 37Â°C.The wells were washed 3 times with
PBS containing 0.05% Tween-20 and incubated for 30 min at 37Â°Cwith

50 n\ of a 1/50 dilution of peroxidase-conjugated rabbit-anti mouse

immunoglobulins (P260, Dakopatts A/S, Denmark). After 3 washes, 100
M!of a freshly prepared aqueous solution of 0.02% w/v o-phenylenedia-

mine and 0.05% H2O2were added to each well and allowed to react for
10 min at room temperature, and the reaction was stopped by the
addition of 25 ^l of 8 N H2SO4. Development of a brown color indicated
the presence of mouse antibody in the hybridoma supernatant, and these
colonies were scored as positive. Such colonies were expanded and
cloned twice by limiting dilution on feeder layers of mouse thymocyte
cells, 105 per microtiter well. Hybrids were grown up after second cloning;

the monoclonal antibodies were isotyped by an enzyme immunoassay
(18) and screened by flow cytometry on the C6 tumor cell and by
immunofluorescence and immunohistochemistry on frozen sections of
rat and mouse tissue.

Flow Cytometry. C6glioma cells were harvested in log phase growth
using mEDTA. Aliquots of 106 cells were reacted with 0.5 ml control

supernatant or LMM 25, 27, or 28 monoclonal antibody supernatants
for 1 h at 4Â°C. The cells recieved 3 washes with PBS containing 1%
FCS and 0.5% sodium azide and were incubated for 30 min at 4Â°Cwith

a 1/40 dilution of fluorescein isothiocyanate-conjugated rabbit-anti

mouse immunoglobulin (Dakopatts A/S, Denmark). After a further wash,
the cells were resuspended in 2 ml of PBS-FCS-azide and analyzed for

cell surface staining on an Ortho System 50 flow cytometer (Ortho
Diagnostic Systems, Westwood, MA).

In Vitro Studies. Gliomas were harvested from mouse brains 16 days
after intracerebral innoculation of 106 cells. A single cell suspension was

prepared by trypsinization and passage through a sieve (size 60 mesh).
The viable cells were counted using eosin exclusion, and 200 to 2000
cells per dish were cultured in T25 flasks in RPM11640 with 10% FCS.
After 7 days, colonies (greater than 50 cells) were counted.

Statistical Analysis. Data were analyzed using a 2-tailed Student's f-

test to test the hypothesis that mean values in each group were equal.
A P-value of less than 0.05 was considered significant.

RESULTS

Adult Mice. When 107 cells were injected into CBA adult mice,

9 of 10 animals developed tumors 4 mm in diameter or greater
within 14 days, and 90% of the animals were dead by 14 days
(Fig. 1/4). When 106 cells were implanted, 9 of 10 animals had

tumors larger than 4 cm in diameter at 14 days, and 90% of the
animals died by 24 days (Table 1; Figs. ~\Aand 2A). The growth
of the intracerebral tumor following injection of 106 cells is shown

in Fig. 3. It can be seen that the tumor progressively enlarges
without macroscopic central necrosis and with a distinct tumor-
brain margin. There is considerable ventricular distortion in those
brains harboring large tumors. There was no significant differ
ence in the tumor size between animals given injections of 107

Table 1

Effect of cell dosages on the growth of implanted gliomas in CBA or AKR mice

The percentage of CBA or AKR mice having tumors 4 mm in diameter or larger
at times from 2-8 weeks after implantation of C6 tumor cells. The cells were
suspended in 10 nl of RPMI 1640 containing 1% agarose (n = 20 in each group).
The growth of tumor was identical in CBA and AKR strains.

% of mice with tumors 4 mm in diameter or
greater after the following no. of cells were

inoculated:
Time after

implantation2

weeks
4 weeks
6 weeks
8 weeks1030

5
001040

10
0010520

50
60
7010"90

90"0b10790;66

Less than 5% of animals survived to this time.
6 No animals survived to this time.

Table 2

Effect of cell dosage on the growth of implanted gliomas in BALB/c mice

The percentage of BALB/c adult mice having tumors 4 mm in diameter or larger
at times from 2-8 weeks after implantation of C6 tumor cells. The cells were
suspended in 10 nl volume of double strength RPMI 1640 containing 1% agarose
(n = 20 in each group).

% of mice with tumors 4 mm in diameter or
greater after the following no. of cells were

inoculated:

2The abbreviations used are: FCS, fetal calf serum; PBS. phosphate-buffered

saline (mouse toxicity, pH 7.4); HAT. hypoxanthine-aminopterin-thymidine; MNU.
methylnitrosourea.

Time after
implantation2

weeks
4 weeks
6 weeks
8 weeks1030

10
001040

15
101010s20

40
40
2010"50

60
605010'50

75
7575

CANCER RESEARCH VOL. 46 MARCH 1986

1368

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2425116/cr0460031367.pdf by guest on 19 M

ay 2023



A XENOGRAFT GLIOMA MODEL IN MOUSE BRAIN

8.0

7.0

6.0

1 5.0
<u
S 4.0

I 3'Â°

2.0

1.0

14 21 26 35 4228 35 42 7 14 21

Time following Implantation (days)

Fig. 1. In vivo intracerebral growth of C6 glioma in mice. Tumor size (mm) is
shown following intracerebral implantation of Cetumor cells (103,10', 105,106,107)

into adult CBA mice (A) and neonatal mice (B). The ordinate shows the mean size
of the tumors, and the abscissa shows the time (days) following implantation (n =
4-10 for each group). Bars, SE. â€¢,107 cells injected; A, 106 cells injected; O, 105
cells injected; A, 104 cells injected; â€¢103 cells injected.

TO 20 30 40 10 20 30 40 50 6050 60

Time (days)

Fig. 2. Survival of mice following intracerebral inoculation with C6 glioma. Sur-
val of adult CBA mice (A) and neonatal mice (B) following intracerebral inoculation

injected;
cells injected.

cells and those with 106 cells (Fig. 1) at 5, 7, 10, or 14 days (P
> 0.1). When 105 cells were implanted, 2 of 10 tumors were

larger than 4 mm at 14 days, 3 of 10 were larger than 4 mm at
21 days, 5 of 10 were larger than 4 mm at 28 and 35 days, and
6 of 10 were larger than 4 mm at 42 days. The tumor size
following implantation of 10s cells was significantly greater than
with 10s cells at 7 days (P < 0.05) and at 14 and 21 days (P <
0.01) (Fig. 1). Following injection of 10" cells ony 2 of 30 animals

developed tumors larger than 4 cm in diameter, and both of
these were at 21 days. When 10" cells were implanted, 16 of 20

mice had tumors at 14 days, and 14 of 20 had tumors at 28
days. After implantation of 103 cells 8 of 20 animals had tumors

at 14 days (mean diameter, 0.6 mm), and 9 of 20 had tumors at
28 days (mean diameter, 1 mm; 2 tumors larger than 4 mm in
diameter). When 103 or 10" cells were injected there was signif

icant lymphocytic infiltration by morphological criteria around the
tumor. No tumors developed after implantation of 102 cells (0 of

10).
The largest tumors were 6.8 mm in diameter, and these

occurred in CBA mice 21-28 days after injection with 106 cells.

The sex of the animal did not influence either the rate of growth
of the tumor or the length of survival following injection (data not
shown).

Similar results were obtained following implantation of C6
tumor into 50 mice of AKR strain. However, tumor growth was
less reliable in the BALB/c, Rill, and C57 black strains. At 14
days after 107 cells were implanted, 5 of 10 BALB/c, 6 of 10 Rill,

and 4 of 10 C57 black mice had tumors greater than 4 cm. At
21 days after injection of 106 cells 3 of 5 BALB/c, 3 of 5 Rill,

and 2 of 5 C57 black mice had tumors greater than 4 mm in
diameter, and at 28 days 3 of 5 Balb/c, 2 of 5 Rill, and 2 of 5
C57 black mice had tumors 4 mm in diameter or larger (Table
2). All these tumors had significant lymphocytic infiltration at the
margins of the tumor.

Neonatal Mice. When 10s cells were injected intracranially

Fig. 3. Photomicrograph of coronal sections
of brain showing the intracerebral tumor at 7
days (a), 14 days (o), 21 days (c), and 28 days
(d) after inoculations of 106 C6glioma cells into

adult CBA mice. Bar, 2 mm

3a 3b

3c
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Table3
Effect of cell dosage on the growth of implanted gliomas in neonatalmice

The percentage of neonatal mice having tumors 4 mm in diameter or larger at
times from 2-8 weeks after implantation of C6 tumor cells. The cells were sus
pended in 5 Â¡Â¿of double strength RPMI 1640 containing 1% agarose (n = 25 in
each group).

Time after
implantation2

weeks
4 weeks
6 weeks
8 weeks%

of mice with tumors 4 mm in diameter
or greater after the following no. of cells

wereinoculated:1030

0
0010450

SO
507510595

950â€¢10Â«100aaâ€¢

a No animalssurvived to this time.
" Less than 5% of animalssurvived to this time.

into neonatal CBA mice, tumors greater than 4 mm in diameter
occurred in 14 of 15 animals within 14 days (Table 3). These
tumors were not as discrete as those found in the adult mouse
brain model, and there was often extensive spread to the men
inges and into the lateral ventricles. Longer growth periods
resulted in larger tumors, up to 7.7 mm in diameter (6 of 10
animals at 20 days). Following implantation of 10" cells, 6 of 10

animals had tumors larger than 4 mm in diameter at 14 days,
but no tumor (0 of 30) reached this size if 103 cells were
implanted. No tumors developed after implantation of 102 cells
(0 of 15). The tumor size following implantation of 105 cells was
significantly greater compared with 10" or 103 cells at 7 (P <
0.05), 14, and 21 days (P < 0.01) (Fig. IB). Injection of 106 cells

produced tumors larger than 4 mm in diameter at 14 days in 5
of 5 animals. However no animal survived longer than 17 days
from the time of injection of 106 cells, whereas 50% of animals
given injections of 10s cells survived longer than 20 days (Fig.

20).
Fig. 1 shows that following implantation of 10", 105, or 106

cells the tumor size was larger in neonatal mice brains than in
adult brains at times from 7 to 14 days (106 cells), 7 to 28 days
(105 cells), or 14 to 42 days (10" cells). After implantation of 103

cells the tumor was larger in neonatal mice brains from 7 to 42
days (P < 0.05).

Other strains of mice were tested; similar growth patterns
were seen in neonatal Rill, C57 black, AKR, and BALB/c mice
(at least 45 mice of each strain were given injections).

Five adult mice died within 24 h of the injection in the first 100
mice given injections. Perioperative mortality was 2% for the
remainder of the animals given injections. The brains were re
moved from 88% of those animals that died in the perioperative
period and were fixed in formalin. Three animals had intracerebral
hematomas, and one had an extracerebral hematoma. The major
cause of early death was thought to be due to anesthetic
complications which occurred especially early in the series, as
there was some difficulty in judging the appropriate depth of
anesthesia.

A complete autopsy of 25 animals that died as a result of their
intracranial tumor was performed, and no metastatic tumors
were found. However, in the mice that were given injections in
the neonatal period, there was considerable extra cerebral
spread of the tumor that invaded the bones of the cranial vault
and the pericranium.

Subcutaneous and Intracranial Implantation. Previous s.c.
inoculatin of 107 C6 glioma cells did not affect the growth of

intracerebral tumors in adult CBA mice following implantation of

105, 106, and 107 cells. However the size of intracranial tumor
that developed after implantation of 10" cells was significantly

smaller (P < 0.05) at 7, 14, and 21 days compared with tumors
that developed if there had been no previous s.c. inoculation.

Subcutaneous Implantation. There was no growth of tumor
following s.c. implantation of the cells in either the adult or
neonatal mice.

Histology of Tumor. The histologicalappearance of the tumor
was of a high grade malignant astrocytoma with multinucleated
cells, mitotic figures (1-2 per high power field), and vascular

proliferation. The tumor was highly vascular, and necrosis oc
curred only occasionally around residual agarose in the center
of the tumor.

There was a discrete border between the growing edge of the
tumor (Fig. 4) and the surrounding brain, although in some areas
tumor cells were seen to be invading the brain (Fig. 4).

If 106 or 107 cells were injected there was only slight lympho-

cytic infiltration, which was evident on the periphery of the tumor.
When smaller numbers of cells were implanted there was greater
lymphocytic infiltration around the tumor and within the tumor
mass.

Identification of Tumor Margins Using Monoclonal Anti
body. There were 5 hybridomas produced which secreted mono
clonal antibody directed at the C6 glioma cell line. The fluores
cence profiles from the flow cytometer (data not shown) show
that each of the 3 monoclonal antibodies (LMM 25, LMM 26,
and LMM 27) react strongly and uniformly with unfixed C6cells

t f 9 â€¢
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.* " ^f * ', VrÂ» "â€¢Â»A.â€¢ Ã<x*-'-v.;.> vV:
Fig.4. Photomicrographof C6glioma tumor growing in adult CBA mouse brain

stained with H & E. The tumor grows as a high grade malignant astrocytoma.
There is a discrete border between the tumor and adjacent brain, although in some
areas tumor cells are invadingthe brain. In the fop panel, a large blood vessel can
be seen within the tumor. Bar. 0.1 mm.
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Fig. 5. Frozen section of C6 glioma growing
in CBA mouse brain stained with monoclonal
antibody LMM 27 Â¡mmunohistochemistry show
ing the tumor margin and islets of tumor invad
ing the adjacent brain (arrowheads). Magnifi
cation, x 100.

in suspension, indicating that they bind to cell surface antigens.
None of the antibodies stained normal human, mouse, or rat
brain parenchyma. LMM 25 stained normal rat colon and lung,
but LMM 27 and LMM 28 were negative on all normal rat tissue
tested (including colon, lung, liver, and spleen).

Frozen sections of CBA mouse brains containing growing C6
tumors were stained by either 2 layer immunofluorescence or
immunoperoxidase methods. Fig. 5 shows a tumor margin
stained by LMM 27 immunohistochemistry. There was strong
staining of all tumor cells, which is obvious by their large pale
nuclei. Areas of normal brain beyond the tumor margin are
unstained, but there were a number of small islands and projec
tions of tumor cells beyond the margin, all of which stained
strongly with this antibody.

In Vivo-in Vitro Studies. The tumor was harvested from the

mouse brain, and a single cell suspension was prepared. Cell
viability, estimated by eosin exclusion, was in the range of 80 to
90%. These cells were cloned in medium, and the cloning effi
ciency was 1.2 Â±0.4% (SD) (n = 16). Cells harvested from

normal brain did not clone under these conditions.

DISCUSSION

We have shown that the rat C6 glioma can be reliably grown
in a xenograft mouse model. It is particularly useful because it
grows in both neonatal and adult mice, in a localized region of
the brain and in a reproducible manner. Growth of the glioma
can be detected by morphological criteria, in vitro cloning, and
by a monoclonal antibody that only detects the glioma and not
the normal brain parenchyma. A disadvantage of the model is
that it is based on a transplantable cell line rather than an induced
tumor. The histology of the C6tumor in this model was similar to
a high grade astrocytoma in humans. Although the tumor has a
relatively discrete edge macroscopically, it did resemble the
human glioma in that there was marked microscopic invasion of

the tumor into the surrounding brain, which was confirmed by
monoclonal antibody staining.

When 106 cells were injected into the frontal lobe discrete

tumor masses greater than 4 mm Â¡ndiameter were obtained in
90% of animals at 14 days. Animals given injections of 107 cells

died with tumors less than 4.5 mm in diameter. The largest
tumors in adult mice were obtained between 21 and 28 days
after implantation of 106 cells. However, as 80% of the animals

with this size inoculum died after 20 days, the most appropriate
time to utilize the animals harboring the tumor is between 14
and 18 days after implantation of 106 cells. In adult mice, tumors

larger than 6.2 mm diameter were not compatible with survival.
To obtain localized tumor growth it was essential to suspend the
cells in a 1% agarose solution before implantation. Using this
tumor line and CBA adult mice it was possible to predict the size
of the tumor mass and length of animal survival based on the
number of cells injected and the time after implantation. In
neonatal animals larger tumors (up to 7 mm in diameter) were
obtained at the time of death, as the cranial vault was able to
expand due to the unfused cranial sutures.

The tumor was able to grow intracranially but not s.c. perhaps
because the brain is an immunologically privileged organ (19-

28). Nevertheless lymphocytes specifically reactive to glioma
cells have been shown in the peripheral circulation (29, 30), and
lymphocytic infiltration has been demonstrated around human
gliomas (31, 32). MNU-induced tumors have been shown to be

highly immunogenic in vivo (14, 33), although transplacental
ethylnitrosourea-induced tumors are capable of only weaker

rejection responses (34). The reason that the C6 tumor grew in
the CBA and AKR adult mice and not as reliably in other strains
may be related to the histocompatability receptors, as the CBA
and AKR mice have the same major histocompatability type (H-
2k).

If the adult mice were immunized with C6cells before intracer-

ebral implantation there was no difference in tumor growth at
high levels of tumor inoculation (105 to 107 cells), but growth of
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Table 4
Comparisonof tumor size in adult CBA mice and adult Wistarrats

The comparisonof mean tumor size in adult CBA mice and adult Wistar rats (n = 20 for each group of mice; n = 4 for each group of rats).

NO.Ofcells

implanted104

10Â»
10Â«107Xenograft

host3 mean tumor diameter (mm) atday:70.7

Â±0.3Â°

1.0 Â±0.2
1.5 Â±0.2
2.4 Â±0.2141.4

Â±0.3
2.0 Â±0.8
3.9 Â±0.4
4.2 Â±0.2212.0

Â±0.8
3.2 Â±0.75.2

Â±0.4
eIsograft

host" mean tumor diameter (mm)atday:70.9

Â±0.3
1.0 + 0.3
1.4 Â±0.4
2.2 Â±0.5143.2

Â±0.8"
4.2 Â±0.9d
4.9 Â±0.5d
5.4 Â±0.5d213.9

Â±0.6"
4.8 Â±0.8"

5.3 Â±0.6
5.8 Â±0.5

a Data derived from Chart 1.
" Data from Ref. 36 and previously unpublished data
0 Mean Â±SE.
"P<0.05.
Â°No animalssurvived to this time.

the tumor after implantation of 104 cells was impaired. The C6

tumor has been used to develop a homograft in vivo model in
rats (35). As shown previously the tumor grows to a larger size
in a syngeneic host (male Wistar rats) at low doses (10" cells) of

intracerebral inoculation, but there was no difference in the
growth rate at higher dose (105-107 cells) (36) (Table 4). These

results indicate that there is a small immunological reaction which
is sufficient to affect the growth of the tumor after small doses
of intracerebral inocula, but it is not sufficient to affect the growth
of the tumor mass if larger numbers of cells are implanted.

The growth of human xenograft tumors grown in normal
animals has been described by Greene and Arnold (37), and
Greene (38). However, other authors have not been able to
reproduce these results (39). Although the brain is a relatively
immunologically privileged site, injection of tumor cells reduces
the immunological protection due to the inevitable trauma to the
brain on implantation. It is possible that the factors allowing the
growth of the tumor in this model were that high concentrations
of cells suspended in an agarose medium resulted in a critical
mass of tumor, and the initial rapid growth of the tumor and the
agarose may have provided some protection from immunological
scavenging. Benda ef a/. (14) noted that after intracranial injection
in Wistar rats, MNU-induced tumors grew on the surface of the

brain rather than as discrete intracerebral masses. This may
have been due to the injection technique, as we found that it
was necessary to suspend the inoculum in an agarose prepara
tion to produce localized intracranial tumors.

Autochthonous tumors may be induced in brains either by
polycyclic hydrocarbon implants (40, 41), i.v. MNU (5, 6, 42),
transplacental ethylnitrosourea (43,44), or viruses (8). The major
advantage of autochthanous tumors is that there is no trauma
to the brain, and they have their own natural blood supply.
However, the variability of tumor type, position, and number and
the unpredicitability of time of tumor onset are major disadvan
tages which the C6 model does not have. Since our model
involves implantation there is the disadvantage that there is some
trauma to the brain during introduction of the tumor cells but a
substantial benefit in that the position and size of the tumor can
be predicted accurately. Another implantable glioma model in the
normal mouse is the ependymoblastoma, which was initially
induced by the chemical carcinogen 3-methylcholanthrene (40-

42). However not only is the ependymoblastoma a rare tumor in
humans, but the relevance of the mouse ependymoblastoma to
the human disease is unclear (4) because the mouse cells lack
many of the ultrastructural characteristics of ependymal cells

(45) and the cell proliferation kinetics are unlike those of human
tumors (8).

A monoclonal antibody has been developed previously to the
C6rat glioma (46). Our antibody may be similar to that described
previously, although the application of the antibody staining in
tissue sections to exactly define the tumor margin of gliomas
appears to be novel. It has been suggested previously (47) that
monoclonal antibodies may be useful for the therapy of gliomas
when coupled to chemical toxins, chemotherapy agents, or
radionuclides, but a lack of specificity of the antibodies has been
an important factor limiting its use in patients (47). The specificity
of our antibodies should allow in vivo testing of these types of
therapies using our xenograft tumor model.

This C6 glioma xenograft mouse model and monoclonal anti
body should prove useful for the study of therapy of glioma
tumors, as both the size and the position of the tumor can be
judged accurately, and the monoclonal antibody clearly defines
the tumor extension into the adjacent brain. In addition, the C6
glioma cell line is easily grown in tissue culture, maintenance
stocks can be kept frozen for future use, good single cell
suspensions can be prepared for accurate quantitative estima
tion of tumor inocula, and the presence and survival of tumor
cells can be accurately monitored by in vitro culture or detection
by monoclonal antibodies.

ACKNOWLEDGMENTS

We thank R. Gogerly, P. Masendycz,and R. Daviesfor technicalassistance, R.
Whiteheadand A. W. Burgessfor helpfulcomments, andSue Blackford andJoanne
Wright for typing the manuscript.

This work was in part performed in the HigginbothamNeuroscienceLaboratory
and the Department of Surgery (Universityof Melbourne),Royal Melbourne Hos
pital, Australia.

REFERENCES

1. Walker, M. D., Alexander, E., Jr., Hunt, W. C., et al. Evaluationof BCNU and/
or radiotherapy in the treatment of anaplastic gliomas: a cooperative clinical
trial. J. Neurosurg.,49: 333-343. 1978.

2. Walker, M. D., Green, S. B., Byer, D. P.. et al. Randomizedcomparisons of
radiotherapy and nitrosoureas for the treatment of malignant glioma after
surgery. N. Engl. J. Med.. 303:1323-1329, 1980.

3. Wilson CB. Brain tumors. N. Engl. J. Med., 300: 1469-1471,1979.
4. Crafts, D., and Wilson, C. B. Animals models of brain tumors. Brain Tumor

Ther. Nati. Cancer Inst. Monogr., 46:11-17, 1977.
5. Druckrey, H., Ivankovic, S., and Preussmann.R. Selective induction of malig

nant tumors of the nervous system by resorptive carcinogens. In: W. M.
Kirsch, E. Grossi-PaoleÂ«,and P. Paoletti (eds.). The Experimental Biology of
Brain Tumors, pp. 85-197. Springfield, IL: Charles C. Thomas, 1972.

6. Druckrey. H. R., Ivankovic, S., and Presumann, R. Selektive erzeugung von
Hirntumoren bie Ratten durch Methylnitrosohamstoff. Naturwissenschaften,
51: 144. 1964.

CANCER RESEARCH VOL. 46 MARCH 1986

1372

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2425116/cr0460031367.pdf by guest on 19 M

ay 2023



A XENOGRAFT GLIOMA MODEL IN MOUSE BRAIN

7. Mahaley, M. S., Jr., Gentry, R. E., and Bigner, D. D. Immunobiology of primary
intracranial tumors. Part 2. The evaluation of chemotherapy and immunother-

apy protocols using the avian sarcoma virus glioma model. J. Neurosurg., 47:
35-43,1977

8. Swenberg, J. A. Animal models for brain tumor research. In: Recent Progress
in Neurological Surgery: International Congress of Neurological Surgery, pp.
116-122, Serial No. 320. Amsterdam: Excerpta Medica, 1974.

9. Koestner, A., Swenberg, J. A., and Wechsler, W. Transplacental production
with ethylnitrosourea of neoplasms of the nervous system in Sprague-Dawley
rats. Am. J. Pathol., 63: 37-56, 1971.

10. Ausman. J. I., Shapiro, W. R., and Rail, D. P. Studies on the chemotherapy of
experimental brain tumors: development of an experimental model. Cancer
Res., 30: 2394-2400, 1970.

11. Hasegawa, H., Shapiro, W. R., and Posner, J. B. Chemotherapy of experimen
tal metastatic brain tumors in female Wistar rats. Cancer Res.. 39: 2691-

2697, 1979.
12. Horten, B. C., Basler, G. A., and Shapiro, W. R. Xenograft of human malignant

glial tumors into brains of nude mice: a histopathological study. J. Neuropathol.
Exp. Neurol., 40: 493-511, 1981.

13. Benda, P., Lightbody, J., Sato, G., Levine, L., and Sweet, W. Differentiated rat
glial cell strain in tissue culture. Science (Wash. DC), 161: 370, 1968.

14. Benda, P., Someda, K., Messer, J., and Sweet, W. H. Morphological and
immunochemical studies of rat glial tumors and clonal strains propagated in
culture. J. Neurosurg., 34: 301-322,1971.

15. Davidson, R. L., and Benda, P. Regulation of specific functions of glial cells in
somatic hybrids. II. Control of inducibility of glycerol-3-phosphate dehydrogen-
ase. Proc. Nati. Acad. Sci. USA, 67:1870-1877, 1970.

16. Kato. T., Yamakawa, Y., Sakazaki, Y., Ito, J., Kato, H., Tsunooka, H., Masaoka,
A., and Tanaka, R. Glial cell growth-promoting factor in astrocytoma (C6) cell
extracts. Dev. Brain Res., 2: 596-601,1982.

17. Brodsky, F. M., Parham, P., and Bodmer, W. F. Monoclonal antibodies to
HLA-DRW determinants. Tissue Antigens, 76: 30-48, 1980.

18. Gardner, I. D. An enzyme immunoassay for rapid isotyping of monoclonal
antibodies. Pathology, 17: 64-66.

19. Apuzzo. M. L. J., and Mitchell, M. S. Immunological aspects of intrinsic glial
tumors. J. Neurosurg., 55: 1-18, 1981.

20. Brooks, W. H., Roszman, T. L., Dudka, and Shaggs, C. Immunobiology of
primary intracranial tumors. J. Neurosurg., 54: 331-337,1981.

21. Darling, J. L., Hoyle, N. R., and Thomas, D. G. T. Self and non-self in the brain.
Immunol. Today, 2: 176-181, 1981.

22. Habel, K., and Belcher, J. H. Immunologically privileged sites in studies of
polymoma tumor antigens. Proc. Soc. Exp. Biol. Med., 113:148-152,1963.

23. Neuwelt, E. A., and Clark, K. Clinical aspects of neuroimmunology. Baltimore:
Williams & Wilkins, 1978.

24. Scheinberg, L. C., Edilman, F. A., and Levy, W. A. Is the brain "an immunolog-
ical privileged site?" I. Studies based on Â¡ntracerebral tumor homotransplan-

tation and iso-transplantation to sensitized hosts. Arch. Neural., 11: 248-264,

1964.
25. Scheinberg, L. C., Kotsillmbas, D. G., Karpf, F., and Mayer, N. Is the brain "an

immunological privileged site?" III. Studies based on homologous skin grafts

to the brain and subcutaneous tissues. Arch. Neural., 75: 62-67,1966.
26. Scheinberg, L. C., Levy, W. A., and Edelman, L. Is the brain "an immunological

privileged site?" II. Studies in induced host resistance to transplantation mouse

glioma following irradiation of prior implants. Arch. Neural., 73: 283-286,1965.

27. Scheinberg, L. C., Suzuki, K., and Levy, W. A. Studies in immunization against
a transplantable cerebral mouse glioma. J. Neurosurg., 20: 312-316, 1963.

28. Yamasaki, T., Manda, H., Yamashita, J., Namba, Y., and Hanoaka, M. Char
acteristic immunological responses to an experimental mouse brain tumor.
Cancer Res.. 43: 4610-4617,1983.

29. Brooks, W. H., Netsky, M. G., Normansell, D. E., and Horwitz, D. A. Depressed
cell-mediated immunity in patients with primary intracranial tumors. J. Exp.
Med., 736: 1631-1647, 1972.

30. Brooks, W. H., and Roszman, T. L. Cellular immune responsiveness of patients
with primary intracranial tumors. In: D. G. T. Thomas and D. I. Graham (eds.).
Brain Tumours: Scientific Basis, Clinical Investigation, and Current Therapy,
pp. 121-132. London: Butterworths, 1980.

31. Bertrand, I., and Mannen, H. Etude des reactions vasculaires dans les astro-
cytomas. Rev. Neurol. (Paris), 702: 3-19, 1960.

32. Ridley, A., and Cavanaugh, J. B. Lymphocytic infiltration in gliomas: evidence
of possible host resistance. Brain, 94: 117-124, 1971.

33. Morantz, R. A., Shain, W., and Cravioto, H. Immune surveillance and tumors
of the nervous system. J. Neurosurg., 49: 84-92, 1978.

34. Sperue, A. M., and Priestly, G. A survey of ethylnitroso urea induced rat
gliomas for the presence of tumor rejection antigens expressed in vitro.
Neuropathol. Appi. Neurobiol., 7: 63-75,1981.

35. Auer, R. N., Del Maestro, R. F., and Anderson, R. A simple and reproducible
experimental in vivo glioma model. Can. J. Neurol. Sci., 8: 325-331, 1981.

36. Kaye, A. H., Morstyn, G., and Ashcroft, R. The uptake and retention of
hematoporphyrin derivative in an in vitro/in vitro model of cerebral glioma.
Neurosurgery, 17: in press, 1985.

37. Greene, H. S. N., and Arnold, H. The homologous and heterologous transplan
tation of brain and brain tumors. J. Neurosurg., 2: 315-331,1945.

38. Greene, H. S. N. The transplantation of human brain tumors to the brains of
laboratory animals. Cancer Res., 73: 422-426.1953.

39. Schold, S. C., and Friedman, H. S. Human brain tumor xenografts. Prog. Exp.
Tumor Res.. 28: 18-31, 1984.

40. Seligman, A. M., and Shear, J. M. Studies in carcinogenesis VIII. Experimental
production of brain tumors in mice with methylcholanthrene. Am. J. Cancer,
37: 364-395, 1939.

41. Zimmerman, H. M., and Arnold, H. Experimental brain tumors. I. Tumors
produced by methylcholanthrene. Cancer Res.. 7: 919-938,1941.

42. Swenberg, J. A., Koestner, A., and Wechsler, W. The induction of tumors of
the nervous sytem with intravenous methylnitrosourea. Lab. Invest., 26: 74-
85, 1972.

43. Ivankovic, S., and Druckrey, H. Transplacentare Erzeugung maligner Tumoren
des Nervensystems, l. Athynitrosoharnstoff (ANH) an BD XI-Ratten. Z. Krebs
forsch. 77: 320-360, 1968.

44. Swenberg, J. Aâ€žKoestner, A., Wechsler, W., et al. Quantitative aspects of
transplacental tumor induction with ethylnitrosourea in rats. Cancer Res., 32:
2656-2660,1972.

45. Rubin, R., Sutton, C. H., and Zimmerman, H. M. Experimental ependymoblas-
toma (fine structure). J. Neuropathol. Exp. Neural., 27: 421-438, 1968.

46. Peng, W. W., Bressler, J. P., Tiffany-Castiglioni. E., and de Vellis, J. Develop
ment of a monoclonal antibody against a tumor-associated antigen. Science
(Wash. DC). 275: 1120-1104,1982.

47. Bourdon, M. A., Coleman, R. E., and Bigner, D. D. The potential of monoclonal
antibodies as carriers of radiation and drugs for immunodetection and therapy
of brain tumors. Prog. Exp. Tumor Res., 28: 79-101, 1984.

CANCER RESEARCH VOL. 46 MARCH 1986

1373

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2425116/cr0460031367.pdf by guest on 19 M

ay 2023




