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ABSTRACT

Induction of neuroepithelial neoplasms by a single transplacental
exposure to JV-nitrosoethylurea (NEU) has been widely used as an
experimental model for human brain tumors. NKl '-induced gliomas are

variably composed of neoplastic oligodendrocytes, astrocytes, and epen-
dymal cells. It has remained controversial whether these neoplasms
originate from differentiated glia or from pluripotent precursor cells of
the subependymal matrix layer. We have taken a novel approach to
define the histogenesis of these gliomas based on neural grafting tech
niques and the extraordinary difference in susceptibility between the fetal
and adult brain to neoplastic transformation by alkylnitrosoureas. Preg
nant rats received a single i.v. dose of NEU (SO mg/kg) on the 14th day
of gestation. One day later, suspensions were prepared from the fetal
fort-brain and stereotactically injected into the caudoputamen of adult
rats. These host animals received additional i.v. injections of NEU (SO
mg/kg each) 8 days and 9 weeks posttransplantation. After a mean
survival time of 316 days, all animals developed brain tumors within the
neural graft. Histopathologically, these neoplasms were classified as
Oligodendrogliomas, ranging from early neoplastic foci to large, infiltrat
ing malignant rumors. The selective induction of Oligodendrogliomas
indicates that neoplastic transformation in the nervous system can occur
in a differentiated glial cell or in a precursor cell committed to oligoden-
drocytic differentiation, and that transformation of a pluripotential stem
cell is not necessary. Omission of the first (prenatal) dose of NEU led to
a much lower tumor incidence, whereas this dose in itself, i.e., without
additional postgrafting exposure, did not produce brain tumors in any of
the experimental animals. This differential effect of pre- and postgrafting
exposure to NEU constitutes the first In vivo evidence of a multistep
development of brain tumors.

INTRODUCTION

Since the original report by Druckrey et al. ( 1), the induction
of neuroepithelial neoplasms in rodents by a single transplacen
tal dose of NEU4 has become a widely used experimental model
for human brain tumors (2-4). Its utility for histogenetic studies
is, however, limited by the unpredictability in location, number,
and histolÃ³gica! character of the induced neoplasms. The initial
objective of the present study was to reliably induce autochtho
nous gliomas in a predefined brain region since this would
greatly facilitate studies on the natural history of these tumors
and their response to radio- and chemotherapy. Following
transplacental exposure to NEU, the fetal forebrain anlÃ¤gewas
transplanted into the basal ganglia of adult rats. Since we had
no information on the dose required for malignant transfor
mation within a very small tissue volume, we chose various
regimens involving prenatal administration to the pregnant
donor rat and/or postgrafting exposure of the host animal. We
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succeeded in inducing a high incidence of gliomas in the trans
plants after a latency period similar to that observed in the
offspring of NEU-treated pregnant rats. Unexpectedly, the

histopathological spectrum of neoplasms was reduced to a
single tumor type, i.e., Oligodendrogliomas.

MATERIALS AND METHODS

Chemicals and Antibodies. NEU was obtained as a crystalline powder
from Dr. M. Wiessler, German Cancer Research Center (Heidelberg,
FRG), and stored at -70"C. For injection, a fresh 1% solution (w/v)

was made in 3 mM sodium citrate buffer (pH 5.6). Polyclonal rabbit
anti-GFAP, rabbit anti-MBP, biotinylated cow anti-rabbit antisera, and
the avidin-biotin complex were purchased from Dakopatts (Copen
hagen, Denmark). Rabbit anti-carboanhydrase C was purchased from
Behring Werke (Marburg, FRG). The monoclonal antibody anti-Leu-7
was from Becton Dickinson Inc. (Mechelen, Belgium).

Transplantation of the Telencephalic Anlage. Female Fischer 344 rats
(180-220 g) were from Charles River Wiga (Sulzfeld, FRG). They were

mated overnight with adult males of the same strain. The day on which
sperm was first detected in the vagina was defined as Day 1 of gestation.
Neural grafting was carried out using the cell suspension technique (5,
6). On Day 15 of gestation, the pregnant female was anesthetized with
an i.p. injection of pentobarbital (20 mg/kg), and the embryos were
removed for grafting. Both telencephalic vesicles were excised at their
base and combined in several drops of saline. This tissue suspension
was sheared by repeated aspiration into a sterile beveled glass needle
(internal diameter, 0.6 mm). Concurrently, an adult Fischer 344 rat
was anesthetized with 35 mg/kg pentobarbital and placed in a stereo-

taxic frame (Narishige, Tokyo). Coordinates were determined for the
left caudoputamen based on the atlas of Paxinos and Watson (7)
(bregma, +1.8; lateral, 2.5; depth, 6.0). Of the fetal tissue suspension,
5 n\ were injected into the host brain using a micrometer plunger
attached to a 1-nil syringe.

Administration of NEU. Experimental animals were divided into six
groups according to different modes of pre- and postgrafting exposure

to NEU (Table 1). Prenatal exposure was carried out on Day 14 of
gestation, i.e., 24 h before transplantation and consisted of a single
dose of NEU (50 mg/kg), injected i.v. during light ether anesthesia.
Exposure of the recipient animals (hosts) was similarly performed 8
days and 9 weeks after transplantation.

Postmortem Examination. Animals were maintained on a standard
laboratory diet and observed clinically. Rats were killed when symptoms
of intracranial pressure developed (poor feeding, listing, stupor) or
when they had reached a postgrafting survival time of 460 days. Some
animals died spontaneously without prior development of neurological
symptoms. The brains were carefully removed and fixed overnight in
4% buffered paraformaldehyde.

Histology. Following dehydration, coronal paraffin sections (5 urn)
were prepared. Routine stains were luxol fast-blue/haematoxylin &
eosin and Alcian blue. Immunohistochemistry was performed using
polyclonal rabbit antisera against GFAP (diluted 1:200), myelin basic
protein (1:3200), carbonic anhydrase C (1:100), and monoclonal mouse
antibody anti-Leu-7 (8) (1:100). Biotinylated cow anti-rabbit serum

served as secondary antibody. The reaction was visualized with the
peroxidase-labeled avidin-biotin complex and o-phenylenediamine. All

antibodies were from Dakopatts (Copenhagen, Denmark), with the
exception of anti-Leu-7 (Becton-Dickinson, Mechelen, Belgium).
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Table 1 Incidence of oligodendrogliomas induced in neural transplants
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in the highly differentiated peripheral tumor areas (Fig. 2A).
With the exception of a few entrapped GFAP-positive astro-
cytes (Fig. 2B) and a delicate vascular stroma, no cell types
other than neoplastic oligodendrocytes were present. An addi
tional seven rats developed large anaplastic tumors infiltrating
the entire graft and the adjacent host brain, thereby causing the
death of the host animal due to increased intracranial pressure.
The first of these malignant lesions appeared at 187 days, the
last after a survival time of 413 days (mean, 281 days). Histo-
logically, these neoplasms consisted of transformed pleo-
morphic oligodendrocytes with numerous mitoses, areas of
necrosis, marked vascular proliferation, and occasional foci of
calcification.

Rats which had received the graft from an untreated maternal
donor but which were given i.v. NEU 8 days and/or 9 weeks
after grafting (groups 3-5), developed a similar spectrum of
oligodendroglial neoplasms although at a much lower incidence
(22-40%). The histologie-aÃ ēvaluation by serial sections of

grafts from maternal donors treated with NEU but without
additional postgrafting exposure of the host animals (group 6)
showed focal accumulations of dysplastic glial cells, which,
however, lacked evidence of neoplastic transformation and did
not stain with Alcian blue.

DISCUSSION

NEU is a direct alkylating agent which in vivo undergoes
base-catalyzed decomposition at a half-life of 8-10 min. It

Fig. 1. Development of an oligodendroglioma ('/') within a neural graft (ti).

This rat survived 298 days after stereotaxic implantation into the left caudopu-
tamen of a suspension of the fetal forebrain anlÃ¤ge(Embryonal Day 15). Twenty-
four h earlier, the pregnant donor rat had received an i.v. injection of NEU (50
mg/kg). The recipient animal was given additional NEU injections (50 mg/kg
each) 8 days and 9 weeks after transplantation. Coronal section at the level of the
anterior commissure. Hematoxylin & eosin/luxol (x 5.7).

RESULTS

Control animals (group 1) showed the typical histolÃ³gica!
appearance of forebrain transplants, with an irregular distribu
tion of neurons and glial elements. Occasionally, ganglion cells
formed pseudocortical laminar patterns. The presence of astro-
cytes was assessed by immunoreactivity to GFAP (9). Oligo
dendrocytes showed weak and inconsistent immunostaining for
carbonic anhydrase C (10). The grafts were well integrated into
the host brain without a chronic inflammatory reaction. Small
cysts resulting from accidentally grafted choroid plexus were
occasionally seen. Although the size of the graft caused some
mass shifting towards the opposite hemisphere, there was no
evidence of neoplastic transformation (Table 1). In contrast, all
rats that received transplants from NEU-treated donors and
which were given additional injections of NEU 8 days and 9
weeks after grafting (group 2) developed tumors within or
originating from, the neural graft (mean survival time, 316
days). These neoplasms greatly varied in size, but histologically
all of them proved to be oligodendrogliomas. In four out of 14
rats, tumors presented as focal accumulations within the trans
plant of highly differentiated neoplastic oligodendrocytes with
round dark nuclei and characteristic cytoplasmic halos. They
could easily be distinguished from nontransformed oligoden
drocytes by the positive staining at pH 9 with Alcian blue (11,
12). Three animals developed well-delineated tumors within the
graft (Fig. 1), consisting of a homogeneous, uniform mass of
neoplastic oligodendrocytes with occasional rhythmic arrange
ment. These lesions consistently expressed Leu-7, particularly

Fig. 2. Immunohistochemical staining of an oligodendroglioma induced
within a neural transplant (,I). Neoplastic oligodendrocytes show the character
istic membrane-bound pattern of immunoreactivity to the monoclonal antibody
anti-Leu-7 (x 200). At higher magnification (B), histology shows the typical 'fried
egg' appearance of an isomorphic oligodendroglioma with round hyperchromatic

nuclei and cytoplasmic halos. At the periphery of the tumor (left) is a reactive
entrapped astrocyte with long, delicate cell processes immunoreactive for the glial
fibrillary acidic protein (polyclonal rabbit anti-GFAP, x 400).
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readily crosses the placenta! barrier and the extent of DNA
ethylation observed after a single systemic dose to the pregnant
female was found to be similar in maternal and fetal tissues
(13). The high mutagenic and carcinogenic potency of NEU is
due to its capacity to react extensively with extranuclear oxy
gens in purine and pyrimidine bases of genomic DNA. O6-
Ethylguanine is the major 6>-alkylateci adduci and has been
proposed as the DNA lesion most likely responsible for the
initiation of neuro-carcinogenesis by NEU since it causes Gâ€”Â»
A transitions (14) and its repair by the mammalian O6-alkyl-

guanine-DNA alkyltransferase proceeds at a considerably
slower rate in the target organ than in extracerebral tissues
(IS). However, this repair deficiency is similar in the adult and
the developing nervous system (16), although the latter shows
an approximate 50 times higher susceptibility to neural tumor
induction by NEU and related ethylating agents (17). DNA
isolated from cell lines derived from NEU-induced tumors were
found to contain a novel transforming gene, termed neu (18).
It is related to, but not identical with, the erbB gene, which
encodes the epidermal growth factor receptor (19). It appears
to be activated by a single T-Â»Atransversion in the transmem
brane domain (20). However, a recent study by PerantÃ³n! et al.
(21) indicates that this mutated gene is consistently present in
NEU-induced malignant schwannomas of the peripheral nerv
ous system but not in gliomas of the central nervous system.

Considerable efforts have been undertaken to classify tumors
induced by a single 'pulse' dose of NEU during brain develop

ment. There is general consensus that neoplasms of the periph
eral nervous system including cranial nerves are malignant
neurinomas, i.e., of Schwann cell origin (22). Tumors induced
in the central nervous system including the spinal cord have
been designated oligodendrogliomas, astrocytomas, and epen-

dymomas according to the glial precursor from which they
presumably originate (2,3). The frequent development of NEU-
induced neoplasms in the subependymal region of the cerebral
hemispheres, the great histopathological diversity of these neo
plasms, and the high incidence of mixed gliomas have led to
the hypothesis that these tumors originate from primitive neu-
roepithelial cells in the subependymal matrix layer of the lateral
ventricles. Sequential morphological studies have shown that
early neoplastic lesions occur as early as 10 weeks postnatally.
They consist of small foci of hyperplastic oligodendrocytes and
are predominantly located in the hemispheric white matter (4,
23). In later stages (after 5-6 months) they develop into micro-
tumors which stain positively with Alcian blue. Ultimately,
these neoplasms show features of anaplastic oligodendroglio
mas. In addition, early neoplastic proliferations appear in the
periventricular white matter of 2-month-old rats as single le
sions, multiple foci or a continuous thickening of the subepen
dymal plate (24). In later stages, they increase in size and
develop into astrocytomas, oligodendrogliomas, ependymomas,
and, most frequently, mixed gliomas. It was, therefore, con
cluded that NEU-induced gliomas originate either from oligo
dendrocytes or multipotent precursor cells of the subependymal
matrix layer (25, 26).

The tumors observed in the present study did not reflect this
dual mode of origin: all neoplasms induced within the neural
transplants were histopathologically classified as oligodendro
gliomas. They appeared to develop in a sequence similar to that
observed in rats transplacentally exposed to NEU. In some of
the transplants, only Alcianophilic clusters of oligodendrocytes
were present. In others, isomorphous gliomas had developed
with the typical histopathological features of differentiated
oligodendrogliomas. Immunohistochemically, they showed a

typical pattern of immunoreactivity to Leu-7 (Fig. 2A). This
monoclonal antibody is a marker for natural killer cells (HNK-
1) but is also expressed in various components of the central
nervous system including oligodendrocytes (8). Anti-Leu-7 has
proven to be a reliable although not specific marker for rodent
(27) and human oligodendrogliomas (28). These isomorphous
oligodendrogliomas were always located within the borders of
the neural graft (Fig. 1). In contrast, large, anaplastic oligoden
drogliomas showed histopathological evidence of progressive
dedifferentiation with invasion of adjacent brain structures.

Neoplasms other than oligodendrogliomas were not ob
served. Apart from entrapped reactive astrocytes (Fig. 2Ã„),
there was no evidence of astrocytic involvement and ependy
momas were also absent. We conclude from these observations
that under the conditions of neural grafting, malignant trans
formation is restricted to oligodendrocytes or a precursor cell
population already committed to oligodendrocytic differentia
tion. Bressler et al. (29) have recently observed transformation
in vitro of oligodendrocyte populations derived from either pups
or pregnant rats (19th day of gestation) treated with NEU. Raff
and coworkers (30) have studied gliogenesis in the rat optic
nerve and, on the basis of antigenic profiles, proposed a model
in which oligodendrocytes and type 2 astrocytes share a com
mon progenitor cell. The latter can be induced to selectively
follow oligodendrocytic or astrocytic differentiation in vitro.
This progenitor cell population must, therefore be regarded as
a potential target for transformation by NEU. The possibility
exists that under the growth conditions within the graft, the
balance of bipotential development is shifted towards oligoden
drocytic differentiation. We were able to identify the presence
of GFAP-positive astrocytes within the graft, but at present it
is not possible to reliably identify type 1 and type 2 astrocytes
or their precursor cells in histological tissue sections.

Although the transplanted forebrain anlÃ¤gecontained at least
portions of the fetal matrix layer, subsequent differentiation in
the host brain led to a graft consisting of mature neuronal and
glial cells without any evidence for the presence of a continu
ously proliferating stem cell population. This contrasts with the
persistence of a subependymal matrix zone beyond the postna
tal period in normal animals (31). The present study strongly
suggests that the persistence of a subependymal matrix cell
population is a prerequisite for the development of astrocytic,
ependymal, and mixed gliomas, but not oligodendrogliomas.

In approximately 25% of animals surviving more than 400
days (groups 3-5) we found small tumors outside the graft,
usually in the opposite hemisphere. In contrast to the tumors
that had developed within a transplant, they showed variable
histological features, with mixed oligoastrocytomas in addition
to isomorphous oligodendrogliomas. This heterogeneity makes
it unlikely that they are derived from grafted precursor cells
which migrated into adjacent brain structures (32). More likely,
they represent autochthonous host tumors induced by postgraft-
ing exposure to NEU. Although adult rats are considerably less
susceptible to the neurocarcinogenic action of NEU, the dose
administered (50 mg/kg) must be considered sufficient to in
duce a low brain tumor incidence, in particular in animals with
a long survival time.

There is increasing evidence that tumor induction by chemical
carcinogens occurs as a multistep process with tumor initiation,
promotion, and progression as commonly defined stages (33).
In various model systems these stages can easily be identified
on the basis of morphological studies and the requirement of
tumor promoters or repetitive exposure to an initiating agent
for the development of the malignant phenotype. NEU-induced
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nervous system tumors have always been considered exceptional
since a single prenatal pulse dose is sufficient to produce a high
incidence of malignant tumors in the central and peripheral
nervous system and a promotion or progression stage could not
be defined. Early neoplastic lesions showed direct progression
to malignancy without the necessity of additional exposure to
promoting agents or exogenous mutagens. Circumstantial evi
dence for neoplastic progression through distinct phases was
obtained in studies on the transformation of fetal rat brain cells
in vitro (34, 35). The present study presents the first in vivo
evidence for a multistep development of neural tumors. From
the data in Table 1 it appears that a 100% tumor incidence
within the neural grafts can only be achieved by exposure to
NEU both of the pregnant donor rat and the recipient animal.
When treatment was restricted to the host (8 days and/or 9
weeks after transplantation), the tumor incidence was consid
erably lower (22-40%). On the other hand, pregrafting exposure
of the donor animal alone did not produce a single tumor in
any of the transplants. Although there is no ready explanation
for this phenomenon, one may speculate that prenatal exposure
in ulero produces a population of initiated cells which during
normal development and differentiation readily acquire the
malignant phenotype. Within the graft, the initiated cells fail
to progress, possibly due to the specific microenvironment or
host factors, or a combination of both. Additional exposure to
the same initiating agent (NEU) at later stages of differentiation
apparently causes genomic lesions capable of inducing clonal
expansion of the initiated cells and their progression into ma
lignant gliomas (36, 37).

When reviewing early studies on the chemical induction of
brain tumors, we found a 1967 report by Hosobuchi and Ishii
(38) who administered 7,12-dimethylbenz(a)anthracene i.v. to
hamsters on Days 10/11 of gestation. One hour later, the fetal
brain was removed, minced, and inoculated into the brain of
newborn or 2-6-week-old hamsters. The authors observed gan-
glio-gliomas and gliomas in 65% of the recipient animals. In
contrast to the present study, tumors developed within 2 to 13
weeks after transplantation. To our knowledge, these studies
have neither been confirmed nor followed up. On the basis of
the illustrations provided, we assume that most, if not all lesions
constitute differentiating grafts rather than being truly neoplas
tic. Koestner et al. (39) treated pregnant CDF, rats (20th day
of gestation) with a single i.v. injection of NEU (50 mg/kg).
After an interval of 1-24 h, fetal brain suspensions were inoc
ulated s.c. into 3-day-old isogeneic hosts. Of 31 recipients, three
developed tumors at the inoculation site after a latency period
of 10-12 months. 11istologica! ly, these neoplasms were classi
fied as mixed gliomas.

In conclusion, our studies suggest the hypothesis that NEU-
induced brain tumors arise by two histogenetic pathways: (a)
transformation of embryonal matrix cells leading to the devel
opment of neoplasms which have retained the multipotent
developmental capacity of their cells of origin. These neoplasms
often originate from the persistent subependymal matrix layer
and can develop into a variety of histological subtypes, including
oligodendrogliomas, astrocytomas, ependymomas, and mixed
gliomas; (b) transformation of oligodendrocytes or precursor
cells committed to oligodendrocytic differentiation. This hy
pothesis is corroborated by the observation that NEU-induced
oligodendrogliomas are frequently located in the hemispheric
white matter, whereas astrocytic tumors and mixed gliomas
tend to arise from the subependymal region (23, 24). We suggest
that the selective induction of oligodendrogliomas in the present
model system is due to the absence of a persistent matrix cell

population. The differential effect of pre- and postgrafting
exposure to NEU is likely to reflect a multistep development
of these gliomas.
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