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Ethylnitrosourea (ENU) was diaplacentally applied to
(T x HT)F1 mice at a dose of 40 mg/kg on different gestation
days during organogenesis and early fetal stages by i.p.
injection to the dams. Hie animals were particularly sensitive
to induction of tumours at the central nervous system
(CNS)-skull-vertebra interface (30 and 20% in ENU-treated
male and female offspring respectively, compared with 1%
in controls). ENU treatment during the late organogenesis
stage (gestation days 8-11) proved to be less efficient in
tumour induction than during the subsequent early fetal
period (gestation days 12-14). Ninety-two per cent of the
CNS tumours were located at the interface between the CNS
and the osseous surrounding. The distribution of these
tumours at the pial border was inhomogeneous: 69% were
found at the brain-skull border, 6% of the tumours occurred
within the cervico-thoracal districts and 25% within the
lumbo-sacral districts of the spinal cord-vertebra interface.
Histological classification revealed a preferential occurrence
of neurcepithelial tumours in male offspring (~ 20%) and only
~ 7% Schwann cell tumours and —3% tumours of meningo-
mesenchymal origin. In female offspring neuroepithelial
tumours and Schwann cell tumours were observed at about
an equal rate (9-10%), in contrast to meningo-mesenchymal
tumours (1%). Nearly 98% of these tumours were situated
at the basal districts of the space between the CNS-skull and
spinal cord-vertebra. This indicates a particular sensitivity
of the basal neurothelium, a derivative of neural crest cells,
for ENU-induced carcinogenesis. The pluripotency of these
cells during the mid-gestation period apparently enables
growth of different histopathological tumour types, which
arise independently from each other.

Introduction
Many studies have been performed with several strains of rats
to study nervous system tumours induced by ethylnitrosourea
(ENU*), a model carcinogen during the perinatal period (1).
However, in most experiments mice proved not to be useful in
neurocarcinogenesis studies as this species lacks nearly all
neurotropic action of alkylnitrosoureas (2). In a previous report
(W. Schmahl et al., submitted) we described the usefulness of
the T x HT cross for a simultaneous study of both mutagenic
and carcinogenic effects in vivo. In response to embryo-fetal ENU
application, these mice developed not only a broad spectrum of
tumours in many organs and tissues, but also, and above all,
tumours in the interface between the central nervous system

•Abbreviations: ENU, ethylnitrosourea; CNS, central nervous system; g.d.,
gestation day.
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(CNS) and its mesenchymal surroundings. This target site is histo-
genetically closely related to the neural crest and thus corresponds
to the main target tissue of mutagenic events characterized by
coat colour spots (W.Schmahl et al., submitted). The present
report provides a detailed analysis of the pathohistology of
tumours of the CNS.

Materials and methods
Strains

The experiments were performed on (T x HT)F1 mice heterozygous for seven
recessive coat colour alleles (3). Treatment of the mice in utero occurred during
the time of migration of the melanocyte precursor cells from the neural crest to
the dermis. The alteration or loss of a wild-type alkie at one of the heterozygous
coat colour loci in the melanocyte precursor cells leads to the expression of the
recessive allele. The resulting mutant clone can be first observed at 2 weeks of
age as a coat colour spot in the developing fur.

ENU

1-Ethylnitrosourea was supplied under nitrogen oxide by Scrva (Heidelberg, FRG).
Immediately before i.p. injection into the pregnant females, ENU was dissolved
in Sorensen buffer at pH 6.0.

Experimental procedure

The procedure has already been described in detail in a recent paper (W.Schmahl
et al., submitted). Briefly, virgin T stock females were mated to HT stock males
and were examined for vaginal plugs during the next four mornings. The day
of plug detection represents day 1 of embryonic development. ENU treatment
was performed on one day of the period between days 8 and 14 of gestation.
In a second series of experiments, a dose-effect study was carried out by i.p.
injection of 0, 10, 20 or 40 mg/kg ENU into mice on gestation day 12.

Intraperitoneal applications were performed consistently between 9 a.m. and
11 a.m. After the litters were born, they were counted and sexed and examined
for abnormalities of the extremities and the tail.

Long-term study. The mice were kept in type 2 cages (five animals) under
standardized conditions. They remained in air-conditioned animal rooms at 23°C
with artificial light from 6 a.m. to 6 p.m. The animals received Altromin pellets
and water ad libitum. Systematic observations were conducted on 5 days a week.
All animals with neurologic symptoms, severely reduced activity, dyspnoe or
palpable tumours, as well as those with deformities of the skull, were autopsied.
Autopsies were also performed on cases of spontaneous death. After registration
of macroscopic findings, all abnormalities were also studied in histological sections.
In particular, the head region was studied histoJogically as a whole whenever
findings were established by X-ray examination (breaking of the skull sutures)
and in the case of brain atrophy or hydrocephalus externus. Histopathology
routinely included coronal sections (i) at the planes between the area frontalis
and the area parietalis of the cortex cerebri, (ii) at the mammillary region and
(iii) at the region of the mesencephalic nuclei.

Histological evaluation

After an adequate fixation period in 4% buffered formalin the specimens were
embedded in paraffin and 6 iim thick sections were produced. These were routinely
stained with haematoxylin and eosin, van Gieson and PAS.

Despite the difficulties in attributing tumour components to distinct histogenetic
pathways, it was necessary to establish a practical classification scheme from human
pathology (4), as well as from the pathology of the laboratory rat (5). It was
decided to use three main categories depending on the most conspicuous part
of each tumour. This classification was performed independently by two of the
investigators. Since we reached a high degree of conformity in our diagnoses,
our impression was strengthened that only a few tumours could potentially be
listed under different items at the same time. The precise immunohistcchemical
classification of the tumours is the subject of a forthcoming publication.

Statistical evaluation

The time of observation was arbitrarily divided into 50 day periods. This score
was composed of those animals suffering from tumours of the CNS periphery
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(tumours of the brain — skull and the spinal cord — vertebra interfaces) according
to their age at autopsy. To recognize significant differences between tumour
incidences, a contingency table analysis was performed (Fisher test).

Results
General tumour frequency
This subject has been presented in another report (W.Schmahl
et al., submitted). The present communication concerns tumours
of the CNS and tumours at the border between neuroectoderm
and its mesenchymal surrounding.
Frequency of tumours of the CNS and related tissues (Tables
I and II)
Tumours originating within the CNS parenchyme. Eighteen
genuine tumours of the CNS (2.6%) were registered in treated
male offspring, and 12 tumours (1.8%) were found in females
within the CNS parenchyme, revealing no connection to the pial
border zone. In controls no similar tumours were observed.

Tumours in the dural space of the CNS. Tumours of this location
occurred only rarely in control animals (0.8% in males; 0.5%
in females). After ENU treatment, tumours of the CNS-skull -

vertebra interface were observed in 27.9% of the males and
18.6% of the females (P < 0.0001) (Tables I and H). In this
group, seven males and six females also had a genuine tumour
of the CNS parenchyme (Tables HI and IV, column 6). The dural
space tumours constantly infiltrated into the neighbouring CNS
parenchyme and less frequently into the osseous surroundings.
We do not yet have any indication that the latter tissues represent
the primary ENU targets from which the border zone tumours
have originated. The main induction period in both sexes was
between gestation day (g.d.) 10 and 14 with a marked peak on
g.d. 13 in male offspring (49.1 % frequency) and female offspring
(30.6%) (Tables I and II). The high sensitivity of this gestation
day was also documented by a tumour multiplicity of 1.34 in
males and 1.21 in females (Tables HI and IV). In contrast, mean
tumour multiplicity was 1.16 in males and 1.12 in females.

The induction of these tumours follows a dose—effect
relationship in both sexes, but this was most evident in females
(Tables I and II). Although the treatment groups 12/40/1 and
12/40/2 received identical doses, the ENU came from different
batches and experiments were separated by several months, the
resulting tumour frequencies being markedly different in females.

Table I. Animals with tumours of the nervous system and related tissues in male (T x HT) offspring after ENU treatment on different gestation days (numbers
and per cent)

ENU treatment g.d./dose (mg/kg)

No. of animals observed

1. Tumours of the CNS
parenchyme

2. Tumours of the CNS-
skull—vertebra interface

3. Tumours of the nervus V

4. Tumours of the
peripheral nervous
system

5. Hyperplastk lesions
of the cranial meninges

0
(controls)

243

(0)

(2)
0.8

(1)
0.4

(0)

(1)
0.4

8/40

45

(0)

(0)

(0)

(0)

(0)

9/40

49

(1)
2.0

(1)
2.0

(0)

(0)

(1)
2.0

10/40

94

(1)
1.1

(25)
26.6

(0)

(4)
4.3

(1)
1.1

11/40

77

(2)
2.6

(28)
36.4

(1)
1.3

(1)
1.3

(2)
2.6

12/40/1

56

(2)
3.6

(20)
35.7

(1)
1.8

(2)
3.6

(1)
1.8

13/40

110

(3)
2.7

(54)
49.1

(4)
3.6

(1)
0.9

(2)
1.8

14/40

35

(2)
5.7

(9)
25.7

(0)

(0)

(0)

12/10

101

(3)
3.0

(20)
20.0

(1)
1.0

(0)

(0)

12/20

72

(0)

(18)
25.0

(0)

(1)
1.4

(2)
2.8

12/40/2

66

(4)
6.1

(22)
33.3

(2)
3.0

(0)

(0)

All
treatments

705

(18)
2.6

(197)
27.9

(9)
1.3

(9)
1.3

(9)
1.3

Table D. Animals with tumours of the nervous system and related tissues in female (T x HT) offspring after ENU treatment on different gestation days (numbers
and per cent)

ENU treatment g.d./dose (mg/kg)

No. of animals observed

1. Tumours of the CNS
parenchyme

2. Tumours of the C N S -
skull—vertebra interface

3. Tumours of the nervus V

4. Tumours of the
peripheral nervous
system

5. Hyperplastic lesions
of the cranial meninges

0
(controls)

215

(0)

(1)
0.5

(0)

(0)

(0)

8/40

44

(0)

(1)
2.3

(0)

(0)

(0)

9/40

54

(0)

(2)
3.7

(0)

(0)

(2)
3.7

10/40

86

(0)

(6)
7.0

(0)

(2)
2.3

(2)
2.3

11/40

71

(5)
7.0

(13)
18.3

(0)

(1)
1.4

a)
2.8

12/40/1

40

(1)
2.5

(10)
25.0

(2)
5.0

(2)
5.0

(1)
2.5

13/40

108

(2)
1.9

(33)
30.6

(6)
5.6

(5)
4.6

(7)
6.5

14/40

18

(1)
5.6

(4)
22.2

(0)

(5)
27.8

(0)
0

12/10

105

(0)

(11)
10.5

(0)

(0)

(1)
0.9

12/20

70

(1)
1.4

(14)
20.0

(0)

(2)
2.9

(1)
1.4

12/40/2

72

(2)
2.8

(30)
41.7

(0)

(2)
2.8

(4)
5.6

All
treatments

668

(12)
1.8

(124)
18.6'

(8)
1.2

(19)
2.8

(20)
3.0

•Significant compared to the incidence in male offspring, P < 0.0001.
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The incidences were 25.0 and 41.7% respectively. In contrast,
tumour multiplicity was quite constant in these two groups
(Table H).

Tumours of the nervus trigeminus. Apart from one tumour in
a male control animal, there were a few cases of these tumours
in the intracranial section of the nervus trigeminus. We registered
only those tumours that could be discerned clearly from other
tumours of the brain—skull interface. The sensitive phase for
induction was around g.d. 13 in both sexes (Tables I and II).
The tumours were all classified as Schwannomas.

Tumours of the peripheral nervous system. Tumours of this type
were not observed in control animals, but amounted to 1.3% in
males and 2.8% in females in the ENU-exposed groups. Tumours
of the peripheral nerves were histologically classified as
Schwannomas. They were mostly found within the walls of the
intestinal tract, and at sub-peritoneal and sub-mediastinal
locations. The main induction period was from g.d. 10 to 12 in
males and from g.d. 12 to 14 in females, with a distinct peak
on the later day of gestation.

Fibrosis of the cranial meningeal tissue. We regarded this finding
as being related to the tumorigenesis of the brain—skull interface,
indicating further the sensitivity of the dural border zone for
carcinogenic late effects in this strain of mice. Nodular to diffuse
fibrosis occurred in one control male, but in 1.3% of the males
treated. In the female offspring of treated dams an incidence of
3% was registered, with a distinct peak of inducibility around
g.d. 12-13 (Tables I and II). In no case was the fibrotic alteration
related to the eventual occurrence of brain tumours. For instance,
in females of the 13/40 group, seven cases of meningeal fibrosis
were observed, from which only two cases showed
simultaneously a tumour at the basal dural space. In most cases,
the lesions were seen beyond the calotte and represented well-
circumscribed foci without adherence to the underlying nervous
tissue.

Histological classification of the tumours
Genuine tumours of the CNS parenchyme (Tables V and VI). The
most sensitive period for tumour induction in males was between
g.d. 12 and 14. In female offspring we observed two induction

TaMe ffl. Frequency
gestation days

ENU treatment
g.d./dose (mg/kg)

Controls

8/40
9/40

10/40
11/40
12/40/1
13/40
14/40
12/10
12/20
12/40/2

Total 705

Table IV. Frequency
gestation days

ENU treatment
g.d./dose (mg/kg)

Controls

8/40
9/40

10/40
11/40
12/40/1
13/40
14/40
12/10
12/20
12/40/2

Total 668

and multiplicity of tumours of the CNS and of the CNS—skull-vertebra interface in (T

No. of animals

1
Solitary
CNS tumours

0

0
1
0
1
1
1
1
3
0
3

11 (1.6%)

with tumours

2
Tumours of the
CNS border

0

0
1

25
28
20
54

9
20
18
22

197 (27.9%)

3
Sum
1 + 2

0

0
2

25
29
21
55
10
23
18
25

208 (29.5%)

No. of tumours

4
Within CNS
parenchyme

0

0
1
0
1
1
1
1
3
0
3

11

5
At the CNS
border zone

0

0
1

27
32
21
71

9
20
20
23

224

and multiplicity of tumours of the CNS and of the CNS-skull-vertebra interface in (T x

No. of animals

1
Solitary
CNS tumours

0

0
0
0
3
1
0
0
0
0
2

6 (0.9%)

with tumours

2
Tumours of the
CNS border

1

1
2
6

13
10
33
4

11
14
30

124 (18.6%)

3
Sum
1 + 2

1

1
2
6

16
11
33
4

11
14
32

130 (19.5%)

No. of tumours

4
Within CNS
parenchyme

0

0
0
0
3
1
0
0
0
0
2

6

5
At the CNS
border zone

1

1
3
7

13
10
38
4

11
16
31

134

X HT)F1 males

6
CNS tumours
simultaneous
with 5

0

0
0
1
1
1
2
1
0
0
1

7

HT)F1 females

6
CNS tumours
simultaneous
with 5

0

0
0
0
2
0
2
1
0
1
0

6

after ENU

7
Sum
4 + 5 +

0

0
2

28
34
23
74
11
23
20
27

242

after ENU

7
Sum
4 + 5 +

1

1
3
7

18
11
40

5
11
17
33

146

treatment on different

8
Multiplicity

6

0

0
.00
.12
.17
.09
.34
.10
.00
.11
.08

1.16

treatment on different

8
Multiplicity

6

1.00

.00

.50

.17

.12

.00

.21

.25

.00

.21

.03

1.12
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Table V. Pattern

Gestation
day/ENU dose
(nig/kg)

Controls

8/40
9/40

10/40
11/40
12/40/1
13/40
14/40
12/10
12/20
12/40/2

Total

Table VI. Pattern

Gestation
day/ENU dose
(mg/kg)

Controls

8/40
9/40

10/40
11/40
12/40/1
13/40
14/40
12/10
12/20
12/40/2

Total

of intraparenchymal

Animals
(nos.)

243

45
49
94
77
56

110
35

101
72
66

705

of intraparenchymal

Animals
(nos.)

215

43
54
86
71
40

108
18

105
70
72

668

tumours of the CNS

Tumours
(nos) %

(0)0

(0)0
(1) 2.0
(1) 11
(2)2.6
(2) 3.6
(3) 2.7
(2)5.7
(3) 3.0
(0)0
(4)6.1

(18) 2.6

tumours of the CNS

Tumours
(nos.) %

(0)0

(0)0
(0)0
(0)0
(5) 7.0
(1) 2.5
(2) 1.9
(1) 5.6
(0)0
(1) 14
(2)2.8

(12) 1.8

in male (T x HT)F1 mice after

Histological classification of the

Glioma/
astrocytoma

1
1

1
1

3

7

in female (T

Glioblastoma

1

1
3
1
1

1

8

ENU treatment

tumours

Gliosarcoma

1

1

2

on different

Angioma

0

gestation days

Melanoma

1

1

x HT)F1 mice after ENU treatment on different gestation days

Histological classification of the

Glioma/
astrocytoma

1

1
1

1
1

5

Glioblastoma

2

1

3

tumours

Gliosarcoma

1

1

Angioma

2

2

Melanoma

1

1

Location

Brain

1
1
2
2
1
1

3

11

Location

Brain

4
1
2
1

1
2

11

within

Spinal
cord

1

1

1
1
2

1

7

within

Spinal
cord

1
0
0
0

0
0

1

peaks on g.d. 11 and 14 (7.0 and 5.6% respectively). They were
primarily located in the brain in both sexes with a ratio of 11:7
in males and 11:1 in females for the brain/spinal cord distribution.

The most common type of tumour was the neuroepithelial
tumour [oligodendroglioma, astrocytoma, glioblastoma
(Figure 1), and gliosarcoma] in both sexes with a distinct
preference in males after ENU treatment on g.d. 12-13.

Tumours in the dural space. Whereas the intraparenchymal
tumours of the CNS were quite easy to classify due to the most
abundant components, classification proved more difficult in the
cases of tumours growing within the dural space. The latter were
principally composed of several different cell types with a
heterogenous lineage. These comprised CNS tumours of neuro-
epithelial origin, tumours of the nerve sheath and related tissues,
as well as meningeal tumours and mesenchymal tumours of the
spindle-cell type which showed a varying degree of participation
within the neoplastic areas.

Tumours of neuroepithelial origin. There were either typical
oligodendrogliomas or mixed oligodendro-astrocytic tumours or
even anaplastic gliomas and astrocytomas, glioblastomas as well
as 'primitive' neuroepithelial tumours.

The typical picture was the formation of rows, cords or rings
by tumour cells with occasional palisading (Figure 1). Some areas
showed a rather fibrocytic, 'stroma-like' differentiation. Van

1316

Gieson staining nevertheless hardly demonstrated any collagen
in those regions.

This type of tumour was more frequently induced in males
(20.9%) than in females (8.7%), with a peak after treatment on
gestation day 13 in both sexes (Table VII). Its distribution within
the neuraxis was fairly homogeneous. In terms of their
inducibility, these tumours revealed a clear dose—response
pattern.

Neuroepithelial tumours appeared as two separate clusters
during the observation period (Table VQI). The first peak
occurred between 200 and 350 days, the second peak beyond
450 days. Whereas in males the magnitude of these two
observation clusters showed a ratio of 53:90 (37:63%), this ratio
was shifted in female offspring to 10:48 (17:83%).

Tumours of nerve sheath cells and related tissues. These tumours
were composed of bipolar cells with mostly elongated nuclei and
intermingled areas containing bundles of compact, interweaving
elongated cells, alternating with areas of looser texture. In the
former parts some alignment of nuclei in parallel rows or clusters
was observed and referred to as palisading. This corresponds to
Antoni A-type neurilemmoma, the loosely arranged areas being
defined as Antoni B-type neurilemmoma (Figure 2). These
tumours were characterized by their destructive capacity at the
underlying bone where they rigorously invaded the bone marrow
cavities. Infiltrations of the brain and spinal cord periphery were
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Kaplacental induction of tumours by ENU

Fig. 1. Male (T x HT)F1 mouse at an age of 939 days, after ENU treatment (10 mg/kg) on g.d 12. Glioblastoma multiforme arising at the basal parts of
the forebrain with infiltration of the parenchyme. H&E, X560.

TaWe VII. Histological
Classification according

Gestation day/
ENU dose (mg/kg)

Controls

8/40
9/40

10/40
11/40
12/40/1
13/40
14/40
12/10
12/20
12/40/2

Total

Brain-skull
interface

Spinal cord-
vertebra interface

classification of tumours of the CNS-skull-vertebra interface in (T
to the predominant (>50%)

Males

Animals

243

45
49
94
77
56

110
35

101
72
66

705

Neuroepithelial
tumours

(0)

(0)
(0)

(18) 19.1
(23) 29.9
(15) 26.3d

(49) 44.5d

(2) 5.7
(12) 11.9
(12) 16.7
(16) 24.2

(147) 20.9*

(79) 11.2

(68) 9.7

cell type (numbers and per cent)

Tumours of
nerve sheath
cells

(1) 0.4

(0)
(0)
(3) 3.2
(6) 7.8
(4) 7.1f

(20) 18.2f

(5) 14.3
(5) 5.0
(4) 5.6
(5) 7.6

(52) 7.4

(46) 6.$>

(6) 0.9b

Meningo-
mesenchymal
tumours

(1) 0.4

(0)
(1)2.0
(6) 6.4
(3) 3.9
(2)3.6
(2) 1.8
© 5.7
(3) 3.0
(4) 5.6
(2)3.0

sum

(25) 3.5 224

(18) 2.6e 143

(7) 0.9* 81

x HT)F1

Females

Animals

215

43
54
86
71
40

108
18

105
70
72

668

mice in relation to

Neuroepithelial
tumours

(0)

(0)
a) 3.7
(6) 7.0
(8) 11.3
(2) 5.0

(14) 13.0
(1) 5.6
(4) 3.8
(9) 12.9

(12) 16.7

(58) 8.71

(37) 5.5

(20 3.2

gestation day of treatment with

Tumours of
nerve sheath
cells

(1) 0.5

(1) 2.3
(0)
(1) 1.2
(4) 5.6
(7) 17.5

(20) 18.5
(3) 16.7
(7) 6.7
(5) 7.1

(19) 26.4

(67) 10.0

(56) 8.4C

(11) 1.6C

Meningo-
mesenchymal
tumours

(0)

(0)
(1) 1.8
(0)
(1) 1.4
(1)2.5
(4) 3.7
(0)
(0)
(2)2.9
(0)

(9) 1.3

(8) 1.2

(1)0.1

ENU.

sum

134

101

33

Significances between pairs of data: mbcP < 0.0001; ieP = 0.02; 'P = 0.04.

also frequently observed. Nerve sheath tumours were found at
a frequency of 7.4% in males and 10% in female offspring
(Table VII). Their peak occurrence was after g.d. 13-14 in both
males and females. In the females there was a great discrepancy
between treatment groups 12/40/1 and 12/40/2 with respect to
these tumours. There was apparently no dose-response relation-
ship in the induction of these tumours. In addition, they were
~ 7 times more frequently found at the brain—skull interface than
at the periphery of the spinal cord (bottom of Table VII).

Tumours of the nerve sheath showed two main clusters within
the autopsy time scale in males and three clusters in females.
In the former, these occurred between 250 and 350 days, a second
broad cluster being established from 450 days onward
(Table VHI). In female offspring a cluster of these tumours was
seen in the period up to 350 days. The second peak (54%)
occurred around 400—500 days. Finally, 48% of all cases of this
type of tumour were observed in the period between 550 and
600 days.
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Tumours of meningo-mesenchymal origin. These tumours were
mostly composed of elongated spindle cells with narrow, rod-
like nuclei. The cells were arranged in interlacing bundles with
a tendency to whorling. However, the onion-shaped pattern
typical of meningeomas was hardly observed (Figure 3). There
was an abundance of collagen fibres as well as cases with many
less well-defined sinusoidal blood spaces. This group also in-
cluded sarcomatous tumours of the dura! space where spindle-
cell-shaped sarcomas predominated either as fibrosarcomas or
as polymorphocellular sarcomas. The latter occurred as spindle-
cell tumours with small nuclei extending mostly within the dura,
infiltrating and destroying the neighbouring bone and the brain
parenchyme. They often resemble both a meningotheliomatous
meningioma as well as a fibrous meningioma. Spindle cell
tumours occurred more frequently in males (3.5%) than in
females (1.3%) (Table VII). They revealed a rather broad
induction period with no outstanding peak of incidence in any
experimental group. There was also no evidence of a dose —
response relationship. These tumours were induced significantly
more often at intracranial sites (2.6 and 1.2% in males and
females respectively) than within the vertebral column (0.9 and

0.1%). Remarkably, these spindle cell tumours did not reveal
any relationship in latency and differential frequencies to the
occurrence of either neuroepithelial tumours or nerve sheath
tumours.

Topographical distribution pattern of tumours at the
CNS—skull—vertebra interface
Site specificity within the CNS circumference (all experimental
groups). From the 224 dural space tumours registered in male
offspring, 143 (63.8%) were located within the cranium. In
females, 101 out of 134 tumours (75.4%) were found at this site
(Table VII). Of this total of 244 intracranial tumours, 239
(98.3%) were located at the base of the brain, the others were
found at the lateral and dorsal region of the dural space. The
basally located tumours extended from the area of the nervi op-
tici to the region of the roots of the nervus trigeminus.

The remaining 81 and 33 tumour cases within the vertebral
column of males and females respectively also revealed a distinct
preferential location in the ventral to ventro-lateral districts of
the spinal cord. However, as these tumours had already expanded
severely before the animals revealed symptoms and were autop-

Tabte VIII. Time scale of detection of the tumours of the CNS pial border zone within the postnatal observation period. Compilation (numbers and per cent) of
tumours in (T x HT)F1 mice of all experimental groups

Histological classification Sex Total % tumours observed within the following intervals (days)
f h diof the tumours according

to the predominant
(>50%) cell type

Neuroepithelial tumours

Tumours of nerve sheath
cells (Schwann cells)

Meningo-mesenchymal
tumours

CT

9

cr

9

CT

9

no.

147

58

52

67

25

9

<25O

(5) 3.4

(0) 0.0

(0) 0.0

(3) 4.5

(1)4 0

(0) 0.0

251-300

(1)

(4)

(13)

(8)

(1)

(0)

0.7

6.9

25.0

11.9

4.0

0.0

301-350

(47)

(6)

(3)

(7)

(1)

(3)

32.0

10.3

5 8

10.4

4.0

33.3

351-400

(0)

(0)

(0)

(1)

(2)

(2)

0.0

0.0

0.0

1.5

8.0

22.2

401-450

(1)

(0)

(0)

(19)

(3)

(2)

07

0.0

0.0

28.3

12.0

22.2

451-500

(33)

(5)

(5)

(10)

(3)

(0)

22.4

8.6

9.6

14.9

12.0

0.0

501-550

(35) 23.8

(24)41.4

(11)21.2

(2) 3.0

(1) 4.0

(1) H.l

551-600

(12)

(9)

(5)

(17)

(5)

(1)

8.2

15.5

9.6

25.4

20.0

11.1

601-650

(9)

(8)

(11)

(0)

(3)

(0)

6.1

13.8

21.2

0 0

12.0

0 0

>651

(3)

(2)

(1)

(0)

(5)

(0)

2.0

3.4

1.9

0.0

20.0

0.0

Fig. 2. Male (T x HT)F1 mouse at an age of 553 days, after ENU treatment (40 mg/kg) on g.d. 10. Malignant Schwannoma at the spinal cord border zone
within cervical segments 3 - 4 . H&E, x875.
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sied, circular growth engulfing the spinal cord circumference was
also observed. An analysis of site of origin was therefore hardly
possible in each case.

Site specificity across the neuraxis. This evaluation comprises
only the time—response experiments with 40 mg/kg ENU. Dose-
related effects are therefore excluded (Table LX).

Sixty-nine per cent of all tumours of the CNS border zone were
found intracranially, 6% were located in the cervico-thoracal
segments of the vertebral column and 25 % in its lumbo-sacral
segments. ENU treatment during organogenesis (g.d. 8-11) was
less effective in the induction of tumours (16%) than the subse-
quent early fetal stage (41.7%, P < 0.0001).

The early fetal period was - 2 - 3 times more sensitive for
induction of CNS border zone tumours than the organogenesis
stage. The lumbo-sacral districts were affected almost exclusively
in both sexes after treatment on g.d. 8 or 9. This was followed

by the first induction of tumours at the base of the brain, which
accounted for the great majority of all tumours. ENU treatment
on g.d. 14 induced almost exclusively tumours at the base of
the brain. In both sexes only one animal was found with a tumour
in the sacral district of the spinal cord border after ENU
application on g.d. 14.

Discussion

It is known that mice, as opposed to rats, are resistant to the
diapiacental induction of neurogenic tumours by nitrosamides.
Vesselinovitch et al. (6) described an incidence of 5.8—6.4%
for ENU-induced neural tumours in C57BL x CH hybrids after
treatment between g.d. 12 and 14. A comparable brain tumour
frequency was also reported for ENU-treated C3HeB/FeJ mice
(7). Application of 20 mg/kg ENU on g.d. 19 resulted in brain
glioblastomas in 6.8% of male and 2.4% of female offspring.
Wechsler et al. (8), analysing the data from 4555 mice offspring

Fig. 3. Female (T x HT)F1 mouse at an age of 562 days, after ENU treatment (10 mg/kg) on g.d. 12. Meningioma with typical onion-shaped arrangement
of cells forming a broad extending tumour mass between the pituitary gland and the olfactory bulbs. This tumour revealed great destructive capacity for the
underlying bone. H&E, X560.

Table IX. Incidence of tumours (number and
and to tumour distribution along the neuraxis

Single ENU treatment within

organogenesis period
(g.d. 8-11)

fetal period
(g.d. 12-14)

All treatments

Topographic distribution
of the tumours {%)

per cent) of the CNS—skull—vertebra interface
(ENU groups with 40 mg/kg)

No. of
experimental
animals

520

367

887

Tumour location

Skull base

(56) 10.8*

(107) 29.2*

(163) 18.4

69

in (T x HT)F1

Cervico-thorax
segments

(6) 1.2

(9) 2.5

(15) 17

6

mice in relation to the gestation

Lumbo-sacral
segments

(22) 4.2b

(37) 10. lb

(59) 6.7

25

period of induction

All tumours
of the CNS
pial border

(84) 16.2*

(153) 41.7*

(237) 26.7

Significances between pairs of data: 'P < 0.0001; bP = 0.05.
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of the NIH-Swiss, DBA and C57B1 strains after ENU treatment
between g.d. 12 and 20, observed tumours of the CNS with a
frequency as low as 0.6%. Others did not observe any CNS
tumours in C57B16, DBA or AKR mice after ENU treatment
(9). They described, however, an incidence of 3.6-3.9% CNS
tumours in SWR/J mice. Some other negative results in CNS
tumour development by diaplacentally active ENU were reported
for nude CBA mice (10), NMRI mice (11) and for A/J mice or
for the C57B16 strain (12).

These reports indicate a low susceptibility of the sub-ependymal
layer of the CNS to nitrosamide carcinogenesis in mice, a target
tissue with an outstanding sensitivity in rats (13,14). hi addition,
the Schwann cells of the trigeminus nerve and of other parts of
the peripheral nervous system have also been described as target
cells of ENU effects in rats (15,16). The induction of Schwann
cell tumours was, however, quite independent of the origin of
meningiomas, which amounted to 1.8% in these experiments.
This was of comparable magnitude to the incidence of meningo-
sarcoma (1 %) in C3H mice after ENU treatment (7). This strain
was regarded as just as sensitive as most rat strains to ENU, as
the frequency of Schwannoma was —30% after treatment on g.d.
19 with 20 mg/kg ENU (1,7). Another preferential target within
the CNS of Wistar, Fischer and Long-Evans rats was described
for neonatal ENU treatment. In cerebellar tumours arising in these
strains (17) as well as in spinal cord tumours (18), glioma stem
cells were found to be situated in 93 % of all cases in the sub-
pial CNS periphery. Histologically, all tumours were classified
as oligodendrogliomas with some occasional astrocytic foci.
However, meningeal or sarcomatous tumours were not found in
one single case.

In contrast to the above studies in rats, (T x HT)F1 hybrids
have revealed a unique target at the border between neuro-
ectodermal and mesodermal tissues.

An additional finding in our mice must be separated from the
occurrence of tumours, namely the hyperplastic lesions of the
cranial meninges which were observed both in the dorsal and
basal regions of the brain. This nevertheless indicates a distinct
sensitivity of the meningeal cells to a proliferation response after
ENU exposure.

This characteristic carcinogenic effect of ENU at the
brain—skull and spinal cord-vertebra interfaces established in
this study should be emphasized with respect to the following
peculiarities:

(i) These tumours were not homogeneously distributed along
the neuraxis, but showed a preference for the cranial location
rather than for the lumbospinal segments. Although they did
not reveal any relationship with the cervico-thoracal
segments, which represent the preferential stem cell region
for melanoblasts, their correlation with spot induction during
organogenesis, especially in female offspring, is intriguing
(W.Schmahl et al., submitted). It is therefore assumed that
neural crest tissue is involved in carcinogenesis, but not those
parts of the neural crest that form the melanocytes or other
constituents of other tissues or organs. Otherwise the latter
would also have revealed some carcinogenic effects.

(ii) The tumours showed a marked preference for the basal parts
of the CNS. This might be related to the genetical
background of the (T x HT)F1 hybrids, similar to the
topographical pattern of ENU-induced lung tumours and
intestinal tumours ascribed recently to distinct genetic
influences (19). However, while this would explain the
interface location of tumours in general, it would not explain
their preference for the ventral parts of the CNS. This factor

can therefore be explained more plausibly in the light of
histogenetic events occurring at the base of the CNS during
embryogenesis.

The neural crest cells in the cephalic region of mice arise from
the lateral extremity of the neural folds on g.d. 8 (20,21). Those
cells originating from the lateral and dorsal margins invade the
mesenchyme, which later forms some parts of the skull skeleton
(22). Most of the crest cells arising from the ventral part of this
lateral lip spread out medially to invade the region of the inner
brain curvature, i.e. the area of the subsequent fasciculi optici
(23). Neural crest cells are not distinguishable from the primitive
mesenchyme on g.d. 10 (21,24). Thereafter, the first meningeal
and vascular elements are present within a cellular reticulum
occupying the space between the brain and the fibrous elements
of the dura to be formed later (25). Neurothelial cells, which
continuously form the perineural cell sheath of nerves upon
leaving the meningeal space, are first seen in the region of the
later sella turica as the earliest differentiation of the primitive
mesenchyme (26-28). A sudden increase of the mitotic index
of those cells related to the meningeal cell investment of the region
between the fascicular optici was observed by Sturrock (29,30)
in rodent embryos at a stage corresponding to g.d. 9—10 in the
mouse.

Most importantly, these migratory neural crest cells have been
recently described to possess a striking heterogeneity in terms
of their capacity for differentiation (31). This implies not only
cell lineage for neurons of certain peripheral ganglia, but also
satellite glial cells of such neurons, Schwann cells engulfing the
nerves and mesectodermal derivatives that form connective tissue
structures. These latter cell types of neural crest origin—namely
glial cells, Schwann cells and connective tissue cells—are
obviously the main targets for ENU-induced carcinogenesis in
the present experiments with (T X HT)F1 mice. In addition, this
sensitive cell population is nearly exclusively limited to the basal
parts of the structures derived from the neural crest. The sensitive
period starts as early as g.d. 8 in female embryos. To our
knowledge no comparable experiment in mice has reported such
an early induction period (32). The most significant studies by
Wechsler et al. (8) and Vesselinovitch et al. (6) started with ENU
applications to mice at g.d. 12. This is a rather arbitrary time
schedule that does not exclude the possibility of some sensitivity
to lung tumour and leukemia induction being present even earlier.
Presumably this schedule was influenced by a previous detailed
time-response study on ENU effects in rats (15). Ivankovic and
Druckrey reported an absence of tumour induction before g.d. 12
in the rat, which would correspond to g.d. 11 in the mouse (33).
Similarly, Nomura (34), when studying the diaplacental induc-
tion of lung tumours in ICR mice by urethane, did not find any
effect before g.d. 11.

Besides the relatively early inducibiliry of CNS border zone
tumours, there is obviously a developmental gradient in topo-
graphical sensitivity which presumably reflects a similar histo-
genetic gradient: the lumbospinal parts reveal not only the earliest
carcinogenic effects but also show maximum sensitivity at the
lowest dose. In contrast, tumorous late effects are exclusively
concentrated at the base of the brain at the latest application time
(g.d. 14) of our experiment. This result must be interpreted as
a significant example of stage specificity in the carcinogenic
response at a definite site, a fact which was strictly denied in
earlier studies (35). So far, only Maekawa et aL (36) have
claimed that there is a relationship between the dose of ENU and
a variation of organ specificity in carcinogenesis. The latter cannot
be confirmed in the present study, as our dose-response study
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revealed a constant affliction of the CNS-mesenchyme inter-
face. However, in the same phase of our experiments it became
evident that those regions with an early manifestation of
sensitivity, such as the lumbosacral region, simultaneously show
a maximum response even after the lowest dose. This exception
from the normal dose-response relationship was also shown by
the pioneering experiments of Ivankovic and Druckrey (15), from
which it is further known that the ENU response during earlier
developmental stages is more intense than during later stages.
The decrease in sensitivity of the CNS border zone to carcino-
genesis on g.d. 14 is nevertheless surprising, but this result
obviously has to be seen together with the earlier inducibility
of tumours.

On account of these pathogenetic considerations we also claim
that glial tumours and their mesenchymal (sarcomatous) com-
ponents are of simultaneous origin. In human pathology the
recognition of the gliosarcoma as a distinct neuropathological
entity has led to a number of theories pertaining to the origin
of mixed tumour cell populations. Most studies have supported
the hypothesis that the glioma induces the (secondary) sarcomat-
ous transformation of the vascular endothelium and/or the peri-
vascular adventitial cells (37-39). In contrast to those authors,
we now present experimental evidence for the simultaneous
carcinogenesis of both neuroepithelial and mesenchymal tissues
with a presumed common stem cell. This is shown most clearly
by the latency timetables establishing that the occurrence of the
various types of tumour (neuroepithelial versus meningo-
mesenchyma] types) was not concordant in any way. A further
factor also points in this direction: there was no correlation of
the frequency of neuroepithelial tumours with the number of
meningo-mesenchymal tumours observed in subsequent periods
alone or simultaneously with neuroepithelial tumours. Such a
correlation would have indicated the presence of secondary
induction events.

Our determination of a common target cell is finally supported
by pathogenetic considerations which are stringent only upon the
basis postulated. Thus the (T X HT) cross is also a good model
for studying conditions that lead to a variable pattern of histo-
genetic phenotypes during carcinogenesis of a common progenitor
cell.
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