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CelproUferation and cell deathplay critcal roles in
embryonic development, postnat tissue mainte-
nance, and tumorform To understand the in-
terplay between cell prolferation and death in tu-
mnorformation, we studied these two processes in
nascent primitive neuroectodermal tumors that
arosepostnatalyfrom neuroepitheial cells ventral
to the median eminence oftransgenic mice (desig-
nated rTH-Tag mice) carrying a Sindan virus 40
large T antigen transgene driven by a rat tyosine
hydroxylasepromoter. Cellproferation continued
in the neuroepithelum of the ventral median emi-
nence in wild-type and transgenic animals for the
first 2 weeks ofpostnatal life but subsided com-
pletely in the wlld-type mice aJter2 weeks ofage. In
contrast, mitotic actiypersisted in theseprogeni-
tor cels ofthe rTH-Tag mice, and there was a dra-
matic increase in mitotc activity after 10 weeks
leading to theformation ofprimitive neuroectoder-
maltumors despite sustained celldeath activity. We
conclude that primilive neuroectodernal tumors
originatefromprogenitor cells in the ventralmedian
eminence of rTH-Tag mice in early postnatal life
when progenitorsfail to respond to signals to exit
the cell cycle. Thus, the disruption of mechanisms
that regulate cel proiferation and cel death in the
developing brain may underlie the emergence of
primitive neuroectodermal tumors in the rTH-Tag
mice, (AmJPathol 1995, 146&1376-1387)

The total number of cells in a population is maintained
constant only if cell proliferation equals cell loss. At

least two major modes of cell death have been iden-
tified, ie, necrosis and apoptosis. Necrosis, the end
product of cell injury, is seen in tumors and many other
pathological conditions but not in normal cells or tis-
sues. On the other hand, programmed cell death or
apoptosis1'2 occurs in normal physiological pro-
cesses such as tissue remodeling in embryogenesis3
and in the homeostasis of cell populations4 as well as
in pathological processes.5-7 Unlike necrosis, apop-
tosis is an active form of cell death that appears to be
genetically controlled.8-1 1 Furthermore, in some
cases apoptosis also appears to be dependent on
the cell cycle status.12 Cells undergoing apoptosis
display characteristic morphological and biochemi-
cal features such as condensed chromatin, apoptotic
bodies, and fragmentation of genomic DNA at 185- to
200-bp intervals.2'5'9'10'13

Primitive neuroectodermal tumors (PNETs) are
common pediatric brain tumors, and the cerebellar
medulloblastoma is the prototype of this class of
neoplasm.1418 Although PNETs exhibit the pheno-
typic properties of central nervous system (CNS)
stem cells or neuronal progenitors,14'18-20 current un-
derstanding of the mechanisms of tumorigenesis in
the immature CNS and of the events leading to tumor-
igenesis and tumor progression in the developing hu-
man nervous system are almost completely unknown.
However, recently developed animal models of
PNETs provide an opportunity to explore these is-
sues.17'18'21 For example, studies of PNETs in several
lines of mice that harbored a Simian virus 40 large T
antigen (SV40-Tag) transgene showed that brain tu-
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mors arising in these mice are phenotypically similar
to human undifferentiated PNETs or PNETs with a neu-
ronal phenotype.21 Indeed, PNETs arising in the
SV40-Tag transgenjc line driven by a rat tyrosine hy-
droxylase (TH) promoter (designated rTH-Tag mice)
are nearly indistinguishable from human PNETs with
neuronal differentiation.21'22 Thus, these transgenic
mice enable the investigation of early events leading
to the formation of PNETs in the mouse CNS that are
impossible to analyze in humans.

Tumorigenesis is a step-wise process involving the
activation of oncogenes and/or the loss of tumor sup-
pressor genes.23 The salient feature of neoplastic
transformation is the uncontrolled net increase in the
total number of cells.24 Thus, disruption of the bal-
ance between cell proliferation and death is a critical
turning point in the emergence of a neoplasm. In
many cases, the expression of SV40-Tag or other on-
cogenes in vivo results in uncontrolled cell prolifera-
tion leading to tumor formation in transgenic mice.25
Paradoxically, SV40-Tag also may induce neuronal
degeneration in some lines of transgenic mice without
tumor formation,2627 or neoplastic transformation
and- neuronal degeneration may occur in the same
population of cells that express SV40-Tag in other
lines of transgenic mice.28'29 However, the in vivo ex-
pression of SV40-Tag in transgenic mice may not re-
sult in any phenotypic manifestations.21'22'30 These
paradoxical observations are difficult to explain, but
they suggest a linkage between mechanisms that
regulate cell proliferation and cell death during tumor
formation. In addition, the genetic and the epigenetic
events that control these processes may be cell type
specific.8' 10,31

To probe the role of cell proliferation and death in
PNETs induced by SV40-Tag, we dissected the ear-
liest cellular events in the genesis of PNETs in the
rTH-Tag transgenic mice by studying these mice at
different postnatal ages. Cell proliferation in these
PNETs and the neuroepithelium in which they arose
was studied by in vivo bromodeoxyuridine (BrdU) la-
beling,32 and cell death was monitored by the termi-
nal deoxynucleotidyl transferase-mediated biotiny-
lated dUTP nick end labeling (TUNEL) technique in
SitU33 by light and electron microscopy as well as
DNA gel electrophoresis.13 On the basis of these
studies, we conclude that the transition from a pre-
neoplastic state to an overt PNET is heralded by an
aberrant surge in proliferative activity that perturbs
the balance between cell proliferation and cell death
in a population of neuroepithelial cells that fail to re-
gress normally in the median eminence of postnatal
rTH-Tag mice.

Materials and Methods

Transgenic and Wild-Type Mice

The studies described here were conducted on rTH-
Tag transgenic mice22 from 1 week to >20 weeks of
age. The presence of the transgene was screened by
Southern blot technique, and littermates carrying no
transgene were used as controls. These studies were
performed according to protocols approved by the
Committee on Studies Involving Animals of the Uni-
versity of Pennsylvania.

Southern Blot Analysis

DNA was extracted from tissue by proteinase K di-
gestion followed by phenol-chloroform extraction and
ethanol precipitation. After restriction enzyme diges-
tion (BamHl) and separation by electrophoresis in
1% agarose gels, DNA was affixed to Zeta-Probe
membranes (Bio-Rad, Richmond, CA) by capillary
transfer followed by ultraviolet cross-linking. The
membranes were prehybridized in Quick-Hyb solu-
tion (Stratagene, La Jolla, CA) followed by hybridiza-
tion with an [a32P]dCTP-labeled DNA probe synthe-
sized (Prime-It 11 kit, Stratagene) from a SV40-Tag-
specific template.34 The membranes were washed
according to the vendor's instructions and exposed to
x-ray film at -70 C for 2 to 4 days before development.

BrdU Labeling

Animals were pulsed with five injections of BrdU at
2-hour intervals (50 pg/g body weight/injection) as
described.32 Mice were sacrificed between 30 to 120
minutes after the last injection by CO2 asphyxiation,
and they were perfused by phosphate-buffered sa-
line followed by 4% paraformaldehyde in phosphate-
buffered saline. The brains were post-fixed in the
same fixative overnight before being processed into
paraffin blocks. Serial sections were cut at 6 p, affixed
to slides, and stored at room temperature until further
use. The proximal jejunum was routinely examined as
a control to evaluate the efficiency of BrdU labeling.

Immunohistochemistry

Sections were evaluated initially by hematoxylin and
eosin staining to identify the PNETs followed by im-
munohistochemistry with a panel of well character-
ized antibodies against neural and other antigens in-
cluding the low molecular weight neurofilament
protein (NF-L), nestin, neural cell adhesion molecules



1378 Fung et al
AJPJune 1995, Vol. 146, No. 6

(N-CAM), SV40-Tag, synaptophysin, TH, and BrdU
(Table 1). Sections were stained by the peroxidase-
antiperoxidase technique or the avidin-biotin com-
plex technique with streptavidin conjugated to either
peroxidase (GIBCO BRL, Gaithersburg, MD) or alka-
line phosphatase (BioGenex, San Ramon, CA).
Microwave enhancement was performed as previ-
ously described.4041 In single primary antibody
staining experiments, the peroxidase system was
used and developed in diaminobenzidine (DAB) with
hydrogen peroxide as described,40'41 and the sec-
tions were counterstained with hematoxylin, dehy-
drated, cleared, and mounted in an organic based
medium. In double primary antibody staining experi-
ments to demonstrate BrdU-labeled nuclei and a cy-
toplasmic or cell surface antigen, the incorporated
BrdU was visualized by the peroxidase-
antiperoxidase technique with DAB, and the cyto-
plasmic or cell surface antigen was visualized by the
avidin-biotin complex-alkaline phosphatase tech-
nique with fast red (1 mg/ml; Sigma Chemical Co., St.
Louis, MO) with AS-MX naphthol phosphate buffer
(0.4 mg/ml in 0.1 mol/L Tris, pH 8.2; Sigma) and 0.6
mg/ml levamisole (Sigma) for 15 minutes. These sec-
tions were counterstained with hematoxylin and
mounted in an aqueous based medium.

TUNEL Staining

The TUNEL method was performed as described.33
Briefly, deparaffinized and rehydrated slides were di-
gested with 20 pg/ml proteinase K in 0.1 mol/L Tris, pH
8, at room temperature for 15 minutes. After washing,
the sections were incubated with a mixture containing
20 mmol/L biotinylated dUTP, 0.3 U/pl terminal de-
oxynucleotidyl transferase, 1.5 mmol/L cobalt chlo-
ride, 200 mmol/L sodium cacodylate, 25 mmol/L Tris,
and 0.25 mg/ml bovine serum albumin, pH 6.6, at 37
C for 45 minutes. The reaction was terminated by
washing in 2X standard saline citrate (0.3 mol/L so-

Table 1. Antibodies Used in This Study and
Their Specificity

Specificity References

Rabbit polyclonal antibodies
NF-L 20, 21
Nestin 20, 21
N-CAM 21, 35
SV40-Tag 21, 36

Mouse monoclonal antibodies
Synaptophysin (clone SY38)* 21, 37
Tyrosine hydroxylase (clone MR 3)* 38
BrdU (clone BU-33)t 39

*Purchased from Boehringer Mannheim (Indianapolis, IN).
tPurchased from Sigma Chemical Co. (St. Louis, MO).

dium chloride, 0.03 mol/L sodium citrate) for 15 min-
utes, and the results were visualized by alkaline
phosphatase-conjugated streptavidin and devel-
oped as described above. Coronal sections of a post-
natal day 8 rat brain were used as positive controls
because apoptotic activity peaks in neocortex at this
age.3

Electron Microscopy

To examine the ultrastructure of TUNEL-positive cells,
TUNEL staining was performed with peroxidase-
conjugated streptavidin and developed in DAB as de-
scribed above. A solution of 3% hydrogen peroxide
in methanol was applied for 5 minutes at room tem-
perature before the proteinase K digestion step to
block endogenous peroxidase activity. After the DAB
reaction, the sections were first treated with 0.1 mol/L
cacodylate buffer and then post-fixed in 4% osmium
tetroxide for 10 minutes at room temperature. They
were then dehydrated with graded alcohols and em-
bedded in situ in Polybed 812 resin (Polyscience,
Warrington, PA). Thin sections were cut, collected on
nickel grids, stained with lead citrate, and examined
under a Hitachi H-600 electron microscope at 75 kV.

Quantitation of Cell Proliferation and
Cell Death

The BrdU and the TUNEL labeling index of a sample
was defined as the number of positively stained cells
divided by the total number of cells in the same mi-
croscopic field viewed with a x40 objective. For each
mouse, the number of positively and negatively la-
beled cells was determined in approximately 500 to
1500 cells in randomly selected microscopic fields of
BrdU and TUNEL preparations.

Detection of DNA Fragmentation by
Gel Electrophoresis

Fragmentation of genomic DNA was demonstrated
by an autoradiographic method13 with minor modifi-
cations. Notably, this method introduces only one
molecule of [a-32P]ddATP at the 3' end, and this has
negligible effects on the molecular weight of the DNA
fragments. Tumor tissue and control mouse cerebel-
lum were snap frozen in liquid nitrogen and stored at
-70 C before use. Briefly, tissue fragments were ho-
mogenized and incubated at 68 C for 1 hour in ho-
mogenizing buffer (0.1 mol/L NaCI, 0.01 mol/L EDTA,
0.3 mol/L Tris-HCI, 0.2 mol/L sucrose, 0.6% sodium



Brain Tumor Progression in Transgenic Mice 1379
AJPJune 1995, Vol. 146, No. 6

dodecyl sulfate, pH 8.0). Then, 8 mol/L potassium ac-

etate was added to a final concentration of 1.15 mol/L
followed by incubation on ice for 1 hour. Protein pre-

cipitates were spun down in a microfuge at 14,000
rpm for 30 minutes at 4 C. The supernatants were

removed and digested with DNAse-free RNAse at a

final concentration of 2 pg/ml at 37 C for 1 hour. The
samples were then extracted with an equal volume of
phenol/chloroform/isoamyl alcohol followed by an

equal volume of chloroform/isoamyl alcohol. DNA
was precipitated with an equal volume of isopropanol
at -70 C for 5 minutes and then at -20 C for at least
1 hour. The DNA was spun down in a microfuge at
14,000 rpm for 30 minutes at 4 C and washed with
ice-cold 70% ethanol twice followed by drying in a

Speed-Vac concentrator (Savant Instruments, Farm-
ingdale, NY). The pellets were dissolved in 50 p1 of
sterile distilled water, quantitated by absorbance at
260 nm and stored at -20 C before use.

For each 3' end labeling reaction, 1 pg of sample
DNA was incubated with 30 U of terminal deoxynucle-
otidyl transferase (GIBCO BRL), 10 pl of 5X concen-

trated reaction buffer (GIBCO BRL), 30 pCi of [a_32p]_
ddATP (Amersham, Arlington Heights, IL), and water
in a final volume of 50 p1 at 37 C for 1 hour. The reaction
was terminated by adding 2.5 pl of 0.5 mol/L EDTA.
Labeled DNA was precipitated by adding 0.2 volume
of 10 mol/L ammonium acetate, 50 pg of yeast tRNA
(Sigma), and 3 volumes of ice-cold ethanol followed
by precipitation for 1 hour at -70 C. The DNA pellets
were collected as described above and resuspended
in 50 p1 of TE buffer (10 mmol/L Tris, 1 mmol/L EDTA,
pH 8.0). They were precipitated the second time to
remove unincorporated nucleotides. The pellets were
then collected, dried, and dissolved in 20 to 40 pi of
TE buffer followed by separation in 2% agarose gel in
TAE buffer (40 mmol/L Tris-acetate, 1 mmol/L EDTA)
as running buffer at a 10 V/cm length of the gel. After
electrophoresis, the gel was soaked in 1.5 mol/L
NaCI/0.5 mol/L NaCI for 30 minutes followed by 1.5
mol/L NaCI/1 .0 mol/L Tris at pH 7.0 for 30 minutes. The
DNA was then affixed to a Zeta-Probe membrane
(Bio-Rad) by capillary transfer overnight. The mem-

brane was then dried, sealed in a plastic bag, and
exposed to x-ray film at -70 C for 2 to 6 hours before
development.

Results

Site of Origin of PNETs

We located the site at which the PNETs originated by
studying serial coronal and saggital sections of the

transgenic mice. In all mice carrying SV40-Tag, mi-
croscopic lesions characterized by densely packed
small blue cells could be demonstrated (Figure 1, A
and B) within the median eminence ventral to the pali-
sade zone. These cells were found in transgenic ani-
mals as young as 1 week old. In the age-matched
postnatal control animals, a smaller and less exten-
sive population of cells could be identified at the same
location in young animals for as long as 2 weeks post-
natal, but these cells were reduced to a thin layer
permeated by a fine capillary network beyond 2
weeks postnatal (Figure 1, C to E). The regression of
the neuroepithelial cells within the first 2 weeks of
postnatal life has been observed previously.42'43

There was no substantial increase in the size of the
population of neuroepithelial cells ventral to the me-
dian eminence in the transgenic animals from 1 week
to 10 weeks of age. However, after a latent period of
approximately 10 weeks, the preneoplastic lesions in
the ventral median eminence of the rTH-Tag mice had
progressed to form microscopic PNETs of variable
dimensions. For example, in one litter of transgenic
animals at 12 weeks of age, these cell populations
appeared hyperplastic in only one mouse (Figure 1,
F and H) whereas in another mouse they were clearly
neoplastic (Figure 1G).

Cell Proliferation in PNETs

We quantitated the cell proliferation rate of nascent
and established PNETs by using the in vivo BrdU
method that labels cells in S phase. The length of the
complete cell cycle minus the length of the S phase
represents the theoretical shortest time that all cells in
the cycle can be labeled by BrdU.32 Although the
exact length of the cell cycle of the PNET cells is un-
known, and several clones of PNET cells with different
cell cycle lengths might exist simultaneously, we used
five pulses of BrdU at 2-hour intervals to label most
cycling cells in the developing CNS.44 This protocol
enabled us to demonstrate BrdU labeling in PNETs at
various stages in their induction and progression as
well as in the progenitor cells that persist in the neu-
roepithelium of the ventral median eminence in trans-
genic mice (Figures 2, A and B, and 3) and in the
wild-type mice (Figure 3).
A peak BrdU labeling rate of approximately 10%

(Figure 3A) could be demonstrated in the densely
packed neuroepithelial cells in the ventral median
eminence of wild-type and transgenic mice less than
2 weeks old. In the control animals, the BrdU labeling
rate decreased dramatically in the second week and
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Figure 2. Diffuse BrdU labeling can be demonstrated in advanced PNETs (A), whereasfocal labeling is seen in nascent PNETs (B). A high (C) and
low (D) abundance of TUNEL-positive cells can be demonstrated in different PNETs. At the ultrastructural level, 7TNEL labeling is seen in the cyto-
plasm and the nucleus (E and F). Condensed chromatin typical of apoptotic cells is also seen. An unlabeled tumor cell without condensed chro-
matin also is seen (arrow in E). (A and B, x 160; C and D, X320; E, X3000; F, x 10000)

remained zero in animals older than 4 weeks (Figure 8 weeks old. However, in some 10-week-old trans-
3A, inset). The BrdU labeling rate in the transgenic genics, there was an abrupt surge in the BrdU label-
mice also decreased nearly to zero in animals older ing rate, and, in the older transgenics, the number of
than 2 weeks (Figure 3A), and the labeling rate re- mice with a high labeling rate increased progressively
mained very low until the animals were approximately as a function of age. The peak labeling rate in the

Figure 1. Sections of nascent and established PNETs in transgenic mice stained with hematoxylin and eosin. Microscopic PNETs can be identified
in transgenic mice in the ventral portion of median eminence (*) in coronal (arrow in A) and parasaggital sections (arrow in B) close to the ar-
cuate nucleus (Ar in A and B) and the ventral medial hypothalamic nucleus (VMH in A and B). In 1-week-old mice, a layer of densely packed
small blue cells can be seen in both the transgenic (C) and wild-type animals (D). This layer of cells completely regresses in adult wild-type mice
(E), but they persist in the transgenic animals and continue to enlarge, albeit at different rates, to become tumors as shown in the two different
3-month-old transgenic mice (F and G). The arrowheads in (E) and (F) identify capillaries of the primary portal plexus. The cytological charac-
teristics of these nascent PNETs are shown in (H). V, third ventricle. (A, x55; B, x 16; C to G, x80; H, x320)
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Figure 3. This figure summarizes the quantitative analyses of cell proliferation and cell death in nascent and established PNETs in the rTH-Tag
mice as well as in the neuroepithelium of the ventral median eminence of the wild-type mice. Each triangle represents one animal. A: Relationship
between the BrdU labeling rate (BrdU %) and age. The inset in (A) shows the results obtainedfrom the ventral median eminence in age-matched
wild-type mice. B: Relationship between the TUNEL labeling rate (TUNEL 96) and age. There was no TUNEL labeling in the neuroepithelium of the
ventral median eminence ofany of the wild type. C: Relationship between the BrdU and TUAEL labeling rates. D: Relationship of the TUNEL/BrdU
ratio (T/B ratio) and age. See Resultsfor a detailed discussion.

transgenic mice rose to a maximum of 24.5% in mice
older than 20 weeks (Figure 3A). We regarded the
transition of low to high proliferation rate after the la-
tent period as evidence of the transition from the pre-

neoplastic to the neoplastic stage of PNET formation.

Cell Death in PNETs

TUNEL labeling enabled us to detect dying tumor
cells in PNETs (Figure 2, C to F), but no TUNEL-
positive cells were seen in neuroepithelium of the ven-
tral median eminence in any of the wild-type mice.
Characteristically, the TUNEL-positive cells were

shrunken and scattered individually within a popula-
tion of normal looking neuroepithelial cells in the
young transgenic mice (Figure 2, C and D). Overt

necrosis was seen only focally in advanced PNETs of
macroscopic size. However, some TUNEL-positive
cells were seen in the necrotic areas, but they were

not included in the quantitative studies.
At the ultrastructural level, condensed chromatin

characteristic of cells undergoing programmed cell
death was evident in the TUNEL-positive cells (Figure
2, E and F). There was significant TUNEL labeling in
the cytoplasm as well as in the nucleus. The cyto-
plasmic labeling may reflect the leakage of small
185- to 200-bp DNA fragments from the nucleus
into the cytoplasm during apoptosis as described
previously.45 Gel electrophoresis of 3' end radio-
actively labeled DNA purified from PNETs demon-
strated DNA fragments at 1 85-bp intervals (Figure
4, lane B). This laddering pattern was not seen in
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Figure 4. 7he results ofgel electrophoresis are shown. Lane A shows
the radioactively labeled 100-bp DNA molecular weight markers. The

2000-bp, 600-bp, and 200-bp markers are illustrated. Lane B shows

DNA extracted and purifed from a PNET that e-xhibits cleavage of
DNA at intervals of approximately 185 bp. The smearing of low mo-

lecular weight DNA species may reflect the presence offocal necrosis

in this PNET in addition to apoptosis. No DNA fragmentation or

smearing was seen in the control cerebellar DNA shown in lane C.

the control cerebellum (Figure 4, lane C). The
smearing of DNA in the PNETs probably reflects the
presence of some coincidental necrosis.
The TUNEL labeling rate (Figure 3B) remained

<0.5% in transgenic animals <10 weeks of age.

Higher TUNEL labeling rates were seen only in trans-
genic mice >10 weeks old. Interestingly, the relation-
ship between TUNEL labeling and age roughly par-

alleled the relationship between the BrdU labeling
rate and age (Figure 3, A and B).
We also studied the relationship between the BrdU

and TUNEL labeling rates in the PNETs (Figure 3C),
and we observed a direct and linear correlation be-
tween cell proliferation and cell death. Remarkably, a
low BrdU labeling rate was usually accompanied by
a low TUNEL labeling rate whereas a high BrdU la-
beling rate was usually accompanied by a high
TUNEL labeling rate.
We also analyzed the ratio of the TUNEL and BrdU

labeling rates (T/B ratio) as a function of age in the
PNETs. We observed a T/B ratio <0.6 in all but two
mice. This suggests that cell proliferation exceeds
cell death in these PNETs. The low T/B ratio and the
progressive growth of PNETs in the rTH-Tag mice are
consistent with the notion that these PNETs arise
when cell proliferation exceeds cell death in SV40-
Tag-positive cells of the neuroepithelium ventral to the
median eminence. However, as the extent of BrdU
labeling and TUNEL labeling does not measure the
absolute rate of cell proliferation and cell death, the
T/B ratio must be interpreted very cautiously. Indeed,
the T/B ratio may be influenced by a number of fac-
tors, including the rate of elimination of apoptotic
cells, the length of cell cycle, and the duration of S
phase.

Immunohistochemistry of Nascent PNETs

In the rTH-Tag line of transgenic mice, SV40-Tag is
expressed in the tumor cells as well as in many normal
cells in other regions of the brain that never develop
a tumor.21'22 Although many SV40-Tag-positive cells
are found throughout the CNS, they are seen more
frequently in the white matter. No tumor formation is
observed in any part of the brain except the median
eminence. In the preneoplastic and neoplastic le-
sions of the median eminence, SV40-Tag is ex-
pressed in PNETs at all stages during progression. In
addition, immunoreactive TH was found only focally in
some microscopic tumors, and in many advanced tu-
mors, only a small portion of the tumor cells ex-
pressed TH. Thus, there is no obvious linkage be-
tween the expression of SV40-Tag and TH.
We also analyzed the cell lineage of the nascent

and advanced PNETs by immunohistochemistry and
noted strong N-CAM staining in every microscopic
PNET in the transgenic animals regardless of their
age (Figure 5A). In some microscopic lesions in the
younger transgenics, only focal staining was noted.
However, diffuse and strong staining was demon-
strated in advanced tumors. Synaptophysin was not
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Figure 5. Double immunostaining simultaneously demonstrates developmentally regulatedproteins and BrdU incorporation in PNET cells. Positive
nuclei in PNET cells are shown in brown in allfigures, and the expression ofN-CAM (A), synaptophysin (B), nestin (C), and NF-L (D) are revealed
in red in the same section. There is a higher level ofN-CAM expression in the PNET relative to the adjacent brain (A) whereas N-CAM and synap-
tophysin are expressed diffusely in PNET cells regardless of their cell cycle status (A and B, respectively). Although nestin and NF-L (C and D, re-
spectively) also are detected in cycling and noncycling PNET cells, they show a clonal expression pattern. V, distorted third ventricle; Br, non-
neoplastic brain adjacent to the PNET; Tu, PNET (A, x 250; B to D, x500)

expressed in the region of the ventral median emi-
nence in the control animals, but it was expressed in
both nascent and advanced PNETs (Figure 5B). In
contrast, the expression of nestin and NF-L was weak
and not consistently seen in every case in the early
lesions, but in advanced tumors, nestin or NF-L were
expressed strongly in a clonal pattern (Figure 5, C
and D). Double staining by antibodies to both BrdU
plus antibodies to either N-CAMs, synaptophysin,
nestin, or NF-L revealed no consistent relationship

between the cell cycle status of the PNET cells and
the expression of these developmentally regulated
antigens (Figure 5).

Discussion
In this study, we dissected the initial formation of ex-
perimental PNETs in mice carrying a SV40-Tag trans-
gene. In the median eminence of rTH-Tag mice, we

...g-oa
i:,

r.

.k..

io



Brain Tumor Progression in Transgenic Mice 1385
AJPJune 1995, Vol. 146, No. 6

observed PNETs arising from a group of neuroepi-
thelial progenitor cells that failed to regress sponta-
neously as in their wild-type counterparts. After a la-
tent period of approximately 10 weeks, an aberrant
surge of sustained cell proliferation was observed in
these cells that eventually led to the emergence of a
PNET. Although cell death was detected consistently
in these PNETs, the emergence of these PNETs im-
plies that the rate of cell proliferation exceeded the
rate of cell death. Thus, perturbation of the balance
between cell proliferation and death as a result of a
dramatic increase in proliferative activity may be the
critical event that contributes to the induction and pro-
gression of these experimental PNETs. At the earliest
stage in its formation (ie, 12th fetal day in mouse), the
median eminence of both rats and mice appears as
a group of densely packed cells approximately 6 to
10 layers thick lining the floor of the third ventricle.42
As development proceeds, this layer of cells is sepa-
rated from the third ventricle by the newly formed pali-
sade zone, which is rich in dopaminergic axonal ter-
minals. Although the precise embryonic origin of
these neuroepithelial cells is not clearly known, these
progenitor cells clearly regress and are replaced by
capillaries of the primary portal plexus within the first
2 weeks of postnatal life as shown here and else-
where42'43 in the wild-type mice. However, in the rTH-
Tag mice, this population of neuroepithelial cells does
not regress, and the abrupt surge in cell proliferation
in these cells in transgenic mice older than 10 weeks
may reflect the occurrence of a second event that
induces the formation of PNETs from pre-existing nor-
mal progenitor cells that express SV40-Tag.
As SV40-Tag is expressed at all stages in the evo-

lution of these lesions, we conclude that SV40-Tag is
necessary but not sufficient for tumor formation. The
nature of this second event is uncertain, but it could
represent the normal or aberrant expression of a tro-
phic factor in this region. For example, recent studies
of islet cell tumors in transgenic mice carrying SV40-
Tag showed that the second event required for tumor
induction was the expression of insulin-like growth
factor-lI (IGF-II) by islet cells and that IGF-Il expres-
sion appeared to be necessary for tumor progression
in SV40-Tag-expressing islet cells. In contrast, the is-
let cell tumors that developed in the absence of IGF-ll
remained small, had a high apoptotic rate, and pro-
gressed much slower compared with their counter-
parts in which IGF-Il expression occurred.46 In our
study, we demonstrated SV40-Tag expression in the
rTH-Tag mice at all stages in the emergence of PNETs.
However, significant cell proliferation (as evidenced
by BrdU labeling) was seen only in nascent PNETs in

mice >10 weeks old. Thus, a latent period precedes
the occurrence of a second event that confers a
growth advantage to these nascent PNET cells, and
it is possible that this second event varies in different
types of CNS tumors or in different CNS regions. How-
ever, transgenic mouse models of tumors such as the
one described here may be extremely useful experi-
mental systems in which to identify factor(s) or
event(s) that drive tumor progression.

In this study, we also demonstrated that cell death
occurs in nascent and well established PNETs. In-
deed, our findings suggest that apoptosis may be the
major form of cell death in these experimental PNETs.
As cell death (including apoptotic death) coexists
with cell proliferation in spontaneous and experimen-
tal tumors,5'645'47 including human medulloblasto-
mas,7 cell death may play a major role in regulating
the induction and progression of CNS tumors of the
immature brain. For example, spontaneous tumor re-
gression has been observed in neural tumors such as
malignant melanoma, retinoblastoma, and neuro-
blastoma.4>50 Thus, apoptosis may be the major
mechanism leading to regression in these tumors. In
experimental tumors generated by xenografts of fi-
broblasts transfected with different oncogenes, ap-
optosis appears to be the critical factor in controlling
the expansion rate of the tumor.47 However, a high
apoptotic rate also may occur in highly malignant tu-
mors such as lymphomas6 in which a high apoptotic
rate may have little effect on malignant tumors with a
very high cell proliferation rate.

Although the present study focused on the aber-
rant proliferation and cell death in the emergence of
PNETs from progenitor cells in the neuroepithelium of
the ventral median eminence, it is likely that an im-
balance between cell proliferation and cell death in
the developing brain could have other outcomes of
pathological and behavioral significance. For ex-
ample, they could lead to the under- or overpopula-
tion of brain regions by neurons or glia. Indeed, SV40-
Tag-expressing transgenic mice have been shown to
result in the excess death of photoreceptor cells26
and cerebellar Purkinje cells.27 It is interesting to
speculate whether or not more subtle phenotypes de-
velop in such mice as a result of the excess produc-
tion of neurons and glia that does not progress to
tumor formation as in the rTH-Tag mice studied here.
Nonetheless, we anticipate that the transgenic mice
expressing SV40-Tag described here may provide an
important model system for studies of the dynamic
interplay between cell death and proliferation that re-
sults in divergent disease phenotypes such as tumors
and malformations of the CNS.
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