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SUMMARY: Vascular changes in gliomas were analyzed by implanting fluorescent-labeled glioma 261 cells in the brains of 28
mice. Seven animals were killed each week for 4 weeks. We investigated the expression of angiopoietin-2 (Ang-2) by in situ
hybridization and compared it with the distribution of apoptotic cells identified by DNA strand breaks (using the terminal
deoxynucleotidyl transferase-mediated biotinylated deoxyuridine triphosphate nick end labeling [TUNEL] method) and transmis-
sion electron microscopy (TEM). As early as 1 week after implantation, tumor cells accumulated around vessels, which expressed
Ang-2 and were TUNEL negative. TEM showed tumor cells adjacent to the vascular cells “lifting up” the normal astrocytic feet
processes away from the endothelial cells and disrupting normal pericytic cuffing. After 2 weeks the number of perivascular
glioma cells had increased. No increase in the number of blood vessels was detected at this time. Vascular cells remained positive
for Ang-2 and rare ones were TUNEL positive. TEM showed closely packed proliferating perivascular tumor cells. After 3 weeks,
there was vascular involution with scant zones of tumor necrosis. Ang-2 was still detected in vascular cells, but now numerous
vascular cells were TUNEL positive. In addition, TEM showed apoptotic vascular cells. After 4 weeks, there were extensive areas
of tumor necrosis with pseudopalisading and adjacent angiogenesis. Ang-2 was detected in vascular cells at the edge of the
tumors in the invaded brain and in vessels surrounded by tumor cells. At both 3 and 4 weeks, most of the TUNEL-positive tumor
cells lacked morphological features characteristic of apoptosis and displayed features consistent with necrotic cell death as
determined by TEM. Only rare tumor cells appeared truly apoptotic. In contrast, the TUNEL-positive endothelial cells and
pericytes were round and shrunken, with condensed nuclear chromatin by TEM, suggesting that vascular cells were undergoing
an apoptotic cell death. These results suggest that vascular cell apoptosis and involution preceded tumor necrosis and that
angiogenesis is a later event in tumor progression in experimental gliomas. Moreover, Ang-2 is detected prior to the onset of
apoptosis in vascular cells and could be linked to vascular involution. (Lab Invest 2000, 80:837–849).

A poptosis and angiogenesis are both critical
events in the normal sequences of many biologic

processes and play key roles in regulatory activities
during normal and pathological processes including
development and oncogenesis. Apoptosis and angio-
genesis are as fundamental to cellular and tissue
physiology as are cell division and differentiation. In
contrast to necrosis, apoptosis may affect scattered
individual cells rather than clusters of cells, entire
tissues, or organ compartments (Majno and Joris,
1995). One of the key characteristics of apoptosis is

cell shrinkage. Apoptosis represents a mechanism to
remove damaged, infected, or unwanted cells selec-
tively (Allen et al, 1998; Dinsdale et al, 1999; Payne et
al, 1995; Wyllie et al, 1980).

Angiogenesis, ie, neovascularization, is a complex
biological process whose regulatory mechanisms are
not completely understood. Formation of new vessels
occurs during embryogenesis, wound healing, and
regeneration, but also in pathological processes, eg,
neoplasia, diabetic retinopathy, and arthritis (Folkman,
1995; Yancopoulos et al, 1998). Angiopoietin-1
(Ang-1) and its naturally occurring antagonist
angiopoietin-2 (Ang-2) specifically bind to Tie2/Tek
receptors and are essential for normal vascular devel-
opment (Maisonpierre et al, 1997; Suri et al, 1998).
However, whereas Ang-1 causes Tie2/Tek phosphor-
ylation in endothelial cells, Ang-2 does not. Rather it
binds to Tie2/Tek receptors and blocks the action of
Ang-1 (Maisonpierre et al, 1997). Thus, it has been
postulated that the natural role of Ang-2 may be to
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antagonize Ang-1 activation of Tie2/Tek (Maisonpierre
et al, 1997). Overexpression of Ang-2 in transgenic
mouse embryos produces vascular deficits during
development that are more severe than those seen in
mice lacking Ang-1 or Tie2/Tek receptors (Davis et al,
1996; Dumont et al, 1994; Maisonpierre et al, 1997;
Sato et al, 1995; Suri et al, 1998). By contrast, over-
expression of Ang-1 results in increased vasculariza-
tion (Suri et al, 1998), suggesting that angiopoietins
play a critical role in regulating angiogenesis in vivo.
However, addition of Ang-1 to endothelial cell cultures
does not promote proliferation, as previously ob-
served with other classic angiogenic growth factors
(Davis et al, 1996), but can induce sprouting and
branching in vitro (Davis et al, 1996; Koblizek et al,
1998; Papapetropoulos et al, 1999). Recently, Ang-1
was shown to prevent apoptosis of endothelial cells in
vitro (Holash et al, 1999; Kwak et al, 1999; Papapetro-
poulos et al, 1999).

It has long been proposed that a tumor needs to
produce new vessels to grow, and the richer this
vascularization, the better the growth (Folkman, 1971;
1990). In this paper we report the identification of an
early stage in glioma growth that has no morphologi-
cal evidence of angiogenesis but involves the recruit-
ment of normal cerebral vessels. Our results confirm
previous reports (Holash et al, 1999) and indicate that,
in contrast to the classical scheme of tumor growth in
two phases (ie, avascular and vascular phases), the
growth of gliomas actually progresses through two
vascular phases. The first vascular phase is depen-
dent upon native blood vessels that are parasitized by
tumor cells. The second vascular phase is associated
with angiogenesis, ie, neovascularization (the devel-
opment of newly formed vessels). We also show that
apoptosis of vascular cells in preexisting native ves-
sels appears to be a transition step between the two
phases. It plays a crucial role in the involution of the
previously normal viable vessels, leading to tumor cell
death followed by tumor necrosis and subsequent
angiogenesis. Thus, glioma growth requires both ap-
optosis and angiogenesis. We have previously dem-
onstrated that vascular cells in gliomas express Ang-2
(Holash et al, 1999; Zagzag et al, 1999). Because
Ang-2 is an antagonist of Ang-1, which promotes
endothelial cell survival (Holash et al, 1999; Kwak et al,
1999; Papapetropoulos et al, 1999), we wanted to
further explore the association of Ang-2 expression
with vascular cell apoptosis (Holash et al, 1999). We
studied the sequential growth of an experimental
glioma and compared the pattern of expression of
Ang-2 and the distribution of apoptotic cells as deter-
mined by terminal deoxynucleotidyl transferase-
mediated biotinylated deoxyuridine triphosphate nick
end labeling (TUNEL). Moreover, to better investigate
vascular apoptosis, we performed transmission elec-
tron microscopy (TEM) in each step of the growth of
the experimental glioma. Our findings suggest that
expression of Ang-2, an antagonist of Ang-1, is asso-
ciated in vivo with vascular cell apoptosis, which is
linked to vascular involution.

Results

Light and Fluorescence Examination

Tumor progression was analyzed by light microscopy
and detection of green fluorescent protein (GFP) la-
beled tumor cells. Remarkably, accumulation of tumor
cells around existing vessels (Holash et al, 1999;
Nagano et al, 1993) was observed even 1 week after
injection of tumor cells (Fig. 1A). These tumors were
just a fraction of a millimeter in width. At this stage, the
vascular density of the tumors appeared similar to that
of the host brain. After 2 weeks, tumors had grown to
approximately 2 mm in diameter (Fig. 1B), and the
tumor cells were primarily organized around native
cerebral vessels. Because of the increase in the num-
ber of perivascular glioma cells, vessel density within
the tumor actually seems to have decreased by this
stage. These intratumoral vessels appear ectatic and
distinctly larger than the microvasculature of the nor-
mal brain. After 3 weeks, there were focal zones of
necrosis centered around a vascular ghost. After 4
weeks, extensive areas of necrosis with cuffs of pseu-
dopalisading cells had developed and were sur-
rounded by increased vascular density (Fig. 1, C and
D). Angiogenesis was obvious at the margins of large
tumors, where several newly formed blood vessels
were present. Tumor cell invasion occurred both
around vascular channels (Fig. 1D) and as individual
infiltrating tumor cells easily detectable by the GFP
label.

Thus, analysis of the tumors at 1 and 2 weeks after
injection confirmed that they did not initially grow as
avascular structures (Holash et al, 1999; Nagano et al,
1993), but instead the tumor cells rapidly targeted to
and surrounded existing host vessels. The subse-
quent involution of native vessels results in multifocal
necrosis of tumor cells that were dependent upon
these vessels. This is followed in later stages of tumor
growth by the onset of peripheral angiogenesis, which
is associated with an increase in tumor size.

Expression of Ang-2 in Experimental Gliomas

Given the proposed role of Ang-2 in tumor angiogen-
esis (Holash et al, 1999; Maisonpierre et al, 1997;
Zagzag et al, 1999), we were interested in analyzing its
expression in this model. To explore the relationship
between the temporal changes in tumor vasculature
and the expression of Ang-2, we performed in situ
hybridization analysis. Ang-2 was expressed in vascu-
lar cells as early as 1 week after tumor implantation
(Fig. 2, A and B) only in vessels surrounded by tumor
cells. These vessels were located primarily at the
periphery of the tumor. After 2 weeks, blood vessels
remained positive for Ang-2 (Fig. 2, C and D). After
both 1 and 2 weeks, normal brain vessels not sur-
rounded by tumor cells had no Ang-2 expression.
After 3 (Fig. 2, E and F) and 4 (Fig. 2, G and H) weeks,
expression of Ang-2 was seen, not only in cells of
intratumoral vessels, but also in vessels at the tumor
edge (Fig. 2G) where it was detected in vessels
surrounded by tumor cells. This Ang-2 expression is
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consistent with that described in the rat C6 glioma
(Holash et al, 1999), and it is an early and specific
marker of both existing vessels that have been co-
opted by tumors and new vessels in advanced tumors
that exhibit angiogenesis (Zagzag et al, 1999).

TUNEL

Apoptosis was detected in tissue sections by morpho-
logical criteria and TUNEL analysis of nuclear DNA
fragmentation. After 1 week (Fig. 3A), there were no
TUNEL-positive cells except for the rare cells in the
injured cortex just adjacent to the injection site. Most
commonly, single TUNEL-positive cells were inter-
spersed among normal TUNEL-negative neurons in
the cortex (data not shown). After 2 weeks (Fig. 3B),
rare TUNEL-positive vascular cells were detectable in
vessels surrounded by tumor cells. After 3 weeks (Fig.
3C), numerous vascular cells were TUNEL-positive.
Rare tumor cells also were stained (Fig. 3C). After 4
weeks (Fig. 3D), many more TUNEL-positive cells
were present, including both vascular and tumor cells.
Tumor cells demonstrated uneven TUNEL staining,
predominantly in the cytoplasm, but the nuclei were
also stained. These TUNEL-positive tumor cells

lacked morphological features characteristic of apo-
ptosis, such as cell shrinkage, nuclear condensation,
or nuclear fragmentation. On the contrary, they dis-
played morphological features of necrotic cell death
(Fig. 3D). In contrast, the TUNEL-positive vascular
cells were round and shrunken with condensed nuclei,
suggesting that these were undergoing an apopotic
cell death.

Transmission Electron Microscopy

Some studies have suggested that the TUNEL method
is not specific for apoptosis and may also label
necrotic cells (Grasl-Kraupp et al, 1995). To identify
more clearly the types of cells undergoing apoptosis
and to better visualize vascular changes during tumor
formation, we performed ultrastructural analysis by
TEM. After 1 week, there were tumor cells surrounding
blood vessels just adjacent to the vascular basement
membrane that appeared to be “lifting up” the native
astrocytic feet processes away from the vascular cells
(Fig. 4, A and B). After 2 weeks, TEM showed closely
packed perivascular proliferating tumor cells sur-
rounding thin-walled vessels with no identifiable base-
ment membrane (Fig. 4C). After 3 weeks, there were

Figure 1.
Progression of the GL261 glioma. A, One week postinjection, Toluidine Blue already shows early perivascular organization of the tumor cells (arrowheads) (3200):
green fluorescent protein (GFP) labeled Glioma 261 tumor cells around a vascular channel (v) (3100). B, By 2 weeks, the number of perivascular GFP-labeled tumor
cells is increased (3200). C, At 4 weeks, the necrotic center of the tumor (N) fails to show green fluorescence. By contrast, the viable periphery of the tumor appears
green (350). D, At the tumor edge, GFP-labeled tumor cells infiltrate the surrounding brain around vascular channels (v) (3100).
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Figure 2.
In situ hybridization for Ang 2 mRNA in the GL261 Glioma. A, At 1 week, early and strong Ang-2 expression is seen with the antisense probe as demonstrated by
bright fluorescence (340). Inset: No signal can be detected with the sense probe (340). B, Higher magnification of panel A (3100). C, Intratumoral (T) vessels are
labeled with the antisense Ang-2 probe. There is no staining in the brain adjacent to the tumor (BAT). Tumor cells are not stained (320). Inset: No staining was
detected with the sense probe on a section adjacent to that shown in panel C (35). D, Phase microscopy shows tumor (T) and BAT (320). E, 3 weeks tumor (T).
Tumor borders appear well delineated (arrowheads) against the surrounding BAT (312.5). Inset: Phase microscopy shows tumor (T) (35). F, Higher magnification
of panel E (340). Inset: Vascular forms with hollow center (V) are observed (340). G, Some intratumoral vessels show Ang-2 expression. In addition, newly formed
blood vessels at the periphery are strongly positive for Ang-2 (arrowheads) (320). H, No staining is seen with the sense probe (320).
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occasional pericytes with features of apoptosis (Fig. 4,
D and E). These cells demonstrated shrinkage, in-
creased cytosolic densities, vacuolization, and con-
densed nuclear chromatin. The cytoplasm of apopto-
tic cells also contained small ultracondensed
mitochondria and small vesicles. Fully apoptotic en-
dothelial cells were not seen. However, condensed
mitochondria, clumps of partially condensed chroma-
tin dispersed throughout the nucleoplasm, or perinu-
clear clumping of condensed chromatin, were de-
tected in occasional endothelial cells without other
morphological signs of apoptosis (Fig. 4, F and G).
Intraluminal cells with features similar to those de-
scribed in apoptotic pericytes were seen in some
vessels. These might represent apoptotic endothelial
cells detached from the vascular wall. At this time, the
tumor continued to show numerous apoptotic cells
and apoptotic bodies; however, tumor cells adjacent
to vessels with apoptotic vascular cells always lacked
the morphological changes of apoptosis. After 4
weeks, necrotic tumor cells were seen surrounding
nonviable blood vessels where the red blood cells

were contained by the remaining framework of the
dead vessels (Fig. 4H).

Correlation of Ang-2 Signal and TUNEL

Given that Ang-2 is an antagonist of Ang-1, an endo-
thelial cell survival factor (Holash et al, 1999; Kwak et
al, 1999; Papapetropoulos et al, 1999), we investi-
gated the possible correlation between the distribution
of apoptotic cells and the expression of Ang-2 in our
experimental gliomas. It was of interest to compare
the distribution of Ang-2 with TUNEL-positive cells
within the tumor. After 1 week, Ang-2 expression was
evident in some affected vessels with no evidence of
TUNEL–positive vascular cells. After 2 weeks, Ang-2
had increased in vessels, and an initial indication of
TUNEL positivity in vascular cells was observed. A
comparison, using TEM, of Ang-2 expression with the
distribution of TUNEL-positive cells and apoptotic
cells revealed that Ang-2 signals were observed be-
fore or simultaneously with the development of TUNEL
positivity in individual vascular cells. Overall, there was

Figure 3.
TUNEL assay. A, At 1 week postinjection, no TUNEL-labeled vascular (v) or tumor cells are detected (3200). B, By 2 weeks, TUNEL-positive vascular cells (v) are seen
(arrowhead) (3100). Inset: Higher magnification showing the labeled vascular cell; adjacent unstained intravascular red blood cells are recognized (3400). C, By 3 weeks,
vascular cells (v) (arrow) and tumor cells (arrowheads) are immunolabeled (3100). Inset: Higher magnification showing the labeled vascular cell (3400). D, By 4 weeks,
extensive labeling of dead tumor cells is seen in a necrotic zone (N) (350). Inset: Both vascular cells (v) (arrowheads) and tumor cells (arrows) are seen (3100).
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Figure 4.
Ultrastructural changes in vascular involution. A, At 1 week, tumor cells (T) adjacent to a viable blood vessel (V) (32000). B, Tumor cells (T) approximate the blood vessel
apparently lifting the native astrocytic processes (A) (34000) (V: blood vessel; E: endothelial cell; Pl: platelet). C, At 2 weeks, proliferating tumor cells (T) expand the
perivascular neoplastic “cuffing.” The vessel (V) is lined by “flat” endothelial cells (arrowheads) and lacks basement membrane (M: mitosis) (32000). D, At 3 weeks, pericyte
(P) with condensed chromatin (arrowhead) and cytoplasm is seen in a still viable blood vessel (V) (E: endothelial cells) (33150). E, A fully apoptotic pericyte (P) is seen in
a vessel (V) with viable endothelial cells (E) (Pl: platelet) (34000). F, A single endothelial cell (E) with condensed chromatin (arrowhead) and mitochondria is seen in a vessel
(V) with no other signs of apoptosis (T: tumor cells) (34000). G, A vessel (V) showing an endothelial cell (E) with condensed chromatin and cytoplasm. Other endothelial
cells showed marked cytoplasmic vacuolization (arrowheads) (32500). H, At 4 weeks, necrotic vessel (V) surrounded by nonviable tumor cells (T) (31250).
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good correlation of in situ hybridization signal for
Ang-2 and TUNEL immunoreactivity. We observed
up-regulation of Ang-2 in vessels that lacked morpho-
logical evidence of hyperplasia, including a lack of
plump endothelial cells. In addition, many vessels
exhibited TUNEL staining and displayed Ang-2 signal
in endothelial cells. These observations suggest that
the enhanced expression of Ang-2 in vascular cells
preceded, or coincides with, vascular apoptosis and
involution, and could be responsible for it.

Discussion

Vascular Involution and Tumor Necrosis Follows
Perivascular Tumor Cell Homing: A Novel Concept for
Glioma Growth

In recent years, the essential role played by angiogen-
esis in neoplastic growth has been carefully investi-
gated. The hypothesis that tumor growth is dependent
on angiogenesis postulates that tumor growth must
be preceded by an increase in new capillaries and that
tumors go through an avascular phase in which they
do not become larger than 1 or 2 mm (Folkman, 1971;
Folkman, 1990). Our study demonstrates that glioma
growth goes through two vascular phases and shows
that tumor necrosis follows involution of parasitized
native vessels, mediated, at least in part, by vascular
cell apoptosis. This study and previous studies (Ho-
lash et al, 1999) have led us to propose a five-stage
sequence to explain brain tumor progression (Fig. 5):
(a) implantation, (b) perivascular organization, (c) pro-
liferation, (d) vascular involution associated with vas-
cular cell apoptosis, and (e) tumor necrosis and hyp-
oxia leading to angiogenesis.

In the very early stages of neoplastic growth, just
after implantation, glioma cells are scattered in the
neuropil, followed by early perivascular organization
around existing cerebral vessels. In our experiments,
GL261 glioma cells are not implanted around blood
vessels, yet 1 week after inoculation, the tumor cells
are distributed preferentially around vessels. This sug-
gests an active homing of the tumor cells to the native
cerebral vessels as was described in the rat C6 glioma
(Holash et al, 1999; Nagano et al, 1993). The mecha-
nisms responsible for this vasculotropic process and
preferential perivascular growth (Nicosia et al, 1983;
1986) are unknown. After the initial perivascular tumor
distribution and further tumor cell proliferation, vascu-
lar involution of these native vessels leads to tumor
hypoxia. This is associated with vascular apoptosis
and could be linked with Ang-2 expression. This in
turn leads to neovascularization in the advanced
stages of growth. This angiogenesis is likely to be
mediated by vascular endothelial growth factor (VEGF)
that is expressed by hypoxic cells after regression of
preexisting cerebral vessels (Holash et al, 1999). Sim-
ilarly in human gliomas, VEGF is typically expressed in
pseudopalisading hypoxic zones around areas of ne-
crosis that are adjacent to hyperplastic vessels (Plate
et al, 1992; Shweiki et al, 1992).

Thus, the main difference between these two vas-
cular phases is that in the first, the vessels are native

cerebral vessels that are parasitized by tumor cells. In
contrast, in the second phase there is formation of
new blood vessels, mostly at the tumor periphery,
which arise from existing vessels. This novel concept
(Holash et al, 1999) suggests that in richly vascularized
organs, eg, brain (Holash et al, 1999), lung (Pezzella et
al, 1997), or tongue (Leedy et al, 1994), tumors can
obtain an efficient blood supply from a suitable native
vascular bed (eg, cerebral blood vessels). Pre-existing
vessels are able to temporarily provide essential blood
supply for tumor progression. These pre-existing par-
asitized vessels fail to undergo angiogenesis, but
instead, involute. This in turn leads to tumor necrosis,
and eventually angiogenesis occurs. By contrast, in
avascular organs, such as the cervix (Smith-McCune
and Weidner, 1994), or in experimental assays such as
corneal pocket assay (Gimbrone et al, 1974), tumors
have an initial avascular phase, followed by neovas-
cularization. Thus, tumors may grow following one of
these two pathways, depending on the organ.

Vascular Involution Is an Important Step in the Chain of
Events Leading to Glioma Growth and Appears to Be, at
Least in Part, Mediated by Vascular Cell Apoptosis

Apoptotic cells were variably detected in vascular
channels. Apoptosis, a highly ordered, programmed
cell death, leads to fragmentation of dying cells into
apoptotic bodies that are phagocytosed by neighbor-
ing cells or macrophages (Wyllie et al, 1980). It is
characterized by structural changes including mito-
chondrial condensation, cell shrinkage, plasma mem-
brane blebbing, chromatin condensation and aggre-
gation, and cytoskeletal disruption (Wyllie et al, 1980),
as well as by biochemical changes including activation
of caspases (Alnemri et al, 1996; Granville et al, 1999).

Morphologic changes observed in the vascular
smooth muscle, pericytic, and endothelial cells were
typical of apoptosis, including chromatin condensa-
tion and ultracondensed mitochondria (Allen et al,
1998; Dinsdale et al, 1999; Payne et al, 1995). Smooth
muscle and endothelial cell apoptosis have been
shown to play an important role in vascular regression
in physiological and pathological processes (Bennet
and Boyle, 1998; deBlois et al, 1997; Goede et al,
1998; Honma and Hamasaki, 1998; Modlich et al,
1996; Shabisgh et al, 1999; Walker and Gobe, 1987;
Walker et al, 1989). For example, there is increasing
evidence showing that vascular smooth muscle cell
apoptosis is involved in the pathogenesis of athero-
sclerosis and restenosis following angioplasty (Bennet
and Boyle, 1998). Similarly, endothelial cell apoptosis
has been described in regression of the ovarian cor-
pus luteum (Azmi and O’Shea, 1984; Goede et al,
1998; Modlich et al, 1996), salivary gland atrophy by
duct occlusion (Walker and Gobe, 1987), involution of
the lactating breast after weaning (Walker et al, 1989),
scar formation after wound healing (Desmouliere et al,
1995), involution of foreign body granuloma (Honma
and Hamasaki, 1998), and prostatic involution after
castration (Shabisgh et al, 1999). Of interest, endothe-
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Figure 5.
Five stages of GL261 growth in the brain. Stage I: Implantation. This is the initial phase just after tumor cell inoculation. The tumor cells are dispersed within
the neuropil. Stage II: Perivascular Organization (Week 1). The tumor cells are concentrated around nutrient-rich native blood vessels. Stage III: Proliferation
(Week 2). The tumor cells proliferate around the still viable blood vessels. Stage IV: Apoptosis and Involution (Week 3). Apoptosis in vascular cells occurs
and degeneration of the blood vessels becomes evident. The involution of the host vessels is likely to lead to hypoxia, which in turn will induce VEGF release,
leading to angiogenesis. Inset: Apoptic bodies are seen in endothelial cells. Stage V: Angiogenesis (Week 4). Neovascularization occurs as blood vessels grow
toward and vascularize the now necrosing tumor (central gray stippled area), providing a new source of nutrition.
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lial cell apoptosis has been recently reported in central
nervous system lymphomas (Molnar et al, 1999).

Tumor-Vascular Cell Contact Appears to Be Crucial in
Inducing Vascular Cell Apoptosis

Mechanisms regulating vascular apoptosis have been
only partially elucidated. Apoptotic death of vascular
cells results from transduction of death signals trig-
gered by various exogenous stimuli including (a) cyto-
kines, eg, tumor necrosis factor-a (TNFa) (Geng et al,
1996; Robaye et al, 1991); (b) Fas/Fas ligand signaling
(Kagi et al, 1994; Nagata, 1997); (c) loss of extracellu-
lar matrix (ECM) contacts (anoikis) (Bates et al, 1994;
Frisch and Francis, 1994; Re et al, 1994; Ruoslahti and
Reed, 1994); (d) hypoxia (Stempien-Otero et al, 1999)
and reactive oxygen species (Kayanoki et al, 1996; Li
et al, 1997); and (e) withdrawal of a trophic factor, eg,
bFGF (Fox and Shanley, 1996) or VEGF (Benjamin et
al, 1999; Benjamin and Keshet, 1997). Cytokines re-
leased by glioma cells (Zagzag, 1995), eg, TNF-a
(Geng et al, 1998; Robaye et al, 1991) and TGF-b
(Pollman et al, 1996), are able to cause apoptosis of
endothelial and smooth muscle cells. By contrast,
conditioned media from glioma cells have an oppo-
site, growth-promoting effect on endothelial cells
(Kelly et al, 1976; Shweiki et al, 1992; Zagzag, 1995).
Conditioned media from breast adenocarcinoma cells
fail to affect endothelial cell integrity and viability
(Kebers et al, 1998), whereas endothelial cells undergo
apoptosis when contacted by adenocarcinoma cells,
ie, apoptotic endothelial cells are mostly observed in
the vicinity of tumor cells (Kebers et al, 1998). Simi-
larly, in developmentally programmed capillary regres-
sion, endothelial cell apoptosis is dependent on con-
tact with macrophages (Meeson et al, 1996).
Moreover, membrane-bound Fas ligand induces apo-
ptosis (Nagata, 1997), but soluble Fas ligand binding
to Fas-bearing endothelial cells does not (Richardson
et al, 1994), further reinforcing the importance of cell
to cell contact for the induction of apoptosis. Fas
ligand is expressed in glioblastomas, whereas Fas is
observed diffusely in the microvasculature within the
central nervous system (Leithauser et al, 1993; Tohma
et al, 1998). In our glioma model, as early as 7 days
after tumor inoculation, close contact between glioma
and vascular cells results in the lifting up of astrocytic
foot processes by tumor cells. This represents an early
disruption of endothelial integrity by disrupting endo-
thelial cell-matrix interactions of the perivascular ma-
trix, which has been shown to play an important role in
endothelial cell survival (Nicosia et al, 1986) and in
angiogenesis (Nicosia and Madri, 1987). Endothelial
cells rapidly undergo apoptosis when denied proper
substrate adhesion, ie, in the absence of interactions
with ECM (Re et al, 1994; Ruoslahti and Reed, 1994).
This form of programmed cell death, induced when
cell attachment to a substratum is disrupted, has been
termed anoikis (Frisch and Francis, 1994; Frisch and
Ruoslahti, 1997). ECM-cell interactions are mediated
to a large extent by the integrins (Hynes, 1992; Ruo-
slahti, 1996; Yamada and Miyamoto, 1995). Among

critical biological functions, integrins have been
shown to serve as a survival mechanism in several
anchorage-dependent cell types. For example, an
antagonist of avb3 integrin mediates regression of
tumor vessels via apoptosis (Brooks et al, 1994). The
mechanism by which integrin-mediated adhesion sup-
presses anoikis in these cell types, however, remains
unclear. Focal adhesion kinase (FAK), which is known
to bind and mediate integrin-dependent signals
(Schaller et al, 1992), has been shown to be required
for adhesion and survival of both nontransformed cells
(Frisch et al, 1996; Hungerford et al, 1996) and tumor
cells (Xu et al, 1996). For example, decreased FAK
expression results in apoptosis (Xu et al, 1996),
whereas FAK expression suppresses apoptosis
(Frisch and Ruoslahti, 1997). Moreover, estrogen-
induced inhibition of endothelial cell apoptosis in vitro
is associated with tyrosine phosphorylation of FAK
(Alvarez et al, 1997).

Is ANG-2 an Apoptosis Inducing Agent Related to Its
Ang-1 Antagonistic Effects?

Addition of Ang-1 to endothelial cell cultures prevents
apoptosis (Holash et al, 1999; Kwak et al, 1999;
Papapetropoulos et al, 1999). It has been postulated
that the natural role of Ang-2 may be to antagonize
Ang-1 activation of Tie2/Tek, an endothelial-cell-
specific tyrosine kinase receptor. Thus, the blocking of
the effect of the Ang-1 survival agent (Holash et al,
1999; Kwak et al, 1999; Papapetropoulos et al, 1999)
could be a key factor for vascular cell apoptosis. By
contrast to Ang-1, which causes Tie2/Tek phosphor-
ylation in endothelial cells, its natural antagonist,
Ang-2, which also binds to Tie2/Tek, does not, and it
blocks the action of Ang-1 (Maisonpierre et al, 1997).
Ang-2 up-regulation has been demonstrated in the
regression of the ovarian corpus luteum (Maisonpierre
et al, 1997), which has been linked to blood vessel
involution associated with vascular cell apoptosis
(Azmi and O’Shea, 1984; Goede et al, 1998; Modlich
et al, 1996). Our data indicate that vascular cell
apoptosis, as assessed by TUNEL labeling and TEM,
follows expression of Ang-2 in vivo, suggesting that
Ang-2 is a potential inducer of apoptosis in vascular
cells in vivo. In the C6 glioma rat model (Holash et al,
1999) and in human gliomas (Zagzag et al, 1999), a
similar pattern of Ang-2 expression was observed in
tumor-associated vessels. Our results support the
hypothesis that, in the pressure of low levels or in the
absence of VEGF, Ang-2 inhibits constitutive Ang-1
signal and promotes vascular cell demise (Holash et
al, 1999; Maisonpierre et al, 1997; Zagzag et al, 1999).
By contrast, when VEGF, an endothelial cell survival
factor (Benjamin et al, 1999; Mitchell et al, 1998) that
induces Bcl-2 expression (Nor et al, 1999) and FAK
phosphorylation (Abedi and Zachary, 1997), is
present, endothelial cells proliferate and survive (Alon
et al, 1995; Benjamin et al, 1999; Benjamin and
Keshet, 1997; Mitchell et al, 1998; Nor et al, 1999). In
addition, newly deposited ECM molecules, eg,
tenascin-C, which promotes survival of smooth mus-
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cle cells (Jones et al, 1997), are overexpressed in
angiogenic vessels of astrocytomas (Zagzag et al,
1996) and could contribute to the prevention of apo-
ptosis. Essentially, in the early stages of glioma pro-
gression, vascular cell death occurs after tumor cells
disrupt the contact of the vascular cell microenviron-
ment whereas vascular cell survival is identified in the
more advanced stages of tumor growth when VEGF
and ECM proteins are abundant.

The mechanisms that initiate apoptotic stimuli are
unknown, but it is likely that more than one stimulus/
initiator may exist. Several of the potential mecha-
nisms described above could be associated with
vascular cell apoptosis, resulting in a complex in vivo
interplay that needs to be explored. For example,
glioma cells may contribute to vascular cell apoptosis
in various ways: by interrupting ECM contact, by
presenting membrane bound Fas ligand to Fas on
vascular cells, or by up-regulating Ang-2. In addition,
the effects of cytokines such as TGF-b on vascular
cells is modulated by cell-matrix interactions and
serum (Pollman et al, 1996).

In summary, we have evidence suggesting that
glioma growth goes through two vascular phases.
Early Ang-2 expression in vascular channels of glio-
mas, in the absence of VEGF (Holash et al, 1999),
precedes vascular involution and may play an impor-
tant role in initiating vascular cell apoptosis. Further
studies are needed (a) to determine the molecular
mechanisms that cause tumor cells to home to exist-
ing blood vessels; (b) to discover the factors respon-
sible for the up-regulation of Ang-2; and (c) to inves-
tigate the molecular mechanisms underlying the
possible apoptotic effect of Ang-2. These experiments
will help to elucidate the molecular processes involved
in brain tumor apoptosis, angiogenesis, and progres-
sion.

Materials and Methods

GL261 Glioma Model

GL 261 glioma cells were implanted in the brain of 28
C57BL6 mice (Akbasak et al, 1991). The mice were
placed in the Kopf rodent stereotactic apparatus (Tu-
junga, California). After sterilization, a 1-cm-long scalp
incision was made. A burr hole was placed at the
stereotactically defined location of the caudate/puta-
men, 0.1 mm posterior to the bregma, 2.32 mm lateral
to the midline (Franklin and Paxinos, 1997). A Hamilton
syringe (Reno, Nevada) was advanced to a depth of
2.35 mm from the cortical surface, and 4 ml of Ham’s
F12 medium containing 1 3 105 GL261 glioma cells
was injected. To facilitate cell identification, the GL261
glioma cells had previously been transfected with the
gene for green fluorescent protein (GFP), using a
plasmid obtained from Clontech (Palo Alto, California)
(Chishima et al, 1997; Gubin et al, 1997). We found
that nearly all of the tumor cells exhibited green
fluorescence in vitro and that they could be easily
visualized following transplantation in vivo. Seven an-
imals were killed each week, for 4 weeks. Before they

were killed, the animals were anesthetized and then
perfused through the heart with phosphate buffered
saline (PBS) followed by 4% paraformaldehyde. The
brains were sectioned in the coronal plane to identify
grossly detectable tumors. The tissues were fixed in
2% paraformaldehyde, sucrose protected, and then
frozen until sectioning for in situ hybridization and
fluorescence examination. Alternatively, tissues were
fixed in glutaraldehyde for ultrastructural analysis or
were embedded in paraffin and sectioned for micro-
scopic examination. Hematoxylin and eosin (H&E)
stained sections revealed areas of necrosis, neovas-
cularization, nuclear pleomorphism, many mitotic fig-
ures, and pseudopalisading around areas of necrosis,
recapitulating essentially all of the pathologic features
of human glioblastomas (Burger et al, 1985).

In Situ Hybridization Analysis for Ang-2

Frozen sections of tumor-containing cryoprotected
mouse brains were probed with 35S-labeled cRNAs as
previously described (Holash et al, 1999; Maisonpierre
et al, 1997; Valenzuela et al, 1993). The probe was a
680-nucleotide (nt) cRNA extending from the 59 leader
sequence at codon 155 in the mouse Ang-2 cDNA
(Maisonpierre et al, 1997). Sections were immersed in
radiographic emulsion (NTB-1; Kodak, Rochester,
New York) and exposed for 14 to 21 days.

TUNEL Assay

TUNEL histochemistry was performed as described
previously (Gavrieli et al, 1992). Briefly, 6-mm-thick
serial sections were cut from paraffin blocks of tumor-
bearing brains, affixed to slides by heating at 60 °C for
15 minutes, deparaffinized, and rehydrated. After di-
gestion with 0.02% trypsin in phosphate-buffered
saline (PBS) at room temperature and extensive
washes in PBS, the sections were incubated in buffer
A (200 mM Tris, 0.25 mg/ml bovine serum albumin, pH
6.6) for 5 minutes. The sections were then incubated
with the labeling solution containing TdT (0.3 U/ml)
(Boehringer Mannheim, Indianapolis, Indiana), biotin-
ylated -16 dUTP (20 m mol/L, Boehringer Mannheim),
and 1.5 mm chloride in buffer A at 37 °C for 60
minutes. The reactions were terminated by rinsing in
buffer B (300 mM sodium chloride at 30 mM sodium
citrate, pH 7). The sections were then washed with
0.01 mM Tris buffer, pH 7.5, and blocked with 10%
goat serum in 0.01 mM Tris buffer for 15 minutes. For
light microscopy, the labeled DNA fragments were
visualized by incubating the sections in a 1/40 dilution
of streptavidin-conjugated diaminobenzidine (Bio-
Genex, San Ramon, California), followed by reaction
with medium containing fast red as chromogen (Sigma
Fast Kit; Sigma Chemical Company, St. Louis, Mis-
souri). The slides were then washed, counterstained,
and mounted in an aqueous medium.

Transmission Electron Microscopy

Samples of approximately 1 mm3 were cut from each
tumor and fixed overnight in 3% glutaraldehyde at 4
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°C. Samples were postfixed with 1% OsO4 in sodium
cacodylate trihydrate at room temperature for 1 hour,
dehydrated in a graded series of ethanols, and em-
bedded in Eponate 12 resin (Ted Pella Inc, Redding,
California). Sections (1-mm-thick) were cut, and after
selection of the most appropriate areas, ultrathin sec-
tions were cut with a diamond knife and counter-
stained with uranyl acetate and lead citrate. The
sections were examined with a Zeiss EM 10 transmis-
sion electron microscope operated at 60KV.
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