
Copyright @ 2006 by the American Association of Neuropathologists, Inc. Unauthorized reproduction of this article is prohibited.

REVIEW ARTICLE

FPseudopalisading` Necrosis in Glioblastoma: A Familiar
Morphologic Feature That Links Vascular Pathology, Hypoxia,

and Angiogenesis
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Abstract
Glioblastoma (GBM) is a highly malignant, rapidly progressive

astrocytoma that is distinguished pathologically from lower grade

tumors by necrosis and microvascular hyperplasia. Necrotic foci are

typically surrounded by Bpseudopalisading^ cellsVa configuration

that is relatively unique to malignant gliomas and has long been

recognized as an ominous prognostic feature. Precise mechanisms

that relate morphology to biologic behavior have not been

described. Recent investigations have demonstrated that pseudopal-

isades are severely hypoxic, overexpress hypoxia-inducible factor

(HIF-1), and secrete proangiogenic factors such as VEGF and IL-8.

Thus, the microvascular hyperplasia in GBM that provides a new

vasculature and promotes peripheral tumor expansion is tightly

linked with the emergence of pseudopalisades. Both pathologic

observations and experimental evidence have indicated that the

development of hypoxia and necrosis within astrocytomas could

arise secondary to vaso-occlusion and intravascular thrombosis.

This emerging model suggests that pseudopalisades represent a

wave of tumor cells actively migrating away from central hypoxia

that arises after a vascular insult. Experimental glioma models have

shown that endothelial apoptosis, perhaps resulting from angiopoetin-2,

initiates vascular pathology, whereas observations in human tumors

have clearly demonstrated that intravascular thrombosis develops with

high frequency in the transition to GBM. Tissue factor, the main

cellular initiator of thrombosis, is dramatically upregulated in response

to PTEN loss and hypoxia in human GBM and could promote a

prothrombotic environment that precipitates these events. A pro-

thrombotic environment also activates the family of protease activated

receptors (PARs) on tumor cells, which are G-protein-coupled and

enhance invasive and proangiogenic properties. Vaso-occlusive and

prothrombotic mechanisms in GBM could readily explain the

presence of pseudopalisading necrosis in tissue sections, the rapid

peripheral expansion on neuroimaging, and the dramatic shift to an

accelerated rate of clinical progression resulting from hypoxia-

induced angiogenesis.
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INTRODUCTION
Glioblastoma (GBM; World Health Organization [WHO]

grade IV) is the highest grade astrocytoma and has a dismal
prognosis (1Y3). Mean survival after the most advanced
treatment, including neurosurgery, radiotherapy, and chemo-
therapy, is only 60 weeks (4). When patients receive only
surgical resection, but are not treated with adjuvant therapy,
mean survival is a mere 14 weeks, underscoring the
tremendous natural growth properties of these tumors (5).
Lower grade infiltrative astrocytomas (i.e. WHO grade II and
III astrocytomas) are also ultimately fatal but have sub-
stantially slower growth rates and longer survivals (3Y8 years)
(6, 7). Only after lower grade tumors have progressed to GBM
do they demonstrate accelerated growth and rapid progression
to death. Reasons for the abrupt onset of explosive growth
properties that follow malignant transformation to GBM have
not been adequately explained. This review proposes a
mechanism that accounts for the rapid clinical progression of
GBM, emphasizing the central role of the pseudopalisade as a
link among an underlying vascular pathology, the develop-
ment of hypoxia and hypoxia-induced angiogenesis, and
outward tumor expansion.

Accelerated Growth in Glioblastoma
The biologic properties of GBM (grade IV) are quite

distinct from those of lower grade astrocytomas (grade II and
III) and suggest that it represents more than an incremental
step in malignancy. The unique neuroimaging and pathologic
features that emerge during the transition to GBM provide
the best insight into potential mechanisms responsible for
the enhanced growth properties. By magnetic resonance
imaging (MRI), grade II and III astrocytomas show hyper-
intense T2-weighted (or FLAIR) signal abnormalities,
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reflecting vasogenic edema generated in response to diffuse
infiltration by individual tumor cells (Fig. 1). Lower grade
tumors expand the involved brain but show mild or no
contrast enhancement, suggesting an intact bloodYbrain
barrier and a lack of tumor necrosis (8, 9). Radial growth
rates are modest, with annual increases in diameter of 2 to
4 mm/year (10, 11). Histologic sections of grade IIYIII
tumors reflect the imaging properties: neoplastic cells are seen
diffusely infiltrating between neuronal and glial processes,
leading to architectural distortion and edema (7, 12). As
astrocytomas advance through the pathologic spectrum from
the lower end of grade II to the upper end of grade III, the
degree of nuclear anaplasia increases and the proliferative
capacity creeps upward, resulting in a more densely cellular
tumor with greater malignant potential (6). Thus, grade
IIYIII astrocytomas represent a continuum of gradually
increasing tumor grade and growth with clinical properties
generally correlating with the malignancy of individual
tumor cells.

Tumor dynamics change dramatically after transition
to GBM, suggesting a fundamentally altered neoplasm.
Radial growth rates can accelerate to values nearly 10 times
greater than those in grade II astrocytomas (10, 11). MRI
typically reveals a central, contrast-enhancing component
(Bring-enhancing mass^) emerging from within the infiltra-
tive astrocytoma and rapidly expanding outward, causing a
much larger T2-weighted signal abnormality in the tumor`s
periphery (Fig. 1) (8, 9). The histopathologic features that
distinguish GBM from lower grade astrocytomas are found
near this contrast-enhancing rim and include 1) foci of
necrosis, usually with evidence of surrounding cellular
pseudopalisades (Bpseudopalisading necrosis^), and
2) microvascular hyperplasia, a form of angiogenesis mor-
phologically recognized as endothelial proliferation within

newly sprouted vessels (Fig. 2) (2, 6, 13, 14). In contrast to
lower grade astrocytomas, these 2 diagnostic findings of
GBM are largely independent of tumor cell morphology, yet
carry an inordinate degree of prognostic power (15, 16).
Rather than mere markers, these structures are more likely
to be mechanistically linked to the accelerated growth
properties that characterize the grade III to IV transition.
Why should these 2 tumoral elements be so predictive of
rapid growth?

An emerging model of tumor progression may explain
the development of pseudopalisades, the relationship
between pseudopalisades and angiogenesis, and the strong
association between pseudopalisades and aggressive clinical
behavior (Figs. 3 and 4) (6, 13, 17, 18). This model hypothe-
sizes a sequence that begins with an infiltrating astrocytoma
of moderate to high cellularity (i.e. grade III astrocytoma)
and, as shown in Figure 4, continues with 1) vascular
occlusion within the tumor that is often associated with
intravascular thrombosis; 2) hypoxia in regions surrounding
vascular pathology; 3) outward migration of tumor cells
away from hypoxia, creating a peripherally moving wave
(pseudopalisade) and central necrosis; 4) secretion of
hypoxia-inducible, proangiogenic factors (vascular endothe-
lial growth factor [VEGF], IL-8) by pseudopalisading cells;
5) an exuberant angiogenic response creating microvascular
proliferation in regions adjacent to central hypoxia; and
6) accelerated outward expansion of tumor cells toward a
new vasculature. The global growth properties of GBM
within the brain reflect a coalescence of these microscopic
processes and result in a peripherally expanding tumor with
a large degree of central necrosis.

Pseudopalisades Are Actively Migrating
Tumor Cells

Everyone agrees that pseudopalisades are hypercel-
lular zones that surround necrotic foci in GBM (Fig. 2)
(2, 14). Experienced neuropathologists can affirm that the
centers of the smallest pseudopalisades sometimes contain
only fibrillar processes and apoptotic cells but lack frank
coagulative necrosis. Analysis of the shapes and sizes of
pseudopalisades suggests that these structures evolve and
enlarge over time, giving rise to wider and wider expanses of
coagulative necrosis (19). Pseudopalisading of cells around
central degeneration has been recognized for nearly a
century as both a defining feature of GBM and a morpho-
logic finding that predicts aggressive behavior (20).
Although discussions of their etiology are scant, a com-
monly held belief has been that pseudopalisades represent a
rim of residual tumor cells around a centrally degenerating
clone of highly proliferative cells. Indeed, the term
Bpseudopalisade^ itself implies that cells have not truly
aggregated around necrosis, but only give this impression as
a result of the absence of a central hypercellular zone. The
idea of a highly malignant clone developing from within a
lower grade tumor and undergoing central degeneration fits
nicely with prevailing models of tumorigenesis that empha-
sized a stepwise progression of morphologic features and
genetic alterations.

FIGURE 1. Anaplastic astrocytoma (AA; World Health Orga-
nization [WHO] grade III) and glioblastoma (GBM; WHO
grade IV) have distinct growth patterns as demonstrated on
magnetic resonance imaging (MRI). (A) Axial MRI of AA
shows expansion of the involved brain and increased signal
intensity on FLAIR imaging, reflecting the vasogenic edema
that arises in response to infiltrating tumor cells (arrow). After
the administration of contrast agents, most AAs demonstrate
modest or no enhancement resulting from an intact bloodY
brain barrier and a lack of central necrosis. (B) Axial MRI of
GBM also demonstrates hyperintense regions at the tumor
periphery on T2-weighted imaging, indicative of diffusely
infiltrating cells (arrow). (C) A distinguishing feature is the
emergence of a central contrast-enhancing component,
which contains a necrotic center and a leading edge that
rapidly expands outward (arrow).
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Recent studies have questioned this assumption and
attempted to more precisely define underlying mechanisms of
necrosis and pseudopalisading in GBM (19). These began by
considering that this hypercellular population around central
necrosis could represent 1) a clone of rapid proliferating
neoplastic cells that Boutgrew its blood supply^ and under-
went central necrosis (clonal expansion theory); 2) a
population of neoplastic cells that was resistant to apoptosis
and accumulated as a result of increased cell survival; 3) a
mixed population of neoplastic and inflammatory cells
adjacent to necrosis; or 4) a population of rapidly moving
tumor cells that superimposed themselves on a more sta-
tionary population, causing increased cell density. Perhaps
surprisingly, these investigations determined that pseudopal-
isading cells were less proliferative than adjacent tumor,
indicating they do not likely accumulate as a result of clonal
expansion (19, 21). Second, pseudopalisades are composed
almost entirely of tumor cells and do not include a significant
population of nonneoplastic cells (e.g. inflammatory cells).
Third, pseudopalisades show increased levels of apoptosis
compared with adjacent tumor, indicating they do not
accumulate as a result of a survival advantage (19, 22).

Instead, these investigations concluded that pseudopa-
lisades represent a wave of actively migrating tumor cells that

are moving away from an area of central hypoxia. Pseudopa-
lisading cells are known to be hypoxic, as demonstrated by
their dramatic upregulation of hypoxia inducible factor-1
(HIF-1), a nuclear transcription factor that orchestrates the
cell`s adaptive response to low oxygen (Fig. 3) (19, 23Y25).
Gene expression studies performed on microdissected pseu-
dopalisading cells from human GBMs have demonstrated
upregulated gene transcripts in this population that suggest a
response to a hypoxic microenvironment, including those
related to glycolysis, angiogenesis, and cell-cycle control
(26). Hypoxic GBM cells in culture that have similar
upregulation of HIF-1> are more highly migratory than
normoxic cells and HIF-1 itself mediates many of the critical
promigratory mechanisms in gliomas and other neoplastic
cells (19, 27Y29). Hypoxic upregulation of c-Met, a tyrosine
kinase receptor, as well as the potentiation of hepatocyte
growth factor (HGF) signaling through c-Met, could account for
at least some of the promigratory effects of HIF-1 activation
(29, 30). Moreover, hypoxic pseudopalisades express increased
levels of extracellular matrix proteases associated with inva-
sion, including MMP-2 and uPAR (12, 19, 27, 29, 31, 32).
Thus, the combined evidence suggests that the pseudopalisades
in GBM are formed by a population of hypoxic, actively
migrating neoplastic cells that have imposed themselves on a

FIGURE 2. Pathologic features of glioblastoma. (A) Pseudopalisades (arrow) are characterized by an accumulation of tumor
cells around a central clear zone. Some smaller pseudopalisades have internal fibrillarity and apoptotic cells but lack coagulative
tumor necrosis. (B) Larger pseudopalisades (arrow) contain regions of necrosis as well as apoptotic cells and some have an
elongate shape that suggests an underlying vascular substrate. (C, D) Microvascular hyperplasia (arrow) is a form of angiogenesis
that is induced by hypoxic pseudopalisading cells in glioblastoma (arrowhead) and can be noted in regions adjacent to
necrosis. (D) Low-magnification view of pseudopalisading necrosis (arrowhead) and microvascular hyperplasia (arrow)
demonstrating a wave of tumor cells migrating toward the emerging vasculature (left to right).
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less mobile population, thereby creating a hypercellular zone
around an evolving area of central necrosis.

Pseudopalisades Are Hypoxic Tumor Cells
Migrating Away From Vascular Pathology

The hypoxia that leads to increased tumor cell
migration to form pseudopalisades could result from limi-
tations in vascular perfusion within the tumor (i.e. disruption
of the blood supply) or from reduced oxygen diffusion
within the neoplasm, in part as a result of increased
metabolic demands of a growing tumor (13). Attenuated
perfusion would lead to cell migration away from central
blood vessels that no longer provides the necessary oxygen
supply. Limitations in oxygen diffusion, on the other hand,
would cause tumor cells at greatest distance from arterial
supplies to become hypoxic and migrate toward viable
vessels. These mechanisms are not mutually exclusive.
However, a growing body of experimental and observational
evidence favors the hypothesis that pseudopalisades repre-
sent tumor cells migrating away from a dysfunctional
vasculature (17Y19). Most pseudopalisades that are cap-
tured photographically and find their way into textbooks are
ring-like or ovoid (Fig. 2). However, these structures often

have a long, narrow, and winding (i.e. serpiginous) pattern
when viewed in longitudinal tissue sectionsYa pattern highly
suggestive of an underlying vascular substrate (2). Perhaps
less appreciated, abnormal vessels can often be noted
within the lumina of at least a subset of pseudopalisades.
A comprehensive survey of human GBM specimens found
that over 50% of pseudopalisades had evidence of a central
vascular lumen that was either degenerating or thrombosed
(19). A full 20% contained a vessel with complete luminal
occlusion caused by intravascular thrombosis (Fig. 3).
Analysis of pseudopalisade sizes and shapes led to the
conclusion that tissue sampling and tangential sections results
in an underestimation of the true frequency of vascular
pathology and intravascular thrombosis within pseudopali-
sades, which has led to an underappreciation of their
relevance to necrosis in GBM (Fig. 5). Thus, pseudopalisades
around necrosis appear to represent hypoxic tumor cells
migrating away from vaso-occlusion and thrombosis.

Initiators of Vascular Pathology
Experimental models support a vaso-occlusive model of

glioma progression and indicate that the initial, preangiogenic
stages of tumor growth involvesYperhaps counterintuitivelyY

FIGURE 3. Intravascular thrombosis in glioblastoma (GBM). (A) A central vessel within a GBM is occluded by intravascular
thrombus (arrow). The vessel is dilated proximal to the occlusion and surrounded by delicate fibrillarity and scattered apoptotic cell,
most likely representing the initial stages of pseudopalisade formation (arrowhead). (B) As the pseudopalisading front of tumor cells
(arrowhead) enlarges around a central thrombosed vessel (arrow), perivascular necrosis becomes more prominent. (C)
Hematoxylin and eosin staining of a GBM demonstrates intravascular thrombosis occluding and distending a vessel (arrow) within
the center of a pseudopalisade (arrowhead). (D) Immunohistochemistry for HIF-1> of a serial tissue section shows increased nuclear
staining in pseudopalisades, indicating an adaptive response to hypoxia (arrowhead).
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the regression of native blood vessels. New tumor cells such as
those in grade II astrocytoma first gain access to oxygen and
nutrients through a vascular supply by Bco-opting^ the host`s
blood vessels (17, 18). In response, vascular endothelial cells
eventually undergo a number of changes that include hyper-
trophy, discohesion, and even apoptosis (Fig. 6). Endothelial

damage may be initiated by the effects of angiopoietin-2
(Ang-2) on endothelial cell. Ang-2 is thought to act in an
autocrine fashion on tumoral blood vessels as a Tie-2 receptor
antagonist. In the absence of VEGF, Tie-2 blockage leads to
vascular destabilization, endothelial cell apoptosis and vas-
cular regression (17, 33). In human specimens, Ang-2 is
expressed by endothelial cells of high-grade gliomas but not
low-grade gliomas or normal brain, and its upregulation
precedes endothelial apoptosis, suggesting that it could cause
vascular injury (18, 34, 35). Other arguments hold that Ang-2
causes structural changes of vessels that are required for
angiogenesis but does not induce apoptosis (36, 37). Factors
released from glioma cells after genetic alteration (EGFR
amplification or PTEN loss) such as VEGF and TNF-> could
also precipitate vascular injury and thrombosis. VEGF induces
changes in vascular permeability, whereas both VEGF and
TNF-> have been demonstrated to induce endothelial tissue
factor expression through activation of the transcription
factor Egr-1.

Intravascular Thrombosis Accentuates and
Propagates Tumor Hypoxia

Although precise initiators of vascular pathology in
GBM continue to be studied, it is becoming clear that

FIGURE 4. Potential mechanism of pseudopalisade forma-
tion. 1) In grade III astrocytoma, tumor cells with moderate to
high density infiltrate through the central nervous system and
receive oxygen and nutrient supplies through intact native
blood vessels. 2) A vascular insult occurs as a result of tumor
growth and causes endothelial injury and vascular leakiness.
3) Endothelial injury and the expression of procoagulant
factors by the neoplasm result in intravascular thrombosis and
increasing hypoxia in regions surrounding vascular pathology
(light blue). Tumor cells begin to migrate away from hypoxia,
creating a peripherally moving wave that is seen microscopi-
cally as pseudopalisading cells. 4) The zone of hypoxia and
central necrosis expands, whereas the hypoxic tumor cells of
pseudopalisades secrete proangiogenic factors (VEGF, IL-8).
5) Microvascular proliferation in regions adjacent to central
hypoxia causes an accelerated outward expansion of tumor
cells toward a new vasculature. Illustration by Mica Duran.

FIGURE 5. Three-dimensional schematic representation of
pseudopalisade formation in glioblastoma. Vaso-occlusion/
collapse and intravascular thrombosis lead to tissue hypoxia in
the perivascular region and eventually results in central
necrosis (light blue) surrounded by pseudopalisading tumor
cells. Representative sections through the region of necrosis
will often show pseudopalisades that do not contain central
vascular pathology resulting from 2-dimensional sampling
and central degeneration (left panel). Other sections will show
a pathologic central vessel that is distorted, thrombosed, or
degenerating, depending on the relation of the tissue section
to the vascular pathology (central panel). The finding of
microvascular pathology in tissue sections will sometimes
suggest that tumor hypoxia and/or necrosis are nearby but
not caught in the plane of section (right panel). Illustration by
Mica Duran.
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intravascular thrombosis within these neoplasms can accen-
tuate and propagate tumoral hypoxia and necrosis. A strong
relationship between abnormal blood clotting and human
malignancy is well established and gliomas are no exception
(38). Indeed, patients with GBM are at high risk for
developing systemic disorders of coagulation and nearly
30% have deep vein thrombosis or pulmonary thromboembo-
lism (39). Intravascular thrombosis within the tumoral tissue
of GBM is a frequent intraoperative finding by the neuro-
surgeon. Even more impressively, thrombosed vessels within
resected GBM specimens can almost always be identified
under the microscope (noted histologically in over 90% of
GBMs) (19). Both the frequencies of associated systemic
coagulopathy and the finding of intravascular thrombosis
within neoplastic tissue are much higher in GBMs (grade IV)
than AAs (grade III), indicating that critical prothrombotic
events must occur in this transition (19, 39, 40). The develop-
ment of intravascular thrombosis within GBM and the
emergence of pseudopalisades around hypoxic zones are too
coincidental to be dismissed as unrelated epiphenomena.
Intravascular thrombosis could directly initiate or propagate
hypoxia and necrosis in GBM (41).

Multiple factors likely contribute to intravascular
thrombosis in GBM, including abnormal blood flow within a
distorted vasculature, increased interstitial edema, dysregula-
tion of pro- and anticoagulant factors, and access of plasma
clotting factors to tumoral tissue. Normal central nervous
system blood vessels allow only limited diffusion through

their walls resulting from a highly restrictive bloodYbrain
barrier, which is formed primarily by endothelial tight
junctions, but also has contributions from astrocytic foot
plates, extracellular matrix, and endothelialYpericytic inter-
actions (42). This barrier becomes breached in GBM and can
be visualized radiologically by the presence of contrast
enhancement resulting from increased vascular permeability
to contrast agents (e.g. gadolinium) and to proteins that bind
them such as albumin (Fig. 1) (8, 9). Damaged vessels appear
fenestrated, show detachment of pericytes, and exhibit
extracellular matrix alterations (42). All the factors that
contribute to increased permeability have not been defined,
but VEGF secretion by neoplastic cells is known to cause
vascular leakage (43, 44). One result is to bring plasma
coagulation factors such as factor VII into the tissue spaces
where they are activated and result in thrombosis.

Plasma Coagulation Is Promoted by
Tissue Factor

The number of plasma clotting factors that are
dysregulated in GBM and favor thrombosis is large and
growing. For example, the procoagulant plasminogen acti-
vator inhibitor 1 (PAI-1) is markedly elevated in GBMs,
whereas the expression of anticoagulants such as the fibri-
nolytic tissue type plasminogen activator (tPA) is decreased
(40, 45). One of the most highly upregulated prothrombotic
factors in GBM is tissue factor (TF), a 47-kDa trans-
membrane glycoprotein receptor that is a critical regulator
of tissue hemostasis and one of the body`s most potent
stimulants of thrombosis (46). In normal tissue, TF is
expressed almost exclusively by stromal cells, and it usually
takes a disruption of vascular integrity to cause TF to bind to
its activating ligand from the plasma, factor VII/VIIa (47). In
turn, TF/factor VIIa activation promotes the generation of
thrombin from prothrombin, ultimately leading to platelet
aggregation, fibrin deposition, and local hemostasis. The
normally tight regulation of TF is lost in a variety of patho-
logic conditions, including neoplasia, and numerous cancers
show increased expression by tumor cells, stroma, and endo-
thelium (48). A direct correlation between TF levels and
tumor grade has been noted for multiple tumor types (49, 50),
including gliomas (51, 52). Indeed, TF is highly expressed
by over 90% of malignant astrocytomas, but only 10% of
grade I and II astrocytomas (51). The prothrombotic effects
of TF at the cell surface are largely mediated through
downstream activation of coagulation proteases factor VII
(VIIa), factor X (Xa), and thrombin. As a transmembrane
receptor, TF also transduces independent intracellular sig-
nals through its cytoplasmic tail that promote tumorigenesis,
including activation of p38 MAP kinase and Rac-1 and
interactions with the actin-binding protein ABP-280 (53, 54).
Intracellular signaling mechanisms induced by TF strongly
promote tumorigenesis through proangiogenic and prometa-
static mechanisms (46, 55, 56).

PTEN Loss and Hypoxia Cause Increased Tissue
Factor Expression in Glioblastoma

Recent investigations have attempted to define the
genetic and physiologic triggers that might cause increased

FIGURE 6. Proposed vaso-occlusive and prothrombotic
mechanisms of pseudopalisade formation in glioblastoma.
1) Genetic alterations in tumor cells, including EGFR amplifi-
cation and PTEN loss, are hypothesized to cause secretion of
factors that promote vascular leakiness, endothelial apoptosis,
or endothelial tissue factor expression. 2) Both genetic
alterations and hypoxia cause increased expression of tissue
factor (TF) by tumor cells, which strongly promotes throm-
bosis. The resulting tumor hypoxia and the activation of PAR-1
by thrombin cause increased tumor cell migration away from
occluded vessels to form pseudopalisades. 3) Pseudopalisades
in turn drive neoplastic progression by inducing angiogenesis
through the secretion of proangiogenic factors, including
VEGF and IL-8.
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TF expression and thrombosis in human malignancy (Fig. 6)
(57Y 60). Genetic events that arise during astrocytoma
progression have been well characterized and include PTEN
and TP53 mutations, p16(CDKN2A) and p14ARF deletions,
EGFR and MDM2 amplifications (61). Among these, EGFR
amplification and PTEN mutations are prime candidates to
explore for regulation of prothrombotic factors because they
occur precisely during transition from AA to GBM, when
thrombosis and pseudopalisades emerge (59, 62). PTEN is a
tumor suppressor located at 10q23.3 (63). Inactivating
mutations PTEN occur in 30% to 40% of GBMs and gene
inactivation through promoter methylation leads to lost
expression of PTEN in over 70% (64Y 66). The effects of
PTEN on TF expression and procoagulant properties by
malignant gliomas were recently studied by introducing a
wild-type PTEN gene into a PTEN null glioma cell line
(U87MG). The expression TF protein at the cell surface of
glioma cells was dramatically suppressed by PTEN, which in
turn led to prolonged plasma clotting times using in vitro
measures of coagulation. Although many of PTEN`s biologic
effects depend on its lipid phosphastase activity and ability
to antagonize phospho-inositol (PI)-3 kinase, these studies
indicated that regulation of TF depended at least in part on
PTEN`s protein phosphatase activity. Potential downstream
signaling mechanisms relevant to the control of TF by PTEN
were investigated using a series of human astrocytes that
were sequentially infected with E6/E7/hTERT, Ras, and
Akt. This series of astrocytes have been used to recapitulate
astrocytoma progression both in vitro and in vivo (67, 68).
Cells transfected with either Akt or Ras showed upregulation
of TF, whereas those transformed with combined Ras and
Akt showed the highest TF expression, suggesting that both
signaling pathways may participate as downstream regula-
tors of PTEN (57, 58). Other investigations have emphasized
that activated forms of Ras are critical for the expression of
TF and its tumorigenic effects (58). Thus, PTEN loss during
astrocytoma progression likely leads to increased TF
expression and plasma coagulation, both through Akt/Ras-
dependent and protein phosphatase-dependent mechanism.

In addition to genetic regulation, TF is also strongly
upregulated by hypoxia in GBM (57). Hypoxic GBM cells
placed directly into human plasma cause a marked accel-
eration of plasma clotting times compared with normoxic
cells. This effect can be prevented by both the preincubation
of cells with inhibitory antibodies to TF and by using plasma
that lacks factor VII, strongly implicating TF-dependent
mechanisms. Similar hypoxic conditions also cause a rapid
increase in TF mRNA and protein expression by GBM cells
in vitro, which are modestly suppressed by PTEN expres-
sion. Within human GBM specimens, the severely hypoxic
pseudopalisading cells around necrosis show the highest level
of TF expression, corroborating in vitro studies. Mechanisms
responsible for the hypoxic upregulation of TF are challeng-
ing to investigate because the TF promoter contains binding
sites for a variety of transcriptional regulators that can be
induced by hypoxia, including Egr-1, Sp1, NF-JB, and AP-1
(69). The accumulated evidence in animal models and in vitro
indicates that Egr-1 is the transcription factor that is most
important to the hypoxic upregulation of TF and that these

mechanisms do not depend on the increased expression of
HIF-1 (70, 71). Thus, both PTEN loss and hypoxia upregulate
TF expression and promote plasma clotting by GBM cells in
vitro, which might suggest that these mechanisms promote
intravascular thrombosis and pseudopalisading necrosis in the
transition from AA to GBM.

Protease-Activated Receptor-1 Is Activated by
Thrombin in Gliomas

Activation of plasma coagulation factors by TF has
biologic significance beyond clot formation. Thrombin, factor
VIIa, and factor Xa are proteases that act as potent physio-
logical activators of protease-activated receptors (PARs), a
family of G-protein coupled, transmembrane receptors. PAR1,
the family`s prototype, is activated most strongly by thrombin,
which cleaves the aminoterminal extracellular domain of PAR1
and unmasks a new N-terminus, which then serves as the recep-
tor`s ligand (72). Both PAR1 and PAR2 can also be activated
by factors VIIa and factor Xa. Activated PAR transduces intra-
cellular signals by coupling through G-proteins, predominantly
G>i, G>q, and G>12/13. Secondary signals are generated
through Rho, phopholipase C (IP3 and diacylglycerol), and
inhibition of adenyl cyclase. Although PARs are expressed at
low levels in most normal epithelia, they are aberrantly
overexpressed by a variety of carcinomas, including those of
breast, colon, lung, and stomach (73Y75). PAR1 activation can
transform cells and is able to enhance tumorigenicity, in large
part by signaling through G>q and G>13 (76, 77). It is also
clear that PAR1 and PAR2 activation by coagulation factors
promotes invasive and metastatic properties of malignant cells
(75, 78Y80). Mechanisms of increased invasion include its
ability to direct cytoskeletal actin rearrangements, phosphor-
ylation of focal adhesion kinases, and recruitment of >vA5
integrin to contact sites (74).

PAR1 protein is present in both the human and mouse
central nervous system, mostly in astrocytes, where it can be
activated by thrombin (81, 82). Investigations of human GBM
cell lines and short-term cultures of resected human GBM
specimens have demonstrated that PAR1 is present on the
surface of tumor cells and that it can be activated by both
thrombin and PAR1 agonists. Such activation leads to
increased phospho-inositol (PI) hydrolysis and calcium
mobilization, presumably coupling through G>q (82).
Although more evidence is required to determine the
biologic relevance of TF activation of thrombin and
consequent PAR1 signaling in gliomas, it is highly probable
that the activation of PAR1 by procoagulant proteases direct
the migration of tumor cells in a manner similar to other
malignancies. In the context of human GBM, activation
would be expected to direct migration away from vaso-
occlusion and hypoxia to form pseudopalisades (Fig. 6).

Angiogenesis Supports Peripheral
Tumor Growth

If emerging models of GBM progression are valid, then
vascular pathology may underlie the development of hypoxia
and necrosis in GBM. Although necrosis has long been
recognized as a marker of aggressive behavior in diffuse
gliomas, by itself it does not explain rapid tumor progression
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(14, 16). Indeed, tumor cell death is the goal of most adjuvant
therapies. Instead, pseudopalisades that surround necrosis in
GBM are intimately related to microvascular hyperplasia, a
defining morphologic feature of GBM that is most often noted
in regions directly adjacent to pseudopalisades (Figs. 2 and 4)
(6, 13, 23). This exuberant angiogenic response attempts to
lay down a new vasculature for rapid neoplastic expansion,
yet the proper function of these distorted vessels has not been
established. The formation of new blood vessels from pre-
existing ones is tightly regulated process and follows a
complex sequence in response to pro- and antiangiogenic
factors. Initial phases require increased vascular permeability
of parent vessels, extravasation of plasma, and deposition
of proangiogenic matrix proteins. In response to the
mitogenic effects of proangiogenic cytokines, endothelial
cells proliferate and migrate along a chemotactic gradient
into the extracellular matrix. Once established, endothelial
cells form tubes with a central lumen, elaborate a basement
membrane, and eventually recruit pericytes and smooth
muscle cells to surround the mature vessels.

One of the most critical proangiogenic factors produced
by pseudopalisades that are responsible for directing nearby
angiogenesis in GBM is VEGF. As noted previously, pseudo-
palisading cells are severely hypoxic and express high levels of
hypoxia-inducible transcription factors, including HIF-1. The
VEGF gene contains a hypoxia-responsive element within its
promoter that binds HIF-1, thereby activating transcription
(24, 83 Y 85). VEGF concentrations in the cystic fluid of
human GBMs can reach levels that are 200- to 300-fold
higher than in serum (86). Inhibition of this the HIF/VEGF
pathway suppresses tumor growth experimentally (87). Once
expressed and secreted, extracellular VEGF binds to its
high-affinity receptors, VEGFR-1 and VEGFR-2, which are
upregulated on endothelial cells of high grade gliomas but
not present in normal brain (84). Receptor activation then
leads to angiogenesis in regions adjacent to pseudopalisades,
eventually leading to a vascular density in GBMs that is among
the highest of all human neoplasms (Fig. 3).

A second proangiogenic factor that is highly upregu-
lated in GBMs is interleukin-8 (IL-8, CXCL8) (88). Much
like VEGF, hypoxia/anoxia strongly stimulates IL-8 expres-
sion and its expression is also found at highest levels within
the pseudopalisades of GBM (89, 90). Unlike VEGF, IL-8
has a more punctate distribution within pseudopalisades and
it remains unclear if tumor cells or scattered infiltrating
macrophages are most responsible for the majority of its
expression. Hypoxic upregulation of IL-8 is not directly the
result of HIF activation, because there is no hypoxia
responsive element within its promoter. Rather, the IL-8
promoter contains binding sites for other transcription
factors, including NF-JB, AP-1, and C-EBP/NF-IL-6. AP-1
appears to mediate much of IL-8`s upregulation by hypoxia/
anoxia (91). IL-8 is also strongly upregulated by tumor cells
in response to activation of factor VIIa by TF. Such
overexpression of IL-8 by neoplastic cells may have
autocrine effects on the malignant behavior of tumor cells
(i.e. invasion or metastasis) in addition to inducing angio-
genesis (78). The IL-8 receptors that could potentially
contribute to IL-8 mediated tumorigenic and angiogenic

responses in GBM include CXCR1 and CXCR2, both of
which are G-protein-coupled.

Lastly, hepatocyte growth factor (HGF) is upregulated
in human astrocytomas and its expression levels correlate
with tumor grade (30, 92, 93). Multiple studies have shown
that HGF has strong proangiogenic effects in vitro as
measured by its ability to cause endothelial proliferation,
migration, matrix invasion, and tubule formation (30). In
addition to its own angiogenic effects, HGF causes the
upregulation and secretion of VEGF by glioma cells (94).
Investigation of human astrocytoma specimens by immuno-
histochemistry and in situ hybridization has localized HGF
receptor c-Met to both endothelial cells and tumor cells with
increasing expression in both compartments found in higher
grade tumors (95, 96). Overexpression of HGF in xeno-
grafted gliomas leads to increased angiogenesis and tumor
growth, whereas antagonism of this signaling cascade leads
to inhibited angiogenesis and an antitumor effect (97 Y 99).
Although hypoxia has been shown to induce the expression
of c-Met and promote the effects of HGF on c-Met
signaling, the expression of HGF in pseudopalisading cells
of glioblastoma has not yet been demonstrated (26, 29).

The precise type of angiogenesis that is most evident in
GBM, microvascular hyperplasia, is characterized by nu-
merous enlarged, rapidly dividing endothelial cells, pericytes,
and smooth muscle cells that form tufted microaggregates at
the leading edge of sprouting vessels (Fig. 3) (13). In its most
florid form, angiogenesis takes the shape of Bglomeruloid
bodies,^ a feature that is most characteristic of GBM, but is
also an independent marker of poor prognosis in other forms
of cancer (100). Because necrosis and hypoxia are located in
the GBM`s core and near the contrast-enhancing rim,
hypoxia-induced angiogenesis occurs further peripherally,
favoring neoplastic growth outward. The permissive nature
of the central nervous system parenchymal matrix to diffuse
infiltration by individual glioma cells allows for this burst of
peripheral expansion (12).

CONCLUSION
Pseudopalisades and the ensuing microvascular hyper-

plasia that are associated with accelerated growth in GBM
may result from the following sequence (Figs. 4 and 6): 1)
vascular occlusion, possibly related to endothelial apoptosis
and often associated with intravascular thrombosis; 2) hyp-
oxia in regions surrounding vascular pathology; 3) outward
migration of glioma cells away from hypoxia creating a
peripherally moving wave (pseudopalisade); 4) death of non-
migrated cells leading to central necrosis; 5) secretion of
soluble proangiogenic factors (VEGF, IL-8) by hypoxic
pseudopalisading cells; 6) an exuberant angiogenic response
creating microvascular proliferation in regions peripheral to
central hypoxia; and 7) enhanced outward expansion of infil-
trating tumor cells toward a new vasculature. These mecha-
nisms could readily explain the dramatic change in behavior
as tumors transition to the GBM histology. Because both
necrosis and vascular proliferation are also markers of poor
prognosis in other types of cancer, the identification of their
underlying mechanisms may have more general implications for
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tumor angiogenesis and malignant progression. Once identified,
the pathophysiological triggers underlying vaso-occlusion will
become attractive, novel targets for antitumor therapy.
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