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Abstract
Vascular endothelial growth factor (VEGF) is a vascular growth factor which induces the
development of new blood vessels (angiogenesis), vascular permeability, and inflammation. In brain,
receptors for VEGF have been localized to vascular endothelium, neurons, and glia. VEGF is
upregulated after hypoxic injury to the brain, such as occurs with cerebral ischemia or high-altitude
edema, and has been implicated in the blood-brain barrier breakdown which occurs during these
conditions. Given its recently-described role as an inflammatory mediator, VEGF could also
contribute to the inflammatory responses observed in cerebral ischemia. After seizures, blood-brain
barrier breakdown and inflammation is also observed in brain, albeit on a lower scale than that
observed after stroke. Recent evidence has suggested a role for inflammation in seizure disorders.
We have described striking increases in VEGF protein in both neurons and glia after pilocarpine-
induced status epilepticus in the brain. Increases in VEGF could contribute to the blood-brain barrier
breakdown and inflammation observed after seizures. However, VEGF has also been shown to be
neuroprotective across several experimental paradigms, and hence could potentially protect
vulnerable cells from damage associated with seizures. Therefore, the role of VEGF after seizures
could be either protective or destructive. Although only further research will determine the exact
nature of VEGF's role after seizures, preliminary data indicate that VEGF plays a protective role
after seizures.

Introduction
During and after cerebral ischemia in animal models, there is a well-documented breakdown
of the blood-brain barrier that peaks 1-3 days after the ischemic insult.1,2,3,4,5,6,7,8 Edema
can be severe after ischemia, and much of the edema is thought to be vasogenic in nature, that
is, caused by leakage of plasma fluids into the brain parenchyma. After seizures, blood-brain
barrier breakdown has also been described, although the scope and magnitude of the breakdown
is substantially milder than that seen after cerebral ischemia.9,10,11 Further, ischemic and
post-ischemic vasculature upregulates adhesion molecules which cause leukocytes to adhere
to the luminal wall of vascular endothelium.12,13,14,15,16,17,18 Chemokine upregulation
then leads to the extravasation of leukocytes, which infiltrate the brain parenchyma in an
inflammatory reaction. These vascular-mediated post-ischemic responses are likely to
contribute to the damage observed after stroke.15,19,20,21,22,23 Inflammatory cells can also
be found in the brain after seizures.24 There is, in fact, accumulating evidence that
inflammatory cytokines are involved in the expression of seizures (see also Vezzani et al, this
volume).25,26,27,28 Because of the qualitative, albeit not quantitative, similarities in
inflammation and blood-brain barrier breakdown after both stroke and seizures, it is reasonable
to investigate the proposed mediators of post-ischemic vascular abnormalities after seizures.
Among the protein factors recently implicated in post-ischemic blood-brain barrier breakdown
are vascular growth factors.
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Vascular Endothelial Growth Factor (VEGF)
In the past decade, there has been a surge of interest in vascular growth factors. During
development, these factors have potent effects on endothelial cells, and are thought to regulate
proliferation, migration, endothelial tube formation, vascular differentiation, permeability, and
regression (for reviews see 29 and 30). Although much still remains to be understood regarding
the effects of these factors on adult vasculature, current data suggest that they play similar roles
in the changes that occur in both normal and pathological states (for review see 30). Cerebral
ischemia is one such pathological state in which vascular changes are striking. During and after
cerebral ischemia, alterations in the cerebral vasculature include blood-brain barrier
breakdown, endothelial cell apoptosis, upregulation of adhesion molecules, and angiogenesis
(the development of new blood vessels from existing blood vessels).1,2,3,4,5,6,7,31,32,33,
34,35,36,37,38,39 Vascular abnormalities, such as blood-brain barrier breakdown, have been
observed after seizures also. Because these vascular alterations might contribute to the brain
pathology observed after ischemia or seizures, it is important to understand how changes in
the levels of various vascular growth factors might contribute to these pathologies.

There are a large number of protein factors that act on vasculature including, but not limited
to, fibroblast growth factor, platelet-derived growth factor, transforming growth factor,
hepatocyte growth factor (scatter factor), vascular endothelial growth factor (VEGF), and the
angiopoietins. Proteins in the VEGF family of factors have potent vascular effects, and will be
the topic of this chapter. These factors modulate the structure and function of vasculature in
both developing and adult organisms.

VEGF was originally described as vascular permeability factor (VPF) because of its potent
permeabilizing effects on endothelium.40 Since the discovery of VEGF, four additional VEGF-
like family members have been described. These additional VEGF-like proteins are placental
growth factor (PlGF), VEGFB, VEGFC, and VEGFD (the original VEGF has been termed
“VEGFA”) (for review see 41; refer to Fig. 1). The receptors currently described for the VEGF
family are VEGFR1 (Flt-1), VEGFR2 (Flk-1 or KDR), VEGFR3 (Flt-4), and the neuropilins
(see Fig. 1).41,42,43,44 The primary receptors for VEGFA, VEGFR1 and VEGFR2, are
localized predominantly to the vascular endothelium, including cerebral endothelium.
However, several recent papers have reported neuronal localization of VEGFR2 in cultured
hippocampal or dorsal root ganglion cells.45,46 In addition, neurons located in peri-infarct
regions after focal cerebral ischemia or in VEGF-treated brain express VEGFR2.47,48 It is
possible that VEGFR2, while not normally detectable in resting neurons, is upregulated during
neuronal perturbation. One could argue that cultured neurons are in some way “perturbed,”
having been removed from their normal neural microenvironment. VEGFR2 has also been
described on glial cells, particularly after cerebral ischemia.49 VEGFR1 has been localized
almost exclusively to vascular endothelium, but has been described on circulating
inflammatory cells and VEGF-treated astroglia.48,50 In addition to VEGFR1 and VEGFR2,
members of the neuropilin receptor family bind to VEGFA. Although neuropilin can be found
on vascular endothelium, it is most densely expressed in nonendothelial cells, especially in the
nervous system.51,52

There are 5 known isoforms of VEGFA in humans which are termed VEGF 121, 145, 165,
189 and 206, corresponding to the number of amino acids found in each isoform (each isoform
has 1 amino acid fewer in rodents).53 While all isoforms of VEGFA bind with high affinity
to both VEGFR1 and VEGFR2, binding of VEGFA to the neuropilins is isoform-specific (e.g.,
the 165 amino acid isoform of VEGFA binds to neuropilin-1, while the 121 amino acid isoform
does not).44 In addition, the various VEGF family members have different receptor
specificities (e.g., VEGFA binds to VEGFR1 and 2, but PlGF only binds to VEGFR1; (Fig.
1); for review see 30). There is still much to be learned about the roles of the diverse members
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of the VEGF family of proteins, as well as of the various VEGFA isoforms. Because more is
currently known about VEGFA than its protein relatives, the remainder of this chapter will be
devoted to discussions of VEGFA (hereafter referred to simply as “VEGF”).

In recent years, most of the in vivo research on VEGF has focused on its role as a potent
angiogenic factor, responsible for the development of new vascular sprouts (for reviews see
54 and 55). Gene deletion studies have shown that VEGF is critical for the development of
new blood vessels during development. Mutant mice lacking even a single VEGF allele die
during embryonic development with a striking lack of secondary vasculature (i.e., deficient
angiogenesis).56,57 Both VEGFR1and VEGFR2 null mutants are early embryonic lethal and
show a lack of vasculature (i.e., deficient vasculogenesis).58,59

In adult animals, application of recombinant VEGF protein induces the formation of new blood
vessels from preexisting blood vessels (angiogenesis) in a variety of tissues, including brain.
48,60,61,62,63,64,65 However, the blood vessels formed by application of VEGF to adult
tissues are grossly abnormal, characterized by profound permeability and a disorganized,
dilated, tortuous morphology.48,63,64,65,66,67

Because of the leaky nature of the new blood vessels formed by exogenous administration of
VEGF, increasing attention has been given to VEGF's originally-described function as a
vascular permeabilizing agent. Application of VEGF to adult tissues or cells results in edema
and vascular leak. VEGF results in vascular leak in every tissue to which it has been applied
including, but not limited to, brain, lung, testis, bladder, skin, duodenum, mesentery, and
intestine.65,66,68,69,70,71 VEGF's effects on vascular leak in the brain occur rapidly, within
30 minutes of exposure to VEGF.68 In ischemic brain, the timing of VEGF mRNA and protein
upregulation corresponds closely to the peak of vasogenic edema.35,47,49,72,73,74,75,76,
77,78,79 VEGF expression is increased in both glia and neurons of the ischemic brain, as
determined by both immunostaining and in situ hybridization.47,49,75,76 Presumably, the
VEGF is secreted by the neurons and glia, and binds to VEGF receptors on local vasculature
to mediate the increases in vascular permeability. Upregulation of VEGF mRNA occurs both
in vivo and in vitro under hypoxic conditions.36,80,81,82,83 Hypoxia-induced upregulation
of VEGF mRNA is associated with increases in the transcription factor hypoxia inducible factor
(HIF)1-α, which is also upregulated after cerebral ischemia.36,80,81,82,84 Interestingly,
upregulation of VEGF mRNA after cerebral ischemia sometimes occurs in cells not directly
affected by the ischemic insult, such as the cingulate cortex and hippocampus, suggesting that
triggers other than hypoxia could lead to VEGF upregulation.47 Possible secondary
mechanisms of VEGF upregulation could include damage to neuronal afferents or efferents,
pressure effects of edema, or ischemia-related physiological phenomena such as cortical
spreading depression (for review see 85). Cortical spreading depression has been shown to
induce increases in other cytokines.86 Because some phenomena observed during cerebral
ischemia can also be observed in association with seizures, we hypothesized that VEGF might
increase in neural cells after seizures. Specifically, post-ischemic cortical spreading depression
follows increases in synchronous neuronal firing such as those observed during seizures.
Additionally, prolonged seizures can lead to hypoxic states due to breathing compromise
during tonus, and hypoxia is the most consistently confirmed trigger of VEGF upregulation.

VEGF Regulation After Seizures
To study the possibility that seizures could lead to increases in VEGF, rats were treated with
380mg/kg pilocarpine to induce status epilepticus (SE) as previously described.87 Animals
were sacrificed one day, one week, or one to two months after status epilepticus, and their
brains were processed for VEGF immunostaining.88 One day after SE, VEGF protein is
dramatically increased both in neurons and glia in the hippocampus and limbic cortex (Fig. 2C
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and D and Fig. 3). Specifically, what appears to be cytosolic immunostaining for VEGF is
observed in the neurons of CA1 and/or CA3 of the hippocampus as well as some of the
pyramidal neurons in entorhinal and perirhinal cortex. The increases in neuronal VEGF are
similar in intensity to those observed in CA1 pyramidal neurons 24h after middle cerebral
artery occlusion (Croll et al, unpublished observations). These increases in neuronal VEGF
reflected increased expression of VEGF mRNA in CA1 of the hippocampus, demonstrating
that neurons can make VEGF (Fig. 2A and B).47 Interestingly, the hippocampus does not suffer
direct ischemia during middle cerebral artery occlusion, and therefore the increases in VEGF
mRNA and protein are likely to be caused by widespread consequences of focal ischemia. One
interesting candidate mechanism is spreading depression, a phenomenon characterized by
abnormal and synchronous cell firing not unlike that observed with seizures. Glial staining
after seizures appears to be at least partially cytosolic, but even more convincing is punctuate
cell surface staining on glial profiles (Fig. 3). Presumably, this staining pattern represents
staining of VEGF protein bound to its receptors. This same punctuate cell surface staining can
also be observed on vascular endothelial cells in the region of VEGF upregulation.

The trigger for increased neural VEGF after seizure activity is unclear. As previously discussed,
hypoxia is the best known trigger of VEGF expression across cell types, and hypoxia can occur
during seizures. However, heretofore undescribed triggers of VEGF upregulation are likely,
particularly given that the upregulation of neuronal VEGF has been observed after cerebral
ischemia in areas not directly affected by the hypoxic insult (Fig. 2C and D).47 For example,
the upregulation of VEGF could result from increased neuronal activity, although there is little
prior evidence for activity-dependent increases in VEGF. The paucity of evidence arises not
from negative findings, but rather because the question has not been studied yet. Increases in
neuronal activity induced by exposure of rats to complex environments increased
microvascular density in the brains of these animals.89 Because VEGF has been shown to be
critical for angiogenesis across a wide variety of tissues, one could speculate that active neural
cells in stimulated brain could upregulate VEGF in an attempt to induce increased vascular
flow, hence metabolically supporting their increased activity. The fact that increased neuronal
activity does lead to increased blood flow and an increased need for vascular investment is
well-documented. This premise serves as the basis for much of the current work in human
functional brain imaging. Both fMRI and PET scans commonly use increased cerebral blood
flow as surrogate markers of increased neuronal activity.

VEGF as a Neurotrophic Factor
Although all original research, and most current research, on VEGF has focused on its effects
on vasculature, there is a growing body of literature studying VEGF as a potential neurotrophic
factor (for review, see 90). Many neurons constitutively contain neuropilins, and have been
shown under some circumstances, such as after ischemia, during development, and in culture,
to express VEGFR2.46,47,49,91 Glial cells have also been reported to express VEGF
receptors. Although the exact roles of these receptors in neural cell function remain to be
determined, accumulating evidence exists for such roles. VEGF has been shown to protect
neurons across a wide variety of circumstances. For instance, VEGF has been reported to have
a neuroprotective effect in the context of cerebral ischemia.45,92,93 In addition, VEGF
supports developing sensory cells in retina and dorsal root ganglia.46,94,95 Further, VEGF
has been shown to speed the recovery of damaged peripheral neurons, although increased
vascular density in the injured area could have partially or fully accounted for this effect.96,
97 Elegant evidence for a role of VEGF in protecting adult neurons, either directly or indirectly,
came in a recent study showing that deletion of the hypoxia response element from the VEGF
promoter resulted in motor neuron disease in adult mice.98
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Perhaps most relevant to a neuroprotective role in seizureinduced damage is the recent report
that VEGF protects cultured hippocampal neurons against glutamate excitotoxicity.99 Using
antisense oligonucleotides, Matsuzaki et al99 showed that this protective effect of VEGF is
mediated through VEGFR2. In addition, blockade of VEGFR2 synthesis blocked induction of
the Akt survival pathway in these neurons. Because the Akt survival pathway has been
repeatedly demonstrated to be activated after VEGF treatment, it is possible that VEGF directly
protects cells from excitotoxic damage by increasing signaling pathways important to survival.
100,101 Because these cultures only contained neurons, a direct protective role of VEGF could
be inferred. Further evidence for a direct protective role of VEGF through VEGFR2 and Akt
signaling has been presented in cultured hypoxic neurons.45,93,102 In these hypoxic neurons,
caspase-3 levels were increased when VEGF was blocked, providing further evidence for a
direct effect of VEGF on pathways mediating cell survival.93

One final possibility is that VEGF produces its protective effects, at least in part, through
neuropilin-1, which is located on neurons. VEGF and semaphorin 3A compete for binding at
neuropilin-1. The semaphorins have traditionally been thought to induce cell death during
development. VEGF could block this death pathway by binding to neuropilin-1, hence
preventing semaphorin binding.103 Recent evidence suggests, however, that the relationship
between VEGF and semaphorin could be complex.103 In addition, a recent direct attempt to
induce neuroprotection in hypoxic cells with neuropilin-1 activation failed to show protection.
45 Therefore, although the potential role of neuropilin in VEGF-mediated neuroprotection
cannot be overlooked, neuroprotection mediated via VEGFR2 activation is currently the most
parsimonious explanation.

Potential Effects of VEGF on Seizures and their Sequelae
VEGF could be a double-edged sword for the epileptic brain, because it results in has multiple
effects. Its proposed vascular effects might be expected to aggravate seizures and post-seizure
brain damage, while its direct effects on neurons could be neuroprotective. VEGF also activates
glia, which could potentially impact seizures or their sequelae.48,65

As previously discussed, VEGF has dramatic effects on brain vasculature, and results in blood-
brain barrier breakdown. At low concentrations, VEGF has minimal angiogenic effects,
especially within a short time frame. That is, VEGF's effects on vascular leak and permeability
are more striking than its effects on angiogenesis in low amounts or after brief exposures.65
In addition to its very potent effects as a vascular permeabilizing agent, VEGF also potently
induces inflammation. At the same low doses and early time points which induce blood-brain
barrier leak, local application of VEGF causes a striking inflammation characterized by a
primarily monocytic infiltrate.65,66 This effect could be caused by a direct chemoattractant
effect on monocytes, which express VEGFR1, but it could also result from the complex pattern
of upregulation of multiple inflammatory mediators such as ICAM-1 and Mip-1α, both of
which have been observed after VEGF administration to brain.50,65 Interestingly, VEGF is
upregulated by both IL-1 and TNF-α.104,105,106 These inflammatory cytokines are
upregulated after seizures.25,26,27,28 Evidence accumulated to date suggests that these
inflammatory cytokines increase the potential for seizures.27,28,107 Because both of these
cytokines upregulate VEGF, it is possible that VEGF is one common pathway through which
these proteins exert their effects. Given the data suggesting detrimental effects of inflammation
on seizures and their sequelae, one might hypothesize that VEGF aggravates seizures or
seizurerelated brain compromise. In cerebral ischemia, VEGF has been shown to worsen post-
ischemic edema and VEGF antagonism protects against damage.108,109 However, there is
also evidence that anti-inflammatory agents could lead to more post-seizure cell damage.110
Therefore, an increased understanding of the role of inflammation in seizures will be necessary
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before we can fully appreciate the implications of VEGF's pro-inflammatory and vascular
(leak) effects on epileptic brain.

In contrast to the potentially detrimental vascular effects of VEGF, we have summarized the
developing evidence for a neuroprotective role of VEGF. There is accumulating evidence that
VEGF directly protects neurons from damage, including excitotoxic damage.99 Direct
protective effects of VEGF on any cell containing VEGF receptors, including potential
induction of VEGFR2 on neurons and glia, is quite possible given VEGF's activation of the
Akt intracellular survival pathway.100,101

We have conducted preliminary studies to assess the effects of VEGF on cell damage after
seizures. By infusing VEGF (30-60ng/day; continuously for 5 days into adult rat brains via
osmotic minipump) before inducing status epilepticus with pilocarpine (350mg/kg), we have
begun to address the role of VEGF upregulation after seizures. These initial experiments have
revealed a statistically significant neuroprotective effect of VEGF on cell damage in CA1 and
CA3 of the hippocampus, assessed 24 hours following status epilepticus (Fig. 4). Therefore,
it seems possible that VEGF, while inducing inflammation, has the ability to protect cells from
any damage that could occur as a result of either the inflammation or the excitotoxic insult.

Much additional research needs to be conducted before we can fully understand the
implications of VEGF upregulation after seizures. Based on currently available data, VEGF
could be a double-edged sword, directly protecting neurons from post-seizure cell death, but
simultaneously inducing blood-brain barrier breakdown and inflammation. VEGF could,
however, also be the rare pro-inflammatory cytokine that possesses the ability to directly
protect neurons from the potentially detrimental effects of the very inflammation that it induces.
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Figure 1.
Schematic illustrating the VEGF family of proteins and their receptors.
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Figure 2.
Upregulation of VEGF protein in CA1 of the hippocampus after seizures and VEGF mRNA
in CA1 after cerebral ischemia. A) Control brain section stained for VEGF-ir 24h after the
animal received a vehicle injection. DG = dentate gyrus. B) Post-status epilepticus (SE) (1 hour
of status followed by diazepam injection) brain section stained for VEGF-ir from an animal
that was perfused 24h after pilocarpine injection. C) In situ hybridization for VEGF mRNA in
CA1 neurons 24h after a sham surgery. SO= stratum radiatum, SP= stratum pyramidale, SR =
stratum radiatum. D) In situ hybridization for VEGF mRNA in CA1 neurons 24h after MCAO.
Note that MCAO does not cause the hippocampus to be ischemic, but rather leads to indirect
effects.
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Figure 3.
Both neurons and glia upregulate VEGF 24h after SE. All sections are stained for VEGF-ir. A
schematic in the upper left shows the locations of parts A-C. A) A low (1) and high (2)
magnification view of a post-SE brain section in dorsal CA1. Arrows point to glial VEGF-ir.
SP = stratum pyramidale. B) Low magnification view of the entorhinal cortex of the same brain
with the major layers of the medial entorhinal cortex marked. Sub = subiculum. C) Low (1),
high (2), and higher (3) magnification of ventral CA3 in the same brain. Arrows point to
neuronal VEGF-ir.
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Figure 4.
Cresyl violet stained hippocampal sections taken from animals 24 hours after status epilepticus
induced by pilocarpine. A) Hippocampus from the median animal in the PBS-infused group
showing damage in stratum pyramidale (SP) of area CA1. SO= stratum oriens, SR = stratum
radiatum. B) Hippocampus from the median animal in the VEGF-infused group. Note the lack
of cell damage in area CA1 of the animal treated with VEGF.
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