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Abstract

The blood-brain barrier (BBB) is dysfunctional in temporal lobe epilepsy (TLE). In this regard, microvascular changes are
likely present. The aim of this review is to provide an overview of the current knowledge on microvascular changes in
epilepsy, and includes clinical and preclinical evidence of seizure induced angiogenesis, barriergenesis and microcircula-
tory alterations. Anatomical studies show increased microvascular density in the hippocampus, amygdala, and neocortex
accompanied by BBB leakage in various rodent epilepsy models. In human TLE, a decrease in afferent vessels, morpho-
logically abnormal vessels, and an increase in endothelial basement membranes have been observed. Both clinical and
experimental evidence suggests that basement membrane changes, such as string vessels and protrusions, indicate and
visualize a misbalance between endothelial cell proliferation and barriergenesis. Vascular endothelial growth factor
(VEGF) appears to play a crucial role. Following an altered vascular anatomy, its physiological functioning is affected
as expressed by neurovascular decoupling that subsequently leads to hypoperfusion, disrupted parenchymal homeostasis
and potentially to seizures”. Thus, epilepsy might be a condition characterized by disturbed cerebral microvasculature in
which VEGF plays a pivotal role. Additional physiological data from patients is however required to validate findings from
models and histological studies on patient biopsies.
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Epilepsy is characterized by sudden paroxysmal
episodes of neuronal electric discharges, frequently
provoking different types of clinically apparent convul-

sions, among a variety of symptoms.' Epilepsy is one of
the oldest known and fourth most prevalent neurolog-
ical disorder, affecting up to 65 million people world-
wide.”® Among neurological disorders it accounts for
the highest disability-adjusted life years.*

To a great extent, this is due to the high rate of drug-
resistant epilepsy. Drug-resistant epilepsy is defined as
inadequate seizure control despite adequate trials of at
least two antiepileptic drug (AED) regimes consisting
of either a single drug of a combination of two or more
drugs."? In some epilepsy syndromes, like temporal
lobe epilepsy (TLE), drug-resistance rates up to 38%
are reported and have not decreased in recent years.>°
The societal burden of chronic drug-resistant epilepsy
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is enormous and encompasses around 80% of total
epilepsy-related costs.*

Despite a growing knowledge on epilepsy, current
pharmacological development of 3rd and 4th genera-
tion AEDs, and accessory billions in investments over
the last 15-20years, have not led to a significant
increase of seizure free patients. Hence, there is enor-
mous need to find new therapeutic targets. Further
understanding of the pathophysiology of epilepsy is
therefore needed. In this regard, recent reports have
emphasized the bidirectional relation between cerebro-
vascular diseases and epilepsy, in particular the simi-
larities in the pathophysiology related to microvascular
dysfunction.” """ Unsurprisingly, Brigo et al. recently
suggested that epilepsy might be the first symptom of
underlying occult cerebrovascular pathology.’

In an attempt to elucidate the role of the cerebral
microvasculature in the pathophysiology of epilepsy,
we have reviewed literature on this topic. It must be
noted that we will discuss the role of blood-brain bar-
rier dysfunction (BBB) in this review to a confined
extent, as many extensive reviews have been published
on this topic recently.

Angiogenesis and epilepsy

History of studying the role of dysfunctional
angiogenesis in epilepsy

In 1925, Spielmeyer, a German neuropathologist, was
the first to describe microvascular abnormalities in the
temporal lobe of an epilepsy patient.””'> A few years
later in 1934, Gibbs published on seizure-induced
increased cerebral blood flow.'> It was only until
around the last 20years that BBB dysfunction has
extensively been assessed and described by hundreds
of studies.'*!> However, abnormalities in angiogenesis,
vascular structure, and vascular function have rarely
been a major topic in epilepsy research. It was not
until 2007 that Rigau et al. published on microvessels
and angiogenesis in epilepsy.'® Since then, a limited
number of studies on vascular abnormalities associated
with epilepsy have been published. Based on these stud-
ies, we will first describe angiogenesis and the role of
vascular endothelial growth factor (VEGF) under
physiological conditions, followed by epilepsy-
associated abnormal angiogenesis. Thereafter, structur-
al microvascular and functional microcirculatory
abnormalities in epilepsy are discussed.

Angiogenesis and barriergenesis: role of vascular
endothelial growth factor

In angiogenesis new vasculature is formed, under influ-
ence of angiogenetic factors, such as VEGF. This

factor is represented by a group of six different dimeric
glycoproteins namely VEGF-A to -F and placenta
growth factor. There are three main VEGF receptors,
receptor tyrosine kinases VEGFR-1 to -3. These
ligands are able to bind to different receptor subtypes.
VEGFR-2 has been studied mostly with its ligand
VEGF-A. For a detailed review of the different
VEGF isoforms, their receptors and signaling path-
ways, see Koch and Claesson-Welsh.!” VEGF is syn-
thesized by many cells, including endothelial cells,
fibroblasts, smooth muscle cells, leukocytes, neurons,
and astrocytes. In the brain, VEGF-containing vesicles
are observed along astrocytes and neurons.'® Here,
VEGEF is involved in neurovascular coupling and has
a neuroprotective function due to the activation of cer-
tain signaling pathways.'” The trigger for VEGF upre-
gulation in general is hypoxia, since hypoxia inducible
factor promotes VEGF transcription,”” as is shown in
Figure 1. Very recently, a study has been published
profiling the genes responsible for this VEGF signaling
in the brain of drug-resistant human TLE patients.”'
Thirty-nine upregulated genes using the PI3K pathway
as depicted in Figure 1 have been identified, confirming
the relevant mediator role of VEGF signaling, thus
opening up new pharmacological targets to be assessed
in treatment of drug-resistant TLE.

As a master regulator of central nervous system
blood vessel formation, VEGF and VEGFR-2 have
received attention with regard to vascular changes in
epilepsy.’>** Once released, paracrine signaling involves
binding of VEGF to VEGFR-2 on endothelial cells
and neurons, stimulating angiogenesis. Angiogenesis
includes MEK-MAPK pathway induced endothelial
cell proliferation, migration, and sprouting followed by
maturation.'®**2® During sprouting the endothelial
cells express platelet-derived growth factor B (PDGF-
B) which attracts platelet-derived growth factor B-recep-
tor (PDGFR-B), expressing abundant mural cells like
pericytes and smooth muscle cells. PDGF is further dis-
cussed in a separate chapter. Interestingly pericytes form
a prominent source of VEGF and therefore may induce
angiogenesis themselves.?” Mural cell recruitment is part
of the maturation process which also involves formation
of tight-junctions and adherens-junctions, and genera-
tion of the extracellular matrix.>> Maturation involves
formation of tight-junctions and adherens-junctions,
recruiting mural cells (pericytes and smooth muscle
cells), and generating extracellular matrix.?* This process
results in a vessel that properly reacts to vasoactive sig-
nals and has the desired permeability.”> Barriergenesis,
the process of vessel maturation in the brain, is even
more complex, as its goal is to establish a solid
BBB.?*?* During barriergenesis, a different subset of
tight- and adherens-junctions are developed, endothelial
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Figure |. Schematic representation of processes involved in how V|

EGF is released and results in BBB leakage. (a) Resting situation in

which VEGF is stored in large vesicles next to neurons and astrocytes. The endothelial cell barrier function is represented by adherens

junctions and tight junctions formed by claudin, occludin, and ZO-|
VEGF which binds to the VEGFR-2 on the endothelial cell. This act

. (b) Neuronal epileptiform activity results in releasing of stored
ivates a cascade in which PI3K and AKT are phosphorylated and

activated. AKT activation results in multiple reactions. Among these are NO production, facilitated by eNOS, and mTOR activation.
NO and mTOR activate hypoxia inducible factor (HIF) | which may be activated by hypoxia as well. HIF is a known VEGF transcription
factor, therefore a positive feedback cycle of VEGF production is established. VEGFR2 activation by VEGF is known to induce matrix

metalloproteinase 2 (MMP2) and MMP9, this might possibly be due
junction proteins from the cell membrane, and result in an increase
still unknown.

cells are connected to the basement membrane, and
mural cells cover endothelial cells.?* >

Barriergenesis and endothelial cell proliferation
cannot be viewed as two separate mechanisms, they
both occur at the same time and are initiated by their
own set of physiological mechanisms.? Therefore, bal-
ance between both sets of physiological mechanisms
seems to be crucial for developing a healthy cerebro-
vascular network. VEGF’s neuroprotective role in
ischemic stroke is acknowledged,'?**? but its poten-
tial pathological role characterized by vessel leakage

to PI3K/AKT ETS-I induction. MMP2 and MMP9 remove tight
in BBB permeability. The action of MMP on adherens junctions is

cannot be ignored when barriergenesis lags behind
endothelial cell proliferation, and leaky immature ves-
sels are formed.***

Angiogenesis and barriergenesis in epilepsy

The relation between angiogenesis and barriergenesis
has been explored mainly in preclinical research using
various rodent models mimicking TLE. As understand-
ing these models is important for the interpretation of
the results, we have summarized key features of
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relevant rodent models of TLE-mimicking epilepsy and
techniques to study the cerebrovascular microcircula-
tion in the online Appendix. Changes in the cerebral
microvasculature, resulting from increased VEGEF-
induced cerebrovascular angiogenesis have been
reported in epilepsy.'!+!6-3%:36

Induced VEGF release

Though is now is commonly recognized that VEGF is
upregulated in epilepsy,'>'®!®37 it is still surrounded
by many questions. What triggers this upregulation,
what cells are responsible, and how is this release medi-
ated, remains to be elucidated.

Hypoxia is the main trigger for VEGF upregulation
in general, but it is unclear if this mechanism also
applies to epilepsy. On the one hand, hypoxia-
inducible factor la (HIF-la) has been shown to be
co-expressed with VEGF in human temporal cortex
and hippocampal tissue,*®>" as well as in the coriaria
lactone rat model,* and in the lithium-pilocarpine-
induced status epilepticus rat model.*’

On the other hand, tissue oxygen levels in epilepsy
patients appear normal during a seizure.!®37#!
Hypoxia-induced VEGF upregulation may otherwise
occur in long lasting status epilepticus (SE), but most
TLE patients never experience such a life-threatening
SE. Furthermore, rodent electroconvulsive seizure
(ECS) model studies, a model for electroconvulsive
treatment, have shown that VEGF release is not affect-
ed by hippocampal oxygen levels.** Apart from being a
possible VEGF releaser, HIF-1a is also known to medi-
ate apoptosis,* which may explain its detection in the
above-mentioned studies. Compared with excitotoxic-
ity, the relative contribution of hypoxia to the develop-
ment of HS is considered larger in animal models than
in human epilepsy.*’ Thus, the mechanism of hypoxia-
induced HIF-1a expression that consequently induces
VEGF upregulation seems to play a role in human epi-
lepsy. In this regard, neuronal activity on itself may
form an alternative stimulus for VEGF upregulation.'?
This is supported by the finding that administration of
tetrodotoxin (TTX), a neuronal activity suppressor, in
kainate-treated hippocampal cultures prevented upregu-
lation of VEGF,'® suggesting that some form of neuro-
nal hyperactivity was necessary. However, a critical
contribution of local hypoxia by prolonged postictal
hypoperfusion to VEGF upregulation at the level of
microcirculation cannot be excluded.*** Furthermore,
experimental SE is associated with increased neuronal
and astrocytic VEGF expression immediately after
SE,'”® and one week later.’’ Similar findings on
VEGF!** and VEGFR-2'® were noted in resected hip-
pocampi from TLE patients as well as in the rodent ECS
model.*’ Thus far, little is known on the origin of this

increased VEGF, but in the chronic phase of experimen-
tal epilepsy in rodents, reactive astrocytes have been
found to be the main source.'® Moreover, in vitro reac-
tive astrocytes can directly promote endothelial cell pro-
liferation using VEGF.*

Angiogenesis increases vessel permeability

VEGEF also affects vessel permeability by temporarily
increasing leakiness of functioning mature vessels fol-
lowing VEGF release.”>*’ This phenomenon has also
been observed in epilepsy. VEGF release was associat-
ed with the loss of the tight junction protein ZO-1
(Figure 1),'® while neutralizing VEGF decreased
vessel leakiness and angiogenesis.'! The loss of ZO-1
may be directly involved in increased vessel permeabil-
ity and is the result of two VEGF induced pathways.
One being by the VEGFR-2/Src pathway in which
phosphorylation of the tyrosine kinase Src directly
downregulates ZO-1.'"® The other one being by activa-
tion of endothelial cell transcriptional regulator
(ETS-1). ETS-1 stimulates the synthesis of matrix met-
alloprotease 2 (MMP2) and matrix metalloprotease 9
(MMP9), which leads to the degradation of ZO-1,">2
resulting in increased BBB permeability.”*->*
Increased angiogenesis can also be harmful when
maturation and barrier development lag behind.
Macular degeneration, an ocular condition, is an excel-
lent example of this. In the early stage, hypoxia of the
retina occurs due to reduced perfusion.’® This leads to
excessive VEGF activity, resulting in enhanced angio-
genesis and many newly formed, but leaky vessels: a
leaky blood-ocular-barrier. The subsequent extravasa-
tion is successfully reduced by local anti-VEGF injec-
tions.”>>° Since the blood-ocular-barrier is quite
comparable to the BBB, these findings may be extrap-
olated to the situation in epilepsy patients. As stated,
neuronal activity on itself may form an alternative
stimulus for VEGF upregulation, however, relative
hypoperfusion as a result of more pronounced vaso-
constriction in pial arteries from epilepsy patients has
been described in literature.***> Furthermore, blood-
oxygen-level-dependent magnetic resonance imaging
abnormalities have been appreciated, indicative of peri-
focal hypoperfusion.’” The process of hypoperfusion
will be explained in depth when discussing microcircu-
lation. These processes set in motion mechanisms
whereby leaky vessels develop in the brain (Figure 2)
due to a misbalance between barriergenesis and endo-
thelial cell proliferation. Indeed, in both TLE patients
and animal epilepsy models, the formation of basement
membrane protrusions or string vessels are observed,
supporting this hypothesis.”**° The phenomena of
basement membrane protrusions and string vessels
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Figure 2. Schematic illustration of the possible misbalance
between endothelial cell proliferation and barriergenesis. (a)
Resting state in which the endothelial cells are covered with
basement membrane (BM), pericytes imbedded in the BM and
linked to each other with adherens- and tight-junctions. (b)
MMP’s result in BM and junction breakdown. (c) VEGF, along with
other factors, results in endothelial cell (EC) proliferation. (d)
Barriergenesis restore the BM and pericyte coverage and junc-
tions are formed. Excessive VEGF might result in a misbalance
between (c) and (d), therefore newly formed vessels might have
increased BBB permeability.

are further discussed in more detail in the vascular
morphology section.

Blood brain barrier dysfunction in epilepsy

The major structural barrier of the BBB resides in
endothelial cells, containing intercellular tight and
adherence junctions, lack intercellular fenestrations,
and are characterized by low pinocytotic activity.
Thus, the BBB largely function as a diffusion barrier,
limiting paracellular movement through cerebral endo-
thelial cells. Tight junctions consist of transmembrane
proteins, including occludin, claudins, and junction
adhesion molecules. Adherence junctions are composed
of protein complexes such as cadherins and catenin.?
It has been shown consistently that in epilepsy, BBB
permeability is increased.>® This BBB leakage has been
related to a number of structural abnormalities.

Degradation of the lamina basalis and tight junc-
tions have been observed.’® Surgically resected brain
tissue of epilepsy patients has been reported to contain
both increased and decreased levels of the main struc-
tural components of tight junctions such as claudins
(especially claudin-5) and occludin.®® Adherence junc-
tions and their associated proteins have furthermore
been implied in the onset and progression of epilepsy
in animal studies.®' In addition, matrix metalloprotei-
nases (MMPs) are an important player in extracellular
matrix remodeling, and contribute to a large variety of
brain disorders by their involvement in inflammatory
responses and BBB disruption by mediating the loss of
basal lamina proteins.**>* A recent study identified
hub genes underlying epileptogenesis in TLE.®* These
genes mainly participate in epileptic pathophysiology,
including inflammation, BBB damage, cell adhesion,
microglia/macrophage activation, and activation of
complements. This study further found that some hub
genes in human TLE positively correlated with seizure
frequency and HS.%

BBB leakage in epilepsy is triggered by seizures and
activates a pathway that involves glutamate signaling
through cytosolic phospholipase A,, which increases
MMP levels and decreases tight junction protein
expression levels and breakdown of the basement mem-
brane.>* Furthermore, BBB leakage leads to the pres-
ence of large serum proteins such as albumin in the
parenchyma.'® For example, exposure of rodent
cortex to bile salts, results in detection of extravascular
albumin, indicating BBB opening.®® It also led to the
generation of an epileptic focus.®> Albumin in the
parenchyma can bind the transforming growth factor
B 2 receptor on astrocytes.”> Upon binding, DNA tran-
scription is altered, leading to astrocytic transforma-
tion and ultimately dysfunction.’® These transformed
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or activated astrocytes are prominent in the epileptic
brain, and are known to reduce seizure thresholds.®*
Interestingly, this BBB leakage has been visualized
by multimodal imaging rats in the early phase of SE-
induced epileptogenesis.®® Positron emission tomogra-
phy, single photon emission computed tomography
and magnetic resonance imaging all enabled sensitive
detection of BBB disturbances during epileptogenesis,
as validated by post-mortem detection of extravascular
albumin.®® In vivo visualization of the BBB integrity
may advance the understanding and potential treat-
ment of BBB permeability in human epilepsy.
Previously, we discussed the possible relationship
between seizure frequency, vascular density'® and
increased levels of VEGF and its receptor,®® contribut-
ing to typical vascular injuries seen in epileptic foci,
such as edema, inflammation and increased vessel per-
meability, contributing to BBB dysfunction. As angio-
genesis affects the local vascular network, it
subsequently triggers release of neuroinflammatory
factors, leading to neuronal scarring, promoting atro-
phy and seizure progression.®® In line with this obser-
vation, recent clinical data have shown a relationship
between MVD and malformation of cortical develop-
ment, focal cortical dysplasia and tuberous sclerosis
complex.®” These cortical developmental abnormalities
are among the most common causes for epilepsy.®®

PDGF-B and epileptogenesis

Pericytes cover approximately 60-80% of the cerebral
microvasculature, are connected to endothelial cells by
adherens junctions, and thereby are an indispensable
part of the BBB. Due to their morphology and loca-
tion, pericytes can simultaneously signal to multiple
endothelial cells, sense hemodynamic forces within
the vessel, and play a role in maintaining central ner-
vous system homeostasis. It is assumed that they could
be key players in barriergenesis. Concerning barrier-
genesis, under physiological conditions there is an equi-
librium in turnover of pericytes in the vessel wall and
basement membrane.®’ Besides pericytes, PDGFR- is
also expressed by stromal cells like fibroblast, oligoden-
drocyte precursor cells and endothelial cells. In case of
SE or seizure-like events, the turnover of pericytes is
disrupted, reflected by a decrease in pericyte cell
number and a disarranged appearance. Interestingly,
in these cases PDGFR-B expression is increased.®”:”°
Also, in the first week after SE, PDGFR- expression
mainly accumulates in areas undergoing extensive neu-
ronal damage like the hippocampal CA3 region.”! This
suggests that PDGF-f either causes neuronal damage
itself, or that it plays a role in tissue repair to counter-
balance the initial loss of pericytes and thereby restores
the barrier function.

A second role for PDGF-B in epilepsy is related to
pericyte-glia scar formation. The inhibition of
PDGFR-B in vitro reduces fibrosis and may thereby
attenuate pericyte-glia scar formation.'® Indeed, peri-
cytes embedded in the vascular wall are able to detach
from the basement membrane and then adopt a micro-
glial phenotype.”! However, microglial-like cells
expressing PDGFR- remain to be demonstrated in
clinical and experimental epilepsy.”"’> Moreover, treat-
ment with a PDGFR- agonist post-SE in a kainate
rodent model of epilepsy mainly affected barrier resto-
ration, it resulted in a reduced pericyte loss and atten-
uated BBB-leakage.®’ Increased PDGFR-B reactivity
has been found in hippocampi resected from TLE
patients with HS, showing that PDGF-f indeed plays
a role in TLE.”®7? Collectively, these studies indicate
that seizures result in increased PDGFR-f expression.
PDGFR- could play an anti-epileptogenic role con-
sisting of BBB-restoration or restoration of neuronal
damage, or may be epileptogenic by contributing to
pericyte-glia scar formation and/or neuronal damage.
The predominant effect is and whether this effect is for
example concentration and/or time dependent has yet
to be scrutinized.

VEGF and epileptogenesis

Besides a clear increase in VEGF expression in chronic
epilepsy, a potential role for VEGF during epilepto-
genesis is suspected as well, and anti-VEGF therapy
has been implicated.*> For example, the VEGFR-2
inhibitor sunitinib completely prevents angiogenesis,
HS, and seizures induced by pilocarpine.”? Whether
this suggests a potential novel antiepileptic treatment
is debated, because sunitinib comes with side-effects. It
inhibits other tyrosine kinase-dependent pathways, like
the PDGF-B/PDGFR- signalling and nitric oxide pro-
duced inhibition.”* Therefore, the positive results may
not completely be due to VEGF inhibition but also to
additional inhibitory effects of sunitinib.

Other VEGF or VEGF-signaling inhibitors have
similar effects. Rapamycin diminishes both seizures
and HS by inhibition of mTOR, a kinase in the positive
feedback loop of VEGF (Figure 1).”> This inhibition
leads to reduced BBB leakage and reduced activation
of microglia and macrophages.”” In kainate-treated
hippocampal slices, anti-VEGF administration (by rat
VEGF antibody AF564) resulted in less vascular
abnormalities, most profoundly seen as a lack of
branching in CAl and CA3." The effect of anti-
VEGF on epileptiform activity in this model was not
reported.

The effects of the VEGF signaling pathways are not
solely pro-epileptogenic. Besides vascular effects,
VEGF can also trigger proliferation, differentiation
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and migration of neuronal progenitor cells and astro-
cytes by acting on their VEGFR-2. On neurons this is
shown by an increased outgrowth of neurites and sur-
vival.”® In epilepsy the latter is achieved by signaling
through the PI3K/Akt pathway that protects against
excitotoxicity.”>”” Like its effect on neuronal progeni-
tor cells, the VEGFR-2 controls migration of oligoden-
drocyte progenitor cells. To illustrate the diverse effects
of the VEGF-family; VEGF-C stimulates proliferation
of oligodendrocyte progenitor cells through VEGFR-
3.7 Furthermore, increased VEGF-induced vasculari-
zation and initial neurovascular coupling by the
VEGF-eNOS pathway provides sufficient perfusion in
high energy demand areas.> Other studies have found
these positive effects of VEGF as well: in a study on
pilocarpine-treated animals, VEGF administration
appeared to completely prevent seizure induced neuro-
nal loss in the CAT region. Interestingly, no vascular
changes were observed, while seizures continued.
However, these findings were observed during the
acute-phase.’® In another study from the same research
group, the neuroprotective effects of VEGF adminis-
tration were lost when testing the animals 4 weeks post-
SE.” This suggests that the negative effects of VEGF
may outlast the positive in the long run.

In summary, epileptic seizures are linked to a mis-
balance in VEGF homeostasis. Neuronal activity and
reactive astrocytes may form an alternative pathway
for VEGF release and induced angiogenesis, possibly
in the absence of hypoxia. This VEGF release induces a
misbalance between barriergenesis and endothelial cell
proliferation, leading to the formation of functionally
mature, but leaky vessels. This would result in dis-
turbed angiogenesis, abnormal microvascular mor-
phology and microvascular density (MVD), and BBB
dysfunction. Indeed, such abnormalities have been
described in literature; BBB dysfunction has been
extensively studied, and numerous reviews have already
been published on this topic.'*'> Therefore, we present
an overview of findings on microvascular density and
morphological changes in epilepsy.

Microvascular abnormalities in epilepsy

Most studies on microvascular abnormalities in epilep-
sy have been carried out using animal models. The
models used in these studies vary considerably. To
better understand and value results from these studies,
we will first very briefly discuss these different epilepsy
models. A more extensive discussion on these models
can be found in the online Appendix and Supplemental
Table 1 and 2. Subsequently, the vascular abnormali-
ties found in these studies are described. Techniques
and methods to evaluate microvascular structures and
their utility are presented in the online Appendix.

Epilepsy models

Several models have been used in literature to mimic
and study epilepsy or seizures, including post post-SE
models, 1<ind1ing,46’80 rodent ECS models,**®%8! and
organotypic hippocampal cultures (OHCs)."®

In post-SE models, like pilocarpine!!-16-3537.73.78.82
and kainate®’> models, three subsequent phases of epi-
leptogenesis can be distinguished: acute, latent, and
chronic. The acute phase, consisting of an induced SE
and physical recovery, is followed by a latent phase
where no behavioral seizures are observed, though
non-convulsive seizure events can occur, and a chronic
phase where spontaneous recurrent seizures occur.®
Long-term continuous video-EEG recordings from neo-
cortex and hippocampus show that kainate-treated rats
usually begin to have non-convulsive seizures approxi-
mately 1 week after kainate treatment.*

In the kindling model, the brain is stimulated by
either a chemical substance or electrical stimulus
which initially provokes a subtle focal seizure. By repet-
itive stimulation seizure threshold decreases leading to
gradual induction of seizures of increasing severity, and
ultimately to spontaneous seizures.*®

Another model to study seizures is ECS, in which
electroconvulsive therapy is modelled by provoking
seizures by applying an electric current through the
brain. This can be the whole brain, or specific parts,
such as hippocampal electrical stimulation.

Finally, OHCs are hippocampal neurons that can be
maintained within their neuronal network in in-vitro for
a limited amount of time. In this model, a latent phase
without electrical activity is followed by spontaneous
electrical activity with epileptiform characteristics.®’

Microvascular density alterations in
epilepsy models

Since most studies reporting on microvascular abnor-
malities discuss microvascular density (MVD) as an
important structural alteration in epilepsy, we will first
discuss MVD. It must be noted that vascular density has
not been assessed and quantified uniformly, making
comparisons and drawing conclusion more challenging.

Limbic MVD changes in post-SE models

Several studies on MVD using kainate or pilocarpine
models have been published. The most important
effects these studies observed during three different
phases (acute, latent, and chronic) are summarized in
Table 1. Both an increased and decreased MVD, vary-
ing from 80-140% of control have been reported.

SE models consist of a long-lasting SE, which on
itself can result in local hypoxia and therefore induce
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angiogenesis. However, during the acute phase, no
alterations in MVD have been reported (see
Supplemental Table 3),'%*%* which may suggest the
hypoxia caused by SE does not immediately contribute
to MVD changes. In the subsequent latent phase,
inconsistent changes in MVD were noted (Table 1).
Ndode-Ekane et al. reported on MVD decrease in the
early latent phase (2days after SE) in CA1l which
returned to baseline in the latent phase (4days)."
The relatively short interval of 2 days raises the ques-
tion whether this MVD decrease accompanied SE
itself, or epileptogenesis. Two other studies did not
find any changes in MVD in limbic regions at 4 and
7days.>>3¢ Conversely, three studies report a clear
significant MVD increase (p-values two <0.01 and
one <0.05) in the hippocampus at 3—-14days after
SE.'"®374% Only one of these three papers investigated
the amygdala, and found an increase there as well.>’

In the chronic phase, an increase in MVD has been
reported on frequently in both the amygdala and hip-
pocampus, ' 333773758288 whereas Romariz et al. did
not observe any significant changes.® This may be due
to the fact that they used anti-laminin as a vascular
marker. This marker does not stain the endothelial
cells itself. Instead, it stains the basal lamina which,
explained by the endothelial cell proliferation - barrier-
genesis mismatch, may not follow the endothelial cell
proliferation one-to-one. Interestingly, Feng et al.
showed an initial MVD increase at 28 days post-SE,
recovering to control levels at 56 days.*> They proposed
that angiogenesis is most prominent during the first
days after SE and slowly regenerates to control levels.
This is supported by the fact that RECA-1/BrdU, a
marker for endothelial cell proliferation, is consider-
ably increased during the latent phase of pilocarpine-
induced seizures in rats.'"

Limbic MVD changes in chemical kindling models

Chemical kindling using intra-hippocampal sulfoxi-
mine (MSO)* or intraperitoneal pentylenetetrazol
(PTZ)*® has been conducted in rodents. Since these
models do not provoke a massive SE, the hypoxic con-
ditions are limited. No changes in MVD were observed
in these rodents at 28 and 22days, respectively (see
Supplemental Table 4). This might be related to the
kindling technique, as it is a long-term process where
generalized seizures are only observed after a certain
number of injections.*® In this specific model, structur-
al changes may hypothetically only appear after an
even longer period of time: Hence, assessment of
MVD 22-28days after start of kindling may have
been too early. Since kindling models seem more rep-
resentative of the clinical situation, long-term research
on MVD in kindling based epilepsy models is desired.

Limbic MVD changes in ECS models

ECS involves electrical stimulation of the brain to
mimic electroconvulsive therapy. It does not involve
the introduction of neurotoxins. Like in epilepsy,
ECS is associated with enhanced BBB permeability,
astrocyte activation, and neurogenesis.®” However,
unlike epilepsy, no apoptosis, HS, or disruption of
tight junctions are found following ECS.¥-°
Therefore, results from ECS studies can be interesting
by providing new insights into possible brain (patho)
physiology, but cannot directly be extrapolated to
understanding of the pathophysiology of epilepsy. To
some extent ECS and electrical stimulation-induced
kindling are both epilepsy models, since they are both
characterized by repetitive seizures.”! However, the
ECS and kindling model differ with respect to the
inter-seizure interval, ie. in ECS the full-fledged
therapy is given on day one, while in electrical
simulation-induced kindling models this is adminis-
tered over several consecutive days. Thus, ECS may
be somewhat comparable to induced SE, where cere-
brovascular remodeling starts immediately after the
first day of stimulations.

Three papers on electrically induced seizures and
limbic MVD have been published, two using ECS**®!
and one using hippocampal electrical stimulation-
induced SE® (Table 2). Two ECS studies followed
the same ECS protocol consisting of ECS once daily
for 10 days,**®*! but the interval between the final ECS
seizure and sacrifice was 1 day in one study® and 11 in
the other.*> Nevertheless, both studies described an
increase in MVD, though in different regions of the
hippocampus (CAl vs DG). We found one other
paper on ECS in rats, describing increased endothelial
cell proliferation (measured by BrdU-RECA-1 co-
expression) 7days after ECS initiation. The result of
increased endothelial cell proliferation, leading to vas-
cular remodeling and increased MVD, might be
observed if this process continues for a certain period
of time, thus showing similarities with MVD findings in
other epilepsy models. However, as MVD was not mea-
sured we did not include this study.”> Hippocampal
MVD remained unchanged in the paper on hippocam-
pal electrical stimulation-induced SE.*® Unfortunately,
interval between SE and time of sacrifice was not
reported in this paper.

OHC models

One study used kainate directly on organotypic hippo-
campal cultures obtained from rats (summarized in
Supplemental Table 5).'"® Hippocampal MVD was
increased during the recovery period when cultures
were perfused with kainate-free solution. This model
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suggests that angiogenesis continues even when the
cells are no longer exposed to the chemical substance.
However, data obtained form OHC-models should be
interpreted with care since homeostasis and BBB func-
tion are compromised due to the lack of regular blood
flow. Besides, cultures are maintained in an artificial
growth medium which is likely to affect physiological
development into histopathological features of epilepsy
in the hippocampus.gf”87

Cortical MVD changes in epilepsy models

Three papers, using kainate and pilocarpine models,
reported on neocortical MVD.?””7>% Two studies
showed a significant (p <0.05) MVD increase during
the latent and chronic phase in pilocarpine and during
the chronic phase in kainate (Table 1).>””> The third
study found no difference during the chronic phase in
pilocarpine.®

Microvascular alterations in human
epilepsy

Histological examinations of MVD in humans can
either be performed using post-mortem brain tissue
or by analyzing surgically resected tissue. The latter
can be performed in all patients undergoing resective
brain surgery. It must be noted that tissue from epilep-
sy patients represents the chronic state of epilepsy as
end-stage disease, and not the process of epileptogene-
sis. Unfortunately, it is also extremely difficult to
obtain human hippocampal control (non-epileptic)
tissue. The vast majority of for example low grade
glioma patients requiring resective brain surgery
suffer from epilepsy, especially if the lesion has a mesio-
temporal location. Instead, post-mortem hippocampal
tissue obtained during autopsy is used as surrogate
control, which comes with the disadvantage of a
longer post-mortem interval compared to fresh-frozen
tissue after surgery. In addition, post-mortem tissue is
obtained from on average older patients compared to
epilepsy patients undergoing resective epilepsy surgery.
These differences must be taken into account when
comparing post-mortem tissue to tissue from epilepsy
patients.

Hippocampal MVD alterations in TLE patients

Five papers studying hippocampal MVD in TLE
patients are described in detail in Table 3. Two of
these papers reported on a significant MVD
(p<0.01) increase,'®’> one reported on unchanged
MVD,” and two reported on a significant (p <0.01)
MVD decrease.”*?> The studies which reported on
increased MVD described a locoregional increase

restricted to one (mostly CA1) of the hippocampal sub-
fields,”” or an overall increase within the hippocampus
up to 224% of control.'® Increase of MVD was strong-
ly correlated with seizure frequency.'® However, a
small study on two resected post-mortem TLE hippo-
campi,”” using the same staining method as Garbelli et
al,”*> did not find this MVD change.

Two human studies reported on MVD decrease. In
one study with four TLE patients undergoing temporal
lobectomy, the overall hippocampal MVD decrease to
88% of control MVD values was mainly related to a
strong decrease in the CA2 region.”> However, by
applying a different MVD determination method, no
significant change (106% compared to control MVD)
was observed (see for additional information
Supplemental Table 2).°> The other study reported on
reduced MVD restricted to CA1l, causing overall den-
sity to be decreased to 60% of control MVD. This
decrease in CA1 was only found in the 19 TLE patients
where HS was histopathologically confirmed.”* In
other hippocampal regions, no MVD changes were
reported.

These findings are in contrast with 2 studies report-
ing an increase in MVD,'®”? which may be due to dif-
ference in staining: both studies reporting on MVD
decrease used alkaline phosphatase (AP) and a
collagen-IV stain, while the MVD papers detecting an
increase used anti-Von Willebrand or anti-CD34. AP is
a vessel marker staining afferent vessels like small arte-
rioles. Consequently post-capillary venules and small
veins are not taken into account using this technique.””
Both anti-Von Willebrand and the anti-CD 34 are anti-
bodies visualizing endothelial cells, thus staining all
blood vessels. Collagen-IV stain visualizes the base-
ment membrane, which is also present in all vessels.
In one of the MVD decrease papers, the basement
membrane appeared to be increased up to 258% of
the normal value.®* The paradox of decreased AP
staining using collagen-IV is ascribed to the presence
of string vessels, which will be discussed in the para-
graph on “morphological changes in epilepsy”. In con-
clusion, humans suffering from epilepsy show an
increased, decreased or unchanged MVD. In either
case, changed MVD may be restricted to either afferent
or efferent vessels. Moreover, a MVD decrease seems
to be associated with pathological abnormalities such
as HS**% and FCD.”?

Cortical MVD alterations in TLE patients

In humans, one study reported on MVD changes in the
neocortex of two TLE patients with HS, and were com-
pared to four post-mortem controls. No significant dif-
ference was found (Table 3).°® Structural changes in the
cerebral cortex, like cortical surface area reduction, are
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reported in TLE patients.”® More focus on the neocortex
is desirable because the neocortex is frequently involved
in TLE as well as extra-temporal lobe epilepsy. Seizure
spread from limbic to temporal neocortical structures
are found to be accompanied by morphological changes
in the neocortex of operated epilepsy patients.

Vascular morphology in epilepsy models

Several studies assessing MVD encountered some
interesting morphological changes in both rodent
(pilocarpine,'"¥>%® kainate'® and ECS*) and human
hippocampi.'®***> These findings are summarized
below.

Vascular morphological changes in animal models

In rodents, the earliest structural microvascular change
reported is increased vascular branching in CA1 and
CA3. This was observed as early as during the acute
phase in pilocarpine®® and continues during the latent
and chronic phase in the same model.'" This branching
appeared to have led to a disorganized microvascula-
ture around the pyramidal cells of CAl and CA3
during the chronic phase.''*> In healthy individuals,
vessels normally emanate from the fissure (stratum
radiatum) perpendicular to the pyramidal cell layer in
the CA1 and CA3 areas as Y- or T-shaped.'"** In epi-
lepsy models, this characteristic perpendicular appear-
ance in the pyramidal layer is replaced by a more or
less transverse entrance into this layer.''*> Besides a dif-
ference in organization, structural changes have been
observed as well. Distorted, fibrous, irregularly oriented,
and fragmented vessels are observed in the pilocarpine
model.**®** This finding was confirmed with laminin
sprouts devoid of RECA-1 staining in the molecular
layer of rodents who underwent ECS.** This finding
suggests that there is protrusion of the basal lamina
without endothelial cells following. However, in the kai-
nate model, depositions of collagen-I1I and —IV, both
physiologically present in basal lamina, are found in
CAl and CA3. These depositions are found in the
latent phase as well as in the chronic phase and are
suggested to be part of a perivascular scar formation.'®

Two papers specifically reported on vessel diameter
changes in pilocarpine.'’* An increase in vessel diame-
ter in CA1 and CA3 was found in the acute phase,'' and
the transition phase between latent towards chronic,
that evened out during the chronic phase.*> No accom-
panying MVD change was observed. Interestingly, a
highly and significantly increased number of thrombi
was found compared to control rats at this time-point
as well.'" The number of thrombi as well as vessel diam-
eter slowly decreased during the latent phase. To the
best of our knowledge, no other reports on (micro)

thrombus formation in epilepsy have been published in
literature. Therefore, formation of thrombi may be
an epiphenomenon of the model, but on the other
hand it could be an interesting finding that might
explain the increased risk of cerebrovascular disease in
epilepsy patients.

Vascular morphological changes in
human epilepsy

Similar structural and organizational microvascular
changes as described in rodents, are observed in
human hippocampi: TLE patients’ hippocampal vessels
display more tortuosity, especially in layers containing
neuronal cell bodies, such as the stratum pyramidale.'®
String vessels, defined as small 1-um-diameter collage-
nous vascular structures, marked by anti-Collagen-1V,
are found in regions of abnormal angiogenesis and
micro-vascularity of HS+ TLE patients.”> Similar to
sprouts in the laminal basement membrane in pilocar-
pine animals, these string vessels do not have a clear
lumen nor endothelial lining.”> Kastanauskaite et al
observed spine-like protrusions, in CA1 of HS+ TLE
patients using the same anti-collagen-IV staining
method.” Interestingly, reactive astrocytes have been
found in the lumen of these protrusions.’* The etiology
of string vessels is still debated: they are hypothesized
to be either collapsed capillaries, and therefore repre-
sent vascular degeneration, or may be the result of
pericyte basement membrane protrusions originating
from abnormal angiogenesis.”®

Microcirculation in human epilepsy

In normal physiological circumstances, pial arteries
maintain regional cerebral blood flow within a range
independent of arterial pressure alterations. This process
is called autoregulation. Simultaneously, parenchymal
arterioles continuously adapt local cerebral blood flow
to changes in neuronal activity and its accessory metab-
olism.”” This means that when neuronal activity and
local metabolism increase, local cerebral blood flow
increases accordingly to deliver sufficient nutrients.
This mechanism is called neurovascular coupling
(NVC) and is exerted by the interplay of members of
the neurovascular unit (NVU) consisting of neurons,
astrocytes, pericytes and endothelial cells.”®

Seizures lead to a simultaneous and severe challenge
of both mechanisms of autoregulation and NVC. First
of all, blood pressure and heart rate can quickly rise to
extreme levels during seizures, thereby challenging
autoregulatory responses of cerebral arteries.'”
Secondly, seizures increase local neuronal activity
heavily, leading to a simultaneous and enormous
increase of metabolic burden of the involved brain
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areas. Consequently, local cerebral blood flow should
be increased accordingly to provide the required sub-
strates. A recent preclinical study described indeed an
increase of both excitatory and inhibitory neuronal
activity within the epileptic focus, and a similar
increase in vascular diameter and cerebral blood
flow.'! Interestingly, they also found a pre- and inter-
ictal reduction of focal vessel diameter and cerebral
blood flow which paralleled a decrease of basal neuro-
nal activity. These findings suggested that the preictal
level of vascular and neuronal activity could predict the
severity of the upcoming ictal event. Furthermore, pre-
ictal vasoconstriction of pial arteries feeding perifocal
tissue has been described in chronic focal epilepsy,
whereas a late ictal increase of cerebral blood flow
has been noted within the epileptic focus.'*
Furthermore, longitudinal changes in hemodynamic
responses to seizures during the course of recurrent
seizures have shown that individual vasodilation-
constriction responses erode in both capillaries and
small cortical arteries. Recently, Zhang et al. suggested
that the calcium concentration ([Ca®']) in astrocytic
endfeet may regulate parenchymal arterial diameter.'®
In line with the above-mentioned vasoactive responses,
they found an ictal vasodilation within the epileptic
focus, whereas a vasoconstriction was noted in the peri-
focal parenchyma. Although different vasoactive
responses were found in the focal and perifocal tissue,
an increase of astrocytic endfeet [Ca®"] was reported at
both sites. This suggests dysfunction of the neurovas-
cular coupling mechanism in both regions. In addition,
the authors observed a slow increase of [Ca®*] follow-
ing repetitive seizures in astrocytic endfeet. This
resulted in a stronger arteriolar constriction in the
focal and perifocal tissues, which is in line with the
reduced interictal vascular and neuronal activity as
described by Lim et al.'®" Using 2-photon [Ca®']
imaging, it has been shown that seizures result in vaso-
constriction of cortical penetrating arterioles. This pos-
tictal vasoconstriction in the NVU was associated with
seizure-induced hypoxia.'® This process has been
ascribed to neurovascular decoupling due to failure of
one or multiple NVU members to effectuate vasodila-
tion in response to increased neuronal activity.*' This
might be related to alterations in capillary BBB perme-
ability and perivascular cellular injury of parenchymal
arterioles. Excessive vasoconstriction of parenchymal
arterioles due to neurovascular decoupling may result
in an unintended reduced cerebral blood flow in the
downstream capillary bed.'”> This may lead to a dis-
turbed parenchymal homeostasis in these patients,
which on itself forms a substrate facilitating seizures.'®
Furthermore, as a byproduct of enhanced energy
metabolism, oxygen-centered free radicals are formed,
leading to oxidative damage of mitochondrial enzymes

and DNA. These reactive oxygen-species damage neu-
rons and pericytes, leading to disturbances of NVC,
which might explain alterations of the NVU found in
epileptogenic areas.'® Recent literature has drawn a
parallel with traumatic brain injury, in which hyper-
excitability and ischemia led to spontancous seizures,
enhanced susceptibility to chemo-convulsants, metabol-
ic stress, inflammatory responses, BBB breakdown, and
cell death.'® Another aspect to consider here is that a
seizure-induced raise of cerebral blood flow alone might
not be sufficient to deliver adequate nutrients. This
raised cerebral blood flow will mainly increase red
blood velocity if the capillary density has not propor-
tionally increased as well. On one hand, the increased
red blood velocity itself affects the time available for
delivery and exchange of vital nutrients. On the other
hand, the lack of additional capillaries has no effect on
the total capillary surface available for nutrients
exchange and does not alter the distance between
brain cells to capillaries. Hence, an additional increase
in vessel density, i.e. formation of new capillaries, would
accommodate these adaptive processes. Formation of
new capillaries requires a key role for VEGF.

Although the potential pathophysiological contribu-
tion of the above-mentioned microcirculatory altera-
tions to NVC, the NVU and their relation to TLE
awaits further study, the reported pre-ictal, ictal, and
interictal changes in vascular and neuronal activity are
commonly used to aid the localization of epileptogenic
foci in drug-resistant epilepsy patients. Modern imag-
ing techniques like, blood oxygen level-dependent func-
tional magnetic resonance imaging, positron emission
tomography, and single-photon emission computerized
tomography, are applied in the work-up of drug-
resistant epilepsy patient and evaluate various aspects
of vascular and neuronal activity.'*"1%’

Summary

In this review, we have summarized the current knowl-
edge on microvascular changes in epilepsy based on
animal and human studies. Increased VEGF concen-
trations have been observed in hippocampi exposed to
seizures. Unlike previous reports, a hypoxic environ-
ment is not required for VEGF activation; neuronal
activity alone seems sufficient. In the epileptic brain,
VEGF plays a crucial role in angiogenesis. This
VEGF-induced angiogenesis may well be associated
with BBB leakage, caused by a mismatch between
angiogenesis and barriergenesis.

VEGF-induced angiogenesis also appears to play an
important role in MVD increase, as seen in the hippo-
campus, amygdala, and neocortex in the chronic phase
of rodent epilepsy models. In human TLE, an increased
hippocampal MVD might be expected, but is not
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repeatedly found. This might be due to the variety of
staining methods used.

Finally, clear microvascular morphological changes
are seen in the epileptic hippocampi of patients and
animal models including a decrease in afferent vessels
and increase in basement membranes. Basement mem-
brane deviations like string vessels and protrusions
might be the result of the misbalance between angio-
genesis and barriergenesis in epilepsy. Microvascular
changes might also affect microcirculatory physiology,
with neurovascular decoupling leading to relative
hypoperfusion and disturbed parenchymal homeosta-
sis, possibly contributing to epilepsy, although this
topic has only scarcely been assessed to date.

Future perspectives

Although there seems to be a relation between micro-
vascular abnormalities and epilepsy, both in rodents
and epilepsy patients, it remains the question of all
abnormalities are present in patients. Furthermore, a
number of observations mentioned in this review raise
questions. What causes the increased vessel diameter in
these microvascular alterations? Why is a decrease in
afferent vessels found in the hippocampi of TLE
patients? Does thrombus formation occur after epilep-
tic seizures, and what is the connection with cerebro-
vascular disecase? To answer these questions a different
approach to epileptogenesis and epilepsy research is
desirable. Processes of angiogenesis and barriergenesis
seem of major interest. In particular, in vivo assessment
of cerebral microcirculation could reveal functional
alterations evolving from the structural microvascular
abnormalities in epilepsy.

Conclusion

This review of microvascular changes in experimental
epilepsy and TLE suggests that epilepsy may well be a
disorder associated with disturbed structure and func-
tion of the cerebral microvasculature. Several mecha-
nisms of seizure-induced angiogenesis are discussed, as
well as angiogenesis-induced vessel leakage, with VEGF
as a possible key player. However, investigating cerebro-
vascular properties and structures during epileptogenesis
in humans is extremely difficult, as epilepsy patients
already suffer from end-stage disease. The ultimate
goal of epilepsy treatment is seizure prevention. Based
on this review, assessment of cerebral microvasculature
in relation to epileptogenesis and epilepsy might enable
new therapeutic targets. In vivo assessment of the cere-
bral microcirculation could reveal functional alterations
evolving from structural microvascular abnormalities in
epilepsy. Even though suppression of angiogenesis
appears to be anticonvulsive, it is too early to develop

treatment aimed at angiogenesis suppression at this
moment. However, we may consider epilepsy patients
as cerebrovascular patients, and start to emphasize the
importance of healthy vascularity.
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