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The neurovasculature as a target in temporal lobe epilepsy
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Abstract
The blood–brain barrier (BBB) is a physiological barrier maintaining a
specialized brain micromilieu that is necessary for proper neuronal function.
Endothelial tight junctions and specific transcellular/efflux transport systems
provide a protective barrier against toxins, pathogens, and immune cells. The
barrier function is critically supported by other cell types of the neurovascu-
lar unit, including pericytes, astrocytes, microglia, and interneurons. The
dysfunctionality of the BBB is a hallmark of neurological diseases, such as
ischemia, brain tumors, neurodegenerative diseases, infections, and autoim-
mune neuroinflammatory disorders. Moreover, BBB dysfunction is critically
involved in epilepsy, a brain disorder characterized by spontaneously occur-
ring seizures because of abnormally synchronized neuronal activity. While
resistance to antiseizure drugs that aim to reduce neuronal hyperexcitability
remains a clinical challenge, drugs targeting the neurovasculature in epilepsy
patients have not been explored. The use of novel imaging techniques permits
early detection of BBB leakage in epilepsy; however, the detailed mechanistic
understanding of causes and consequences of BBB compromise remains
unknown. Here, we discuss the current knowledge of BBB involvement in
temporal lobe epilepsy with the emphasis on the neurovasculature as a thera-
peutic target.
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1 | EPILEPSY—CLINICAL FEATURES,
DIAGNOSIS, AND THE FUNCTION OF
THE BBB

Epilepsy is one of the most frequent chronic neurological
diseases worldwide, affecting about 65 million people in
all age groups [1]. The clinical hallmarks of epilepsy are
spontaneous recurrent seizures, with distinct semiology
based on the function of the cortical areas involved in
seizure-associated hyperexcitation [2]. Epilepsy is a major
burden for patients, caregivers, health care and economic
systems [3]. Patients with epilepsy suffer from decreased
quality of life, adverse medication effects, cognitive
impairment, and educational, vocational and social con-
sequences. Increased mortality is associated with epilepsy
because of seizure related injuries, accidents, increased
risk of psychiatric comorbidities and sudden unexpected
death in epilepsy patients (SUDEP) [4, 5]. The Interna-
tional League Against Epilepsy (ILAE) classifies epilepsy
into four main types: (1) focal, (2) generalized, (3) com-
bined generalized and focal, and (4) unknown. Etiologies
of epilepsies are diverse, for example, structural, genetic,
infectious, metabolic, immune and unknown causes [6].
In acquired epilepsies, such as temporal lobe (TLE) epi-
lepsy, these etiologies lead to the transformation of “nor-
mal” brain tissue into a hyperexcitable neuronal network,
a process termed epileptogenesis. The mechanisms of epi-
leptogenesis and epilepsy progression are poorly under-
stood and involve a variety of pathophysiological
processes, including dysfunction of the BBB [7, 8].

The first line of treatment and mainstay in epilepsy
therapy are antiseizure drugs (ASD) [4]. Despite the cur-
rent medical treatment with multiple well-tolerated ASD,
one-third of patients suffer from refractory epilepsy
(RE) [9]. In the case of RE, the chance of becoming
seizure-free is only 5%–10% with additional ASD and
<5%–10% with further ASD application. Therefore,
other therapeutic strategies, such as curative or palliative
epilepsy surgery, neurostimulation or ketogenic diet
should be considered in these cases [4, 10].

Despite diagnostic and therapeutic advancements,
many patients suffering from RE cannot be treated ade-
quately, given that ASD offer only symptomatic (seizure-
suppressing) relief but no curative therapy [10]. Hence,
understanding the pathophysiology of epileptogenesis is a
key requirement for the development of causal epilepsy
therapy. One important pathomechanism of epileptogen-
esis is a dysfunctional BBB, resulting in the subsequent
leakage of albumin and immune cells into the brain
parenchyma [11, 12]. Repetitive seizures further lead to
BBB malfunction, possibly contributing to a vicious cir-
cle that results in treatment failure.

Structurally, the BBB separates the brain parenchyma
from the systemic circulation and maintains a permissive
micromilieu necessary for proper neuronal function
(Figure 1) [13–15]. During development, endothelial cells
receive specific cues that induce BBB characteristics [15].

Their functional interaction with other cells of the central
nervous system (CNS) such as neuroblasts, pericytes,
perivascular fibroblast, astrocytes, microglia and nerve
endings, collectively known as the neurovascular unit
(NVU), is essential for BBB maturation [13, 15]. Impair-
ment of these interactions may have fatal consequences.
For example, pericyte deficiency is associated with BBB
breakdown during development and aging [16–18] and
has been implicated in the pathogenesis of epilepsy [19].

BBB properties are induced by Wnt/β-catenin signal-
ing, and mainly driven by Wnt7a/Wnt7b and the
non-Wnt-related Norrie disease protein, which are master
regulators of endothelial barrier properties in the brain
and in the retina [20–23]. Endothelial-specificity of Wnt7
is guaranteed by a receptor complex that is formed by
frizzled 4, low-density lipoprotein receptor-related pro-
tein 5/6, G-protein coupled receptor 124 and the
reversion-inducing-cysteine-rich protein with kazal motifs
[23–25]. Wnt/β-catenin signaling is strongly active during
brain development, and at low level in the adult to main-
tain BBB properties [14, 20, 25]. Furthermore, vascular
endothelial growth factor (VEGF) is crucial for brain
angiogenesis and BBB development [26]. VEGF evokes
immature, leaky vessels [27] and the downregulation of
endothelial claudin-5 and occludin, thereby promoting
BBB breakdown in vivo [28].

In addition to inductive cues, brain vessel maturation
requires pericyte-secreted angiopoietin(Ang)-1 that sig-
nals endothelial Tie2 to maintain BBB characteristics
and reduce permeability [13, 29]. The endothelial barrier
is established by inter-endothelial junctions with the
absence of fenestrations, low level vesicular transport,
and expression of the ATP-binding cassette (ABC) trans-
porters Abcb1a (P-gp, MDR1) and Abcg2 (breast cancer
resistance protein, BCRP), forming a metabolic barrier
for blood–borne toxic compounds and drugs [14, 30].
Claudin-5 is a major constituent of tight junctions which
are intermingled with adherens junctions, systems that
are both linked to the cytoskeleton [13, 14, 31]. Proteins
that bind to the VE-cadherin/β-catenin complex include
cerebral cavernous malformations (CCM) proteins 1, 2,
and 3. Loss-of-function mutations in either CCM1, 2, or
3 lead to vascular instability specifically in the CNS,
which often result in neurological symptoms such as sei-
zures and epilepsy, as well as hemorrhagic strokes [32].
Both, rare genetic and more frequent sporadic forms of
CCM have defects in endothelial-polarization, aberrant
TGFβ and β-catenin signaling, as well as a mesenchymal/
stem cell-like signature of clonal endothelial cells [33, 34].
Interestingly, CCM-targeting approaches with Propano-
lol, a betablocker known to reduce BBB leakage and
inflammation, are currently pursued in clinical trials [35]
(see Table 1 for all therapeutic approaches mentioned
throughout the article).

Given the importance of the mentioned pathways in
development, vascular endothelial growth factor
(VEGF), angiopoietin/Tie2 and Wnt/β-catenin signaling
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also interfere with barrier properties in glioblastoma
[36–38], brain ischemia [39] and bacterial meningitis [40].
These pathways are key regulators of BBB dysfunction in
CNS disorders, and thus could also play a role in epilepsy
(Figure 1).

Broadening our current knowledge and understand-
ing of BBB dysfunction will open new avenues for the
development of disease modifying therapies and possibly
preventive, antiepileptogenic treatment strategies in the
future. The aim of this review is to summarize and dis-
cuss the implications of BBB dysfunction for epilepsy
with special emphasis on the neurovasculature as a novel
therapeutic target. As BBB-targeting therapy has not yet

been attempted in epilepsy, here we discuss potential tar-
gets that have been successfully applied in other CNS dis-
orders associated with BBB dysfunction.

2 | IMPAIRMENT OF THE BBB AS A
CONSEQUENCE OF ICTOGENIC AND
EPILEPTOGENIC BRAIN LESIONS

Although epilepsy emerged as a consequence of neuro-
nal hyperexcitability, BBB disruption is increasingly
recognized as a critical factor for seizure development
(Figure 1, [11, 12]). While there are many excellent

F I GURE 1 Vascular dysfunction at the neurovascular unit in epilepsy. Schematic drawing of the cellular and molecular composition of the NVU
in health, epilepsy, and neurological diseases with BBB dysfunction (stroke, GBM, meningitis). (A) In epilepsy, BBB disruption leads to leakage of
blood components (albumin, neurotransmitter (e.g., glutamate), K+ ions), leukocyte infiltration, aberrant transport and clearance of molecules,
neuronal hyperactivity, and BBB damage. Microglia and astrocytes release cytokines and growth factors that further promote EC activation and
BBB dysfunction. (B) An intact BBB protects the brain parenchyma from factors present in the systemic circulation and maintains a highly regulated
brain micromilieu required for brain homeostasis and proper neuronal functioning. (C) BBB integrity can be re-established upon vascular-targeting
therapies in neurological diseases associated with BBB dysfunction and cerebral edema. Endothelial cell (1), pericyte (2), basal lamina (3), astrocyte
(4), neuron (5), microglia/activated microglia (6), leukocyte (7). Illustration: Visual Science Communication
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reviews that describe the BBB involvement in epilepsy,
we here aim to highlight if the restoration of the BBB
could be used as a potential therapeutic target for sei-
zure management and epilepsy therapy. Different com-
ponents of the NVU can be affected by various
pathomechanisms of epileptogenesis that compromise
the BBB, including leakage of serum proteins, excessive
glutamate release, glucose transporter dysfunction,
angiogenesis and neuroinflammation [11, 41, 42]. While
novel imaging techniques permit early detection of BBB
leakage in epilepsy patients [11, 43, 44], basic proof of
concept that BBB modulation can change seizure
pathology has not been shown preclinically or clinically.
This is however an important and clinically relevant

topic, and thus methods for diagnosis and treatments in
improving the vascular integrity are under development
[45, 46].

Although pursued for some time [12, 42], interests in
understanding the mechanisms underlying BBB dysfunc-
tion in epilepsy emerged in the 1980s with ultrastructural
analyses of human epilepsy tissue, which revealed
increased pinocytosis, alterations of tight junctions and
of the capillary basement membrane [47–49]. Additional
studies indicated a role for deficient glucose transport
and brain ion homeostasis. Under normal conditions the
glucose transporter (GLUT1) transports plasma glucose
across the BBB, whilst potassium (K+) homeostasis is
controlled by voltage-dependent ion channels expressed

TABLE 1 Experimental and clinical approaches with BBB-restoring efficacy in epilepsy and neurological disorders with a dysfunctional BBB.

Drug/therapeutic Target/mode of action Preclinical model Clinical approach Reference(s)

Propanolol β-adrenergic receptor
antagonist, anti-angiogenic,
anti-inflammatory

Repurposing in rare vascular
diseases, e.g., CCM

[35]

RepSox TGF-β-RI/ALK5 inhibitor,
regulator of claudin-5
expression

Kainic acid model of TLE [160]

Ketogenic diet GLUT1 targeting Childhood epilepsy, recurrent
glioblastoma

[10]
[169]

Sunitinib,
Anti-VEGF antibodies /

VEGFR2 pathway
inhibitors

Tyrosine kinase inhibitor,
VEGF inhibition,
prevention of angiogenesis

Rat TLE model,
Hippocampal cultures

[54]
[8]
[55]

Tie2 activators,
Angiopoietin-2
inhibitors

Angiopietin-Tie2 signaling,
vascular stabilization,
edema prevention

Preclinical models for
glioma, stroke, retinal
diseases

Clinical trials for macula
edema

[56]
[57]

Everolimus, Rapamycin mTOR antagonist Rodent epilepsy models Tuberous sclerosis complex [10, 45]
[46]

Dexamethasone Glucocorticoid, stabilization of
endothelial-cell junctions,
edema prevention

Rodent epilepsy models Temporal lobe epilepsy,
Glioblastoma

[10]
[45, 46]
[163]

Engineered Wnt ligands Wnt/β-catenin signaling Preclinical glioma and
stroke models

[62]

Losartan Angiotensin-type 1 receptor
antagonist, TGFβ signaling
inhibitor

Rodent epilepsy models [80]
[81]
[82]
[46]

Tariquidar P-gp inhibitor Rodent epilepsy models [70]
[12]

IPR-179 MMP2/9 inhibitor Rodent epilepsy models [87]
[86]

Imatinib Tyrosine kinase and PDGFR
inhibitor

Hippocampal cultures Chronic myeloid leukemia and
glioblastoma-associated
epilepsy

[91]
[46]

Natalizumab,
Anti-VCAM-1 antibodies

α4 integrin, blockade of
immune cell infiltration

Pilocarpine model of SE Adjunctive therapy for patients
with drug resistant epilepsy/
Clinical phase II

[94]
[95]

Verapamil Calcium channel blocker,
inhibitor of P-gp

Adjuvant treatment in drug
resistant epilepsy

[157, 158]

Abbreviations: BBB, blood–brain barrier; CCM, cerebral cavernous malformation; GLUT1, glucose transporter protein type 1; MMP, matrix metalloproteinase;
mTOR, mammalian target of rapamycin; PDGFRβ, platelet-derived growth factor receptor beta; P-gp, P-glycoprotein; SE, status epilepticus; TLE, temporal lobe epilepsy;
TGF-β-RI/ALK5, transforming growth factor-beta receptor I/activin like kinase 5; VCAM-1, vascular cell adhesion molecule 1; VEGF, vascular endothelial growth factor.
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by glia. Evidence obtained from epileptic patients under-
going cortical resection indicated the alteration of
GLUT1 expression, and positron emission tomography
studies showed decreased brain glucose uptake and hypo-
metabolism in the epileptogenic region [50, 51] (clinically
targeted by ketogenic diet [10]).

A crucial role for angiogenesis in the progression of
TLE was demonstrated by Rigau et al. who described
angiogenesis, aberrant vascularization, and BBB alter-
ations in temporal lobe epilepsy (TLE) [52], which is in
line with the overexpression of angiogenic factors. Rigau
and colleagues have shown a correlation between an
increased density of the microvascular network with
seizure frequency, loss of tight junctions, immunoglobu-
lin (IgG) leakage and accumulation in neurons of hippo-
campal resections from TLE patients [52]. Furthermore,
excessive angiogenesis was evident in the acute and
chronic phase of epilepsy in a rat TLE model [52]. Gene
expression analysis of epileptic tissue obtained from
patients undergoing epilepsy surgery further identified
VEGF signaling as a crucial mediator of pharmacoresis-
tant TLE [8, 53], suggesting the inhibition of the VEGF/
VEGFR2 pathway might offer a therapeutic strategy to
restore BBB function for seizure prevention and progres-
sion. Indeed, inhibitors of VEGF/VEGFR2 signaling,
such as Sunitinib, prevented angiogenesis, hippocampal
atrophy and seizures in rat TLE [54]. In hippocampal
cultures, VEGF neutralization prevented seizure-like
event induced vascular remodeling and the downregula-
tion of ZO-1 [8, 55].

In addition, evidence for a role of angiopoietin/Tie2
signaling in TLE has been suggested as the Tie2 receptor
tyrosine kinase was upregulated at disease onset and in
chronic epilepsy [52]. Therefore, targeting Tie2 signaling
for the restoration of BBB function, which is being pur-
sued in neurological diseases associated with vascular
leakage syndromes, might offer new therapeutic possibili-
ties for BBB/neurovascular targeting in epilepsy [27,
56, 57]. BBB-restoring drugs that alleviate leakage and
inflammation include mTOR (mammalian target of rapa-
mycin) inhibitors, that is, Rapamycin/Everolimus, and
corticosteroids that are currently in clinical use [10,
45, 46]. Patients with mTOR-dependent malformations
of cortical development (MCD) associated with seizures
display vessel abnormalities in the affected, dysmorphic
cortical tissue [45, 58]. In MCD animal models, the
hypervascularization is sensitive to Rapamycin, that is
approved for epilepsy treatment in tuberous sclerosis
complex [58]. Mutations in mTOR pathway genes, such
as the GATOR1 complex (DEPDC5, NPRL2, NPRL3)
could serve as genetic-/biomarkers for BBB restoring
therapies and patient stratification [10].

A common gene signature for the dysregulation of
BBB was found between different neurovascular disor-
ders [14, 59]. Daneman and colleagues demonstrated that
CNS endothelial cells responded similarly to stroke, trau-
matic brain injury, neuroinflammation and seizures with

a “BBB dysfunction signature” that resembled endothe-
lial gene expression in peripheral organs, [59]. These find-
ings are further supported by an unbiased omics
expression analysis of microvessels isolated from brain
tumor [37], stroke [60, 61] and meningitis models [40].
These reports suggest that vascular or BBB-targeted ther-
apies might show efficacy across a range of brain malig-
nancies as described by Martin and colleagues targeting
BBB dysfunction in brain tumors and stroke with engi-
neered Wnt ligands [62].

In epilepsy, the parenchymal accumulation of IgG
and albumin was demonstrated to be the cause of BBB
dysfunction in patients and animal models [52, 63–65].
Seminal work, which is basis for studying BBB disruption
in seizure pathologies identified increased BBB perme-
ability in acute seizures [41, 42, 52, 63–65], which also
persisted in chronic epilepsy [52, 65]. This increased BBB
permeability is associated with several downstream
effects, such that neuronal activity is directly affected.
Ivens et al. provided initial mechanistic insight of
albumin-mediated BBB changes [65] and were further
confirmed in subsequent studies [42, 66, 67]. Extrava-
sated albumin enters astrocytes via TGFβ receptors, lead-
ing to a Smad2-mediated downregulation of inward
rectifying potassium (Kir4.1) channels on astrocytes that
ensure clearance of excess extracellular K+ [42, 65–67].
Vascular injury-mediated brain exposure to serum albu-
min induced transcriptional changes that can be blocked
by TGFβ inhibitors [67], thus suggesting the TGFβ path-
way as a therapeutic target [45, 46]. Additionally, the
expression of glutamate transporters by astrocytes is
decreased by brain interstitial albumin [42]. These events
lead to the reduction of extracellular potassium and glu-
tamate buffering, resulting in neuronal hyperexcitability,
and epileptogenesis (Figure 1). Albumin-induced astro-
cyte activation further results in the release of proinflam-
matory cytokines and chemokines [42]. Moreover,
albumin can also be taken up by neurons, which can
strongly increase the synthesis and release of glutamate,
leading to additional hyperexcitability and epileptogen-
esis [42, 52, 64]. These events are accompanied by dysre-
gulated expression of uptake transporters for the uptake
of essential compounds like glucose and monocarboxy-
lates at the BBB, together with enhanced expression and
activity of efflux transporters such as P-gp and drug-
metabolizing enzymes of the cytochrome P450 family
[68]. The latter processes, known as the “transporter
hypothesis,” have been implicated in pharmacoresistance
to ASD since they have been speculated to restrict ASDs
from entering the brain [12, 41, 69]. Furthermore,
increased P-gp expression is associated with higher sei-
zure frequency in both animal models and TLE patients
[41]. Conversely, in experimental epilepsy tariquidar, a
P-gp inhibitor, improved responses to ASD [70].

It is still not clear if BBB breakdown is the cause or
consequence of seizures. The first scenario is supported
by a study from Marchi et al. [63], in which they showed
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transient, osmotic BBB opening is sufficient to cause sei-
zures in the absence of CNS pathologies. Further crucial
work established a direct connection of seizures and BBB
breakdown via drainage of serum albumin [41, 42, 45].
This view is supported by several studies that demon-
strated the disruption of BBB by bile salts, albumin or
mannitol [41, 42, 64, 65, 71, 72]. Additional work from
Van Vliet and colleagues indicated that continuous BBB
opening by mannitol in the chronic epileptic phase
increased seizure frequency and further promoted BBB
damage [64]. In a rare, monogenetic form of epilepsy
named incontinentia pigmenti, caused by a mutation in
the NF-κB essential modulator (NEMO), loss of brain
vessels and BBB function in patients was shown to be
causative for disease onset [73]. On the contrary, Prager
et al. showed recurrent seizures promoted microvascular
injury which led to neurovascular decoupling and BBB
dysfunction, thus supporting the second scenario of BBB
disruption is a resultant of seizures [74]. Similarly,
Vazana et al. provided evidence that repetitive seizures
triggered excess glutamate release and BBB leakage [75].
Work by Rüber and colleagues demonstrated seizure-
induced changes in BBB function in patients with epi-
lepsy [44].

However, despite proven BBB disruption by means of
fluorescein tracers [76], several studies provided evidence
that BBB opening does not always promote spontaneous
seizures, suggesting that seizures gradually develop over
time [42, 64, 71, 72, 77].

Friedman and colleagues demonstrated a causal link
between BBB disruption and subclinical, seizure activ-
ity [78]. The authors identified paroxysmal slow cortical
activity in EEG as an indicator of subclinical seizure
activity in Alzheimer’s disease and epilepsy patients.
Moreover, intraventricular injection of serum albumin
provoked nonconvulsive seizure activity in rodents
(PSWE, paroxysmal slow wave events), suggesting neuro-
vasculature involvement in the development of epilepsy
pathology also provides an interesting prognostic indica-
tor and potential therapeutic target [78]. Further, studies
by the Kaufer laboratory [79] indicated that albumin
leakage, and downstream activation of TGFβ signaling
in astrocytes can also lead to PSWE and seizure vulnera-
bility, which was inhibited by TGFβ receptor inhibitors.
Inhibitors of TGFβ signaling (e.g., Losartan, FDA-
approved) have been shown to interfere with BBB dys-
function, ictogenesis and epileptogenesis [46, 80–82].

At the BBB, matrix metalloproteinases (MMP) play
an important role in extracellular matrix (ECM) remo-
deling. Digestion of ECM surrounding brain capillaries
and degradation of tight junction molecules by MMPs
can affect barrier permeability [83]. In line with these
findings increased MMP-9 immunoreactivity has been
reported in epileptogenic lesions resected from patients
[84, 85]. In a pilocarpine-induced rat model of epilepsy,
MMP-2 and MMP-9 activity decreased tight junction
expression, and increased barrier leakage [86]. Moreover,

the exposure of rat capillaries to glutamate led to similar
results, and this leakage was reverted with the blockade
of cytosolic phospholipase A2 (cPLA2), suggesting that
cPLA2 can be a target for barrier improvement [86].
Importantly, treatment with the MMP2/9 inhibitor IPR-
179 has been shown to have antiseizure and antiepilepto-
genic effects in rodent epilepsy models [87].

In the normal brain, the neurovascular coupling
maintains cerebral flow according to the demand of neu-
ronal activity. It has been shown that pericytes, which are
integral for BBB function [14], regulate capillary diame-
ter in response to neuronal activity and thus play a key
role in the maintenance of neurovascular coupling [88].
Seizures are initially accompanied by reversible capillary
vasodilation and pericyte elongation, indicating a vasore-
gulatory role of pericytes [74]. However, after subsequent
seizures, the vasodilatory responses decrease significantly,
and recurrent seizures result in irreversible constriction of
pericytes and capillaries, thus rendering the vascular sys-
tem unresponsive [74]. These findings suggest that peri-
cyte injury may underlie neurovascular decoupling and
suggest pericytic injury as an inducer for vascular dys-
function in epilepsy. However, this view has been chal-
lenged by the fact that pericytes are located at brain
capillaries whereas neurovascular coupling takes place at
arterioles that are covered by smooth muscle cells [89].
Moreover, neurovascular coupling depends upon the
expression of caveolin-1 and endothelial nitric oxide
synthase in the arteriolar region of the vasculature at
which pericytes are not present [90]. Klement et al. dem-
onstrated pericyte-glia scarring at leaky capillaries in
experimental epilepsy and identified PDGFRβ modula-
tion (by Imatinib) as a possible strategy to remedy BBB
dysfunction [91].

Taken together, current evidence suggests a bidirec-
tional interplay between impaired BBB function and epi-
lepsy [12, 41, 42]. BBB disruption and leakage promote
seizures which consequently potentiate further leakage
and BBB dysfunction, ultimately leading to additional
seizures, inflammation and damage of NVU cells [41,
42]. Therefore, BBB breakdown can induce epilepsy, and
conversely, seizure-induced BBB breakdown may lead to
epilepsy progression. Because of the importance of BBB
in determining the long-term outcome of epilepsy, the
restoration of BBB function holds promise as a target for
therapy and should be further pursued in future therapeu-
tic approaches.

3 | IMPAIRMENT OF THE BBB AS A
CONSEQUENCE OF INFLAMMATORY
BRAIN LESION FORMATIONS

Primary ictogenic and epileptogenic brain lesions may
cause seizures and epilepsy, with subsequent disruption
of the BBB and infiltration of distinct subsets of
immune cells [92, 93]. In addition, primary adhesion,
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transmigration and invasion of the brain parenchyma by
immune cells can lead to BBB disruption and cortical
inflammation, promoting seizure development and epi-
lepsy. Moreover, the induction and recurrence of seizures
were inhibited by antibodies directed against α4 integrin
or vascular cell adhesion molecule-1 (VCAM-1) in exper-
imental epilepsy [94]. Targeting of α4 integrin by Natali-
zumab as an adjunctive therapy for patients with
drug-resistant epilepsy was pursued in a clinical phase II
study (NCT03283371) [95]. However, selection of patients
with focus on active neuroinflammation and BBB dysfunc-
tion using imaging-associated markers was suggested for
future studies as the endpoint was not met [95].

Further work demonstrated adaptive and innate auto-
immune inflammation affected the allocortex of the
amygdala and hippocampus as a major cause of temporal
lobe seizures (TLS) and TLE in humans [96–98]. In some
cases of autoimmune TLS and TLE, specific autoanti-
bodies (AABs) that bind to intracellular or plasma mem-
brane antigens, expressed in both, neurons and
astrocytes, illustrated the presence of an adaptive neural
autoimmune reaction. In patients with AABs to intracel-
lular neural antigens cytotoxic T cells may play a major
pathogenic role in the development of neuronal dysfunc-
tion and cell death, as intracellular antigens are not ini-
tially accessible to antibodies. The release of intracellular
antigens may initiate B cell responses and autoantibody
production [99]. In patients with AABs directed against
extracellular domains of neural plasma membrane pro-
teins, such as ionotropic and metabotropic neurotrans-
mitter receptors and synaptic adhesion molecules, those
AABs have been shown to exert direct effects on the
function and cellular localization of these antigens, ren-
dering these AABs directly pathogenic [99]. Nevertheless,
a pathogenic role of cytotoxic T cells has also been sug-
gested [99, 100]. Cytotoxic T cells are deemed pathogenic
in autoimmune TLS and TLE because of their strong
clonal expansions, parenchymal localization in close spa-
tial proximity, granular expression and the release of
cytotoxic effector molecules towards target cells
[100–103]. However, their cognate antigen(s) remain elu-
sive so far.

For pharmacoresistant TLE with hippocampus scle-
rosis of unknown origin, infiltration of cytotoxic T cells
and increased expression of intercellular adhesion
molecule-1 (ICAM-1) on endothelial cells have been
described as predominantly localized in the hippocampal
CA1 sector [92, 93, 104–108]. These infiltrates correlated
with the extent of hippocampal neuronal loss, suggesting
a role for cytotoxic T cells in driving epileptogenic neuro-
degeneration [106–108]. This is further supported by the
observation that neuronal antigen-reactive cytotoxic T
cells cause BBB disruption, accompanied by acute tem-
poromesial adaptive and innate inflammation and TLS.
This is followed by hippocampal damage with microglia
activation, astrogliosis, and TLE development in
mice [109].

CNS invasion of leukocytes in inflammatory disor-
ders of the brain has been shown to be a multistep pro-
cess including (i) rolling and adhesion to the vascular
endothelium via the binding of integrin α4β1 (very late
antigen-4; VLA-4) to VCAM-1, (ii) paracellular penetra-
tion of the endothelial monolayer and the endothelial
basement membrane (BM) following interactions with
chemokines/chemokine receptors and lymphocyte
function-associated antigen 1 (LFA-1) with ICAM-1,
(iii) accumulation of leukocytes within the perivascular
space defined by the outer endothelial BM and the inner
parenchymal BM, (iv) penetration of the parenchymal
BM and glia limitans and invasion of the brain paren-
chyma [110].

In experimental autoimmune encephalomyelitis
(EAE) and humans with multiple sclerosis endothelial
ion channels, in particular the TWIK-related potas-
sium channel-1, regulates the expression levels of endo-
thelial adhesion molecules (ICAM-1, VCAM-1, etc.)
and thereby regulates trafficking of lymphocytes across
the endothelial barrier (steps i and ii) [111, 112]. More-
over, lymphocyte-derived MMP-9 and MMP-2 are
involved in lymphocyte trafficking across the paren-
chymal barrier and invasion into the brain paren-
chyma (step iv) [113–115]. It is not determined if these
mechanisms are also relevant for cytotoxic T cells
driving autoimmune TLS and TLE. Of note, a recent
study investigated the immune microenvironment/
immunotranscriptome in drug resistant epilepsy patient
biopsies using single cell transcriptomics which may
provide a resource for the design and development of
future drugs [116].

4 | IMAGING OF BBB DYSFUNCTION
IN THE EPILEPTIC BRAIN

Imaging of BBB compromise has been demonstrated in
epilepsy patients [117, 118] and animal models of epilepsy
[75, 119, 120]. In neuroimaging, it is crucial to distinguish
the three categories of BBB dysfunction in epilepsy
patients and to acknowledge that they may occur simul-
taneously: (i) BBB dysfunction of pathological entities
underlying structural epilepsies, for example, tumors,
(ii) more discrete BBB dysfunction interictally as a per-
manent correlate of epilepsy, that is, repeated uniform
seizures, and (iii) postictally as transient microstructural
sequelae of a single epileptic seizure. In the clinical rou-
tines, the structural status of the BBB is assessed by
means of computer tomography, Single Photon Emission
Tomography (SPECT), and Magnetic Resonance Imag-
ing (MRI), though contrast-enhanced MRI sequences are
most commonly applied [121]. Gadolinium is adminis-
tered as a contrast agent, which decreases longitudinal
relaxation time (T1) and, thus, increases the signal on
T1-weighted images when it accumulates in the extravas-
cular compartment. Of the established protocols,
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dynamic contrast-enhanced MRI (DCE-MRI), which
consists of the intravenous administration of Gadolinium
before the rapid acquisition of several T1-weighted vol-
umes, is most sensitive for BBB integrity assessment
[122]. However, albeit not yet established, contrast-
enhanced quantitative MRI has been shown to have a
higher diagnostic value in the assessment of BBB integ-
rity, since it directly measures the relaxation time instead
of signal intensities of conventional MRI [123]. While
most pathological entities in structural epilepsy are
defined by abnormal BBB functions (not addressed in
this review), there are growing interests related to BBB
dysfunction in small vessels that are temporally and ana-
tomically associated with epileptic seizures (ii, iii). The
imaging evidence for a permanent BBB dysfunction of
epilepsy (ii) is sparse and is only drawn from animal stud-
ies investigating epileptogenesis [82, 124]. However, these
studies cannot answer the most crucial question: whether

the BBB dysfunction is a cause or a consequence of epi-
lepsy or both [125].

While it is difficult to perform ictal imaging in ani-
mals, it is almost impossible to design a study involving
ictal acquisition of brain images from patients. Most of
the studies are hence geared towards describing the neu-
rostructural sequelae of epileptic seizures, which does not
allow for an estimation of the onset of the dysfunction or
its regression. Permeability is visualized by measuring the
exchange of blood components in the extravascular com-
partment. Vasogenic edema may cause alterations of dif-
fusivity, which can be measured by diffusion weighted
imaging (DWI, Figure 2, I). Zhong et al. demonstrated a
decline in the apparent diffusion coefficient after a
bicuculline-induced status epilepticus in rodents, which
reached a plateau within 30 min after drug administra-
tion [126]. This effect was also observed in epilepsy
patients [127]. Horowitz and colleagues were the first to

F I GURE 2 Schematic of the physiological underpinnings of postictal imaging findings and presentation of exemplary cases. Patient I: 52 years
old, male, no lesion in MRI, focal seizure with impaired awareness and motor onset, ictal EEG onset in left fronto-temporal electrodes. Postictal
imaging finding: Left frontal cortical T2 hyperintensity, hypointense thickened cortex in T1, hyperintense diffusion signal. Patient II: 34 years old,
male, resected left-temporal cavernoma, generalized tonic–clonic seizure, ictal EEG onset in left centro-temporal electrodes. Postictal imaging finding:
Postictally reduced qT1 as compared to the interictal volume indicative of Gd+-accumulation. Patient III: 27 years old, female, no lesion in MRI,
focal seizure with impaired awareness and motor onset, no EEG correlate. Postictal imaging finding: Postictal hyperperfusion in right precuneus as
comparted to interictal SPECT volume. DWI, diffusion weighted image; Gd+, gadolinium; ISAS: ictal-interictal SPECT analyzed by SPM; qT1,
quantitative T1; T2w, T2 weighted image; T1w, T1 weighted image; SPECT, single photon emission computed tomography; ΔT1, interictal qT1—
postictal qT1
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F I GURE 3 In vitro BBB co-culture model of hippocampal slices with brain endothelial cells. (A) Brain endothelial cells (EC) isolated from the
temporal cortex surgically resected from TLE patients by selective amygdalahippocampectomy (top panel; adapted from [139]) exhibit the classic
spindle shape of brain ECs (middle panel) and express the BBB markers VE-cadherin (white) and claudin-5 (red). Scale bars 10 mm. (B) The isolated
brain ECs cultured on transwell inserts represent a BBB in vitro monoculture model. The co-culture of the cortical ECs on the transwell insert
membrane (apical) with the hippocampal tissue slice obtained from TLE patient surgery in the bottom chamber (basal) represent the non-contact co-
culture model for the BBB in vitro. The co-culture of the hippocampal slice on top of the transwell insert membrane (basal) with the cortical ECs on
the bottom of the insert membrane (apical) represents a contact co-culture BBB in vitro epilepsy model. Impedance measurements performed on these
transwell inserts for the in vitro BBB model in a cellZscope (nanoAnalytics) device provide resistance and capacitance values reflecting BBB function.
Electrophysiological recordings from the hippocampal slice either from the insert or from the bottom chamber provide measurements of seizure-like
events from the epileptic tissue. (C) Representative transendothelial electrical resistance (TEER) and capacitance (Ccl) values from a monolayer of
cortical brain ECs (green line) isolated from a TLE patient show high resistance and low capacitance values indicating a functional monoculture BBB
model in vitro (as in A) compared to the cell-free insert (black line).
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demonstrate temporomesial parenchymal contrast
enhancement of Gadolinium on post-contrast MRI after
a complex partial seizure [117]. The use of DCE-MRI
and quantitative T1 may unmask even subtle and focal
postictal enhancements of Gadolinium-based contrast
agent in the patient brain on an individual level
(Figure 2, II) [44, 128]. Besides the evidence for peri-ictal
BBB dysfunction, ictal hyperperfusion is known to occur,
which can be measured by SPECT [129] (Figure 2, III),
that subsequently turns into postictal hypoperfusion,
which may be measured by Arterial Spin Labeling (ASL)
[130]. As links have been established between brain perfu-
sion and neurovascular permeability in epilepsy [131],
peri-ictal alterations in brain perfusion may be of interest.
In this context, the transverse relaxation time (T2) of the
ASL signal magnetization is being put in the focus of
MR-physicists [132, 133]. Differing T2 times of water
protons in the vessel and gray matter compartments
enable the identification of protons in the respective com-
partments, which can then be used to infer information
on the microstructural status of the BBB separating these
two compartments. One study has further suggested that
ictally extravasated iron may be measured within the
seizure-onset zone using quantitative susceptibility map-
ping [134]. High expectations are placed on the ultra-high
field scanner: While gray matter T1 values increase with
field strength but Gadolinium relaxation time is roughly
the same, the net effect is a higher relative contrast
enhancement in the ultra-high field, allowing for the
detection of more subtle BBB compromise [135].

5 | IN VITRO BBB MODELS IN
EPILEPSY

Despite the abundance of in vitro BBB models that simu-
late the physiological in vivo BBB architecture and func-
tion [136, 137], models mimicking the dysfunctional BBB
are sparse. Since BBB dysfunction can be either cause or
consequence of epilepsy, in vitro BBB models could be
utilized in studying mechanisms of BBB damage, or to
screen potential drugs to tighten the neurovasculature.
While in vivo experimental epilepsy models in rodents do
not accurately reflect complex seizure-like events emanat-
ing from neural cells in human epilepsy because of inter-
species differences [138], human hippocampus/cortical
slices in co-culture with human brain endothelial cells
could serve as a novel epilepsy model in vitro. In compar-
ison to physiological in vitro BBB models, we suggest to
utilizing primary human brain microvascular endothelial
cells (HBMEC) isolated from surgically resected brain
tissue of epilepsy patients as shown in Figure 3A
(adapted from [139]). HBMEC obtained from surgical
resections displayed BBB characteristics as shown by
their expression of VE-cadherin and claudin-5, and func-
tionally with high transendothelial electrical resistance
(TEER) and low capacitance (Ccl) values when cultured

in transwell inserts (Figure 3B,C). Monoculture models
for assessing BBB dysfunction [39, 136, 140] show that
isolated HBMEC are pure as they express endothelial
junction marker and display the typical spindle morphol-
ogy of endothelial cells. Furthermore, the TEER values
obtained for HBMEC are much higher than that of
mouse brain endothelial cells (around 25 Ω cm2) [136,
140]. This indicates the feasibility of a tight functional
barrier with freshly isolated HBMEC from patient
material.

The combination of primary endothelial cells isolated
from healthy-appearing cortical tissue with hippocampal
slices of epileptic foci, resected during epilepsy surgery
could be utilized for establishing an in vitro BBB model
to mimic human epilepsy. Cortical slices can also be uti-
lized followed by treatment with epilepsy inducing
agents, such as kainic acid [141–143]. Three possible sce-
narios are displayed in Figure 3B: (1) HBMEC monocul-
tures to study BBB function or dysfunction, HBMEC co-
cultures with epileptic brain slices in a (2) contact or
(3) non-contact manner to study a bidirectional interac-
tion of the neurovasculature with epileptic tissue. The
HBMEC monoculture model is useful for testing BBB
effects of known or novel pathways in epilepsy pathogen-
esis, or for testing drug candidates targeting these path-
ways. The co-culture models provide the possibility to
monitor in vitro, the seizure-like events in epileptic brain
slices as described [144, 145], and assess the effect of epi-
leptic changes on BBB function. Alternatively, seizure-
like events can be measured in slices treated with ASD
[145, 146] using the transwell set-up. The improvement of
seizure-like events in the basal only application
(Figure 3B contact or non-co-culture) would reveal drug
efficacy as the drug is directly accessible by the epileptic
cells of the slice located on the basal side. However, no
improvement upon apical application of drugs in this co-
culture setting would indicate the BBB as a transport bar-
rier for the drug. Thus, the model system not only allows
for ASD screening but also testing the permeability of the
BBB. The contact and non-contact aspects of this model
would aid in studying the physical interaction of epileptic
cells with the intact vasculature and can be used to obtain
insights into the role of other NVU cell-types in epilepsy.

As seizure recordings in vitro are performed on slices
cultured on transwell membranes [147–150], a combina-
tion with BBB functional measurements on brain endo-
thelial cells [39, 136, 140] appears to be an option to
further investigate the mechanisms of BBB dysfunction
in human epilepsy. In addition, the in vitro BBB model
would be crucial in elucidating mechanisms of drug resis-
tance in epilepsy [151]. Theories have been proposed to
explain the ASD resistance: (a) a lack of transport of the
drug across the BBB and (b) as a result from an upregula-
tion of multidrug resistance proteins such as P-gp at the
BBB upon treatment with ASD [68, 151]. The Janigro
group showed the inhibition of P-gp in vitro led to an
increased permeability of phenytoin in endothelial cell
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cultures from drug resistant patients [151]. Thus, in vitro
models could be utilized for the measurement of drugs
reaching the basal chamber of the transwell filter system
across the in vitro BBB when applied apically. The cells
of the BBB could also be analyzed for expression of genes
and proteins related to drug resistant pathways [136,
140]. The direct effect of ASD on BBB function can also
be investigated, and repeated ASD administrations can
be used to study drug resistance [9]. Furthermore, in vitro
BBB models comprised of patient material, can be valu-
able for assessing BBB function from drug resistant ver-
sus responding patients [151, 152]. While epilepsy animal
models provide insights into mechanisms of epileptogen-
esis, complementary analyses in human epilepsy surgery
specimen allow to investigate the dysregulation of genes
and pathways, for example, mTOR signaling, in individ-
ual patients with the potential to prevent the occurrence
of chronic seizures by means of personalized, targeted
epilepsy therapy [10, 153, 154].

6 | THE ROLE OF THE BBB IN
PHARMACORESISTANCE

Pharmacoresistance (PR) to anticonvulsive drugs is a
major treatment obstacle for patients with focal epilep-
sies, and thus novel therapy strategies to interfere with
underlying pathomechanisms are needed. PR is defined
by a lack of seizure control in an epilepsy patient despite
the application of two appropriately chosen and used
antiseizure medications (ASM), and this affects approxi-
mately one third of epilepsy patients [9]. Whereas
multidrug-resistance (MDR) is defined as the lack of sei-
zure control despite receiving more than two ASM,
which are directed against different drug targets, for
example, ion channels or receptors [155]. One established
cause for MDR is the presence of molecules in the BBB
actively transporting substances, including ASM, out of
the brain to maintain it toxin-free. These so-called ATP-
binding cassette transporters (ABC-t), such as P-
glycoprotein (P-gp) or multidrug resistance-associated
protein (MRP-1), play a critical role in the pharmacoki-
netics of different drugs classes including ASM. This
transporter hypothesis can explain PR and MDR to a
broad range of ASM, even when administered simulta-
neously. Since drug transporter expression can be
induced by several factors, such as hypoxia, inflamma-
tion, or even seizures themselves, a high frequency of
uncontrolled seizures in epilepsy patients can thus
increase the likelihood of drug resistance [155]. Further-
more, many of the established causes of epilepsy can con-
tribute to PR or MDR at the same time. A continuous
dysfunctional leaky BBB can result in repeated epilepto-
genic stimuli associated with epilepsy progression and PR
[156]. Both BBB related mechanisms of PR in epilepsy,
(i) the activation of drug transporters and (ii) the repeti-
tive leakage of albumin and other substances through the

BBB, are potential treatment targets in PR. Inhibitors of
P-gp, such as the repurposed Verapamil, have already
been studied in refractory epilepsy patients in pilot stud-
ies with reported success in a relevant proportion of trea-
ted patients [157, 158]. However, randomized prospective
controlled trials are still pending.

Regarding the second BBB related mechanism of PR,
it has been proposed that drugs stabilizing the BBB or
preventing pro-epileptic sequelae of continual BBB dys-
function could represent a new generation of agents to
prevent seizure activity in epilepsy patients [159, 160].
One study showed the tight junction protein claudin-5 is
enriched in brain endothelial cells and was significantly
diminished in surgically resected brain tissue from
patients with treatment-resistant epilepsy. Concomi-
tantly, dynamic contrast-enhanced MRI in these patients
showed widespread BBB disruption, and the administra-
tion of anti-claudin-5 antibody induced convulsions in a
non-human primate [161]. A knockdown of claudin-5 in
mice leads to spontaneous recurrent seizures, severe neu-
roinflammation, and mortality, whilst RepSox, a regula-
tor of claudin-5 expression, could prevent seizures in
experimental epilepsy [160]. Several other mechanisms of
BBB dysfunction described in this review are potential
targets for epilepsy therapy and reducing the seizure fre-
quency and duration could also reduce potential PR, as
these processes are interlinked. BBB homeostasis could
be achieved by the targeting of angiogenic growth fac-
tors, Wnt/β-catenin signaling (further discussed below)
and established drugs such as Rapamycin/Everolimus
and the angiotensin-type 1 receptor antagonist losartan
[10, 153, 159].

7 | THE BBB AS A POTENTIAL
THERAPEUTIC TARGET IN EPILEPSY—
APPROACHES FOR BBB STABILIZATION
AND PREVENTION OF SEIZURES AND
EPILEPSY

BBB dysfunction has been identified as a therapeutic tar-
get in several neurological disorders associated with vas-
cular leakage. Although the exact characteristic of BBB
dysfunction in epilepsy is not completely resolved, cur-
rent evidence suggests a peri-ictal BBB dysfunction in
both, animal models and epilepsy patients. While many
experimental therapeutic approaches have been tested in
experimental seizure models, there are currently no thera-
pies directly targeting the neurovasculature in epilepto-
genesis and ictogenesis. At present, novel therapeutic
approaches are aimed at indirect restoration of the BBB,
through the inhibition of inflammation caused by NVU
injuries [45, 46]. Consequently, drugs that tighten the
BBB may be considered as therapy or prevention of epi-
leptic seizures and further development of epilepsy
(Figure 1). While the identification of patients at risk for
seizures and epilepsy that might respond to BBB-
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tightening therapeutics represents a major clinical chal-
lenge, drugs that are already employed for vascular leak-
age syndromes might be considered for treatment of
patients where—based on clinical and radiological
data—a leaky BBB is considered instrumental in seizure
development and sustainment.

Of interest, albeit currently theoretical with regard to
epilepsy therapy, considerable progress has been achieved
in the treatment of age-related macular degeneration
(AMD) and diabetic macular edema (DME), both char-
acterized by an impaired, leaky blood–retina barrier
(BRB), [27, 56, 162]. Since anatomical structures and
physiological functions of BRB and BBB overlap, the
same class of drugs could potentially be applied for disor-
ders where BRB and BBB impairment are instrumental
in the pathophysiology of the diseases.

Examples of such drugs include the synthetic gluco-
corticoid dexamethasone, VEGF inhibitors, and, more
recently, Tie2-activating substances. Dexamethasone
(Dex) has been successfully applied for DME and is
widely used for vasogenic cerebral edema resolution. Dex
is currently the gold-standard for the treatment of peritumoral
edema in glioblastoma patients, despite the observation that
its application is associated with immunosuppression and lim-
ited survival [163].

Dex is also applied for epilepsy therapy where it was
shown to reduce inflammation, ictogenesis, and epilepto-
genesis [45, 46]. Mechanistically, Dex preserved junc-
tional integrity [46]. Further studies also demonstrated a
BBB-tightening effect using porcine brain microvascular
endothelial cells, where Dex was able to rescue VEGF-
mediated permeability [163]. Interestingly, Dex has been
shown to regulate the expression of Ang-1 and VEGF,
providing mechanistic insight in the BBB stabilizing role
[164]. However, Dex treatment induces profound unde-
sired effects, thus limiting its potential long-term applica-
tion in epilepsy [45, 46, 163].

VEGF inhibitors (Ranibizumab, Aflibercept) are
approved for the treatment of DME and AMD, and
adjuvant therapy in solid cancers (Bevacizumab) [27,
162]. In glioblastoma, bevacizumab led to the extension
of progression-free survival, potentially associated with
an anti-edema and corticoid-sparing effect [27, 163].
However, VEGF also directly affects the central and
peripheral nervous system, and described neuroprotective
effects could prevent durable usage of VEGF inhibitors
in epilepsy patients [165]. In epilepsy models, Sunitinib
has shown efficacy for seizure prevention [8].

Comparable to VEGF signaling, the Wnt/β-catenin
pathway mitigates vascular leakage in models of brain
pathologies [38, 166], but in contrast to VEGF approved
therapeutic options for patients are currently missing.
However, the brain endothelial-specific receptor complex
for Wnt7a/Wnt7b may provide an interesting future tar-
get for BBB modulation [167]. Indeed, in stroke and gli-
oma preclinical models, specific targeting of the
vasculature by adeno-associated virus (AAV) coding for

a dominant active form of Wnt7, leading to Wnt/β-
catenin activation in brain endothelial cells, ameliorated
BBB failure and disease progression [62]. However,
whether this therapeutic intervention might also be suit-
able for the treatment of epilepsy, further investigation is
required.

Noteworthy in this context is that activators of Tie2
signaling, such as the Ang-2 inhibitor Trebananib
(AMG386), and inhibitors of the vascular endothelial
protein tyrosine phosphatase (VE-PTP), can prevent cere-
brovascular leakage in animal models of stroke and gli-
oma [36, 39, 163]. The involvement of angiopoietin/Tie2
signaling in epilepsy was emphasized by Rigau et al. [52],
suggesting therapeutic targeting of this pathway for BBB
restoration and epilepsy therapy.

The VE-PTP inhibitor Razuprotafib, a brain-
penetrating small molecule Tie2 activator has been
investigated in clinical trials for patients with SARS-
CoV-2-associated pulmonary vascular leakage syndrome
(NCT04511650, NCT04488081). In DME and AMD the
therapeutic efficacy of razuprotafib was demonstrated
and appeared to be associated with limited systemic tox-
icity, suggesting the possibility of repurposing the drug
for cerebrovascular leakage syndromes treatments [27,
56]. Furthermore, Faricimab, an investigational bispeci-
fic anti-VEGF/Ang-2 antibody that inhibits VEGF and
activates Tie2, demonstrated efficacy across two global
phase III studies for DME (NCT03622580,
NCT03622593) and AMD (NCT03823287,
NCT03823300) [57], suggesting these novel classes of
vascular-stabilizing drugs are able to tighten the BRB
and BBB, and therefore could be applicable in patients
with cerebrovascular leakage syndromes associated with
epilepsy and other neurological disorders.

8 | CONCLUSION AND FUTURE
DIRECTIONS

A need for the development of novel epilepsy drugs
remains unchanged as drug resistance continues to be a
burden in one third of epilepsy patients. The BBB
involvement in epilepsy—in general and specifically in
drug resistant forms of epilepsy—hereby represents an
important topic that is an underappreciated aspect of sei-
zure management and should be pursued in future thera-
peutic approaches. It is well accepted that a
dysfunctional BBB and subsequent leakage of blood con-
tents into the brain parenchyma are important pathome-
chanisms of epileptogenesis. Currently, antiseizure
approaches to remedy BBB malfunction act indirectly on
NVU and/or parenchymal cells (i.e., to reduce inflamma-
tion) and do not directly target the BBB [45, 46].

Interestingly, as discussed in the previous sections,
basic proof of concept that BBB modulation may change
seizure pathology has recently been provided by Greene
et al. who demonstrated that restoring BBB integrity
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prevented seizures [160]. The authors demonstrated that
restoration of claudin-5 levels attenuated seizures and
neuroinflammation, and provided evidence for a direct
correlation between human epilepsy and claudin-5 levels
at the BBB. Thus, studies modulating the BBB to alter
seizure pathology preclinically or clinically are at initial
stages. Methods for diagnosis, and treatment for improv-
ing BBB function are under development. Novel imaging
techniques for the identification of BBB dysfunction in
epilepsy patients might further evolve as a biomarker in
future clinical routine.

Along with above mentioned neurovascular signaling
pathways that have been targeted in other CNS patholo-
gies for the restoration of BBB function, the current
review emphasized the exploration of novel therapeutic
approaches for targeting the BBB in epilepsy therapy as
opposed to parenchymal targets that have met with phar-
macoresistance [168].

In the light of the points discussed above, below are
some important issues/questions that will need to be
addressed in the future.

• BBB and NVU dysfunctions have emerged as a hall-
marks of epilepsy, however, detailed mechanistic
understanding on the role of the neurovasculature as a
potential target in epilepsy therapy is still needed.

• Will targeting of the neurovasculature provide a thera-
peutic strategy in refractory epilepsy therapy, and as a
remedy for BBB dysfunction provide a future therapeu-
tic strategy in refractory epilepsy therapy?

• Will diagnostic approaches, such as imaging of BBB
dysfunction in epilepsy patients, be applicable in identi-
fying individuals at risk for seizure development?
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