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Post stroke epilepsy (PSE) is the most common cause of seizures in the elderly, yet
its underlying mechanism is poorly understood. The classification of PSE is confusing,
and there is neither a clear agreement on its incidence and prognosis nor a consensus
about specific treatments. The diagnosis of PSE requires the occurrence of late seizures:
epileptic events occurring 1 week or more after an ischemic stroke. Late seizures differ
from early seizures by the presence of permanent structural changes in the brain.
Those structural changes cause a shift in the regulation of neuronal firing and lead
to circuit dysfunctions, and thus to a long-term epileptic condition. The coagulation
cascade and some of its major components, serine proteases such as thrombin, are
known to participate in the acute phase of a stroke. Recent discoveries found that
thrombin and its protease-activated receptor 1 (PAR1), are involved in the development
of maladaptive plasticity. Therefore, we suggest that thrombin and PAR1 may have a
role in the development of PSE by inducing permanent structural changes after the
ischemic events toward the development of epileptic focuses. We are confident that
future studies will lead to a better understanding of the pathophysiology of PSE, as well
as development of more directed therapies for its treatment.

Keywords: thrombin, seizure, post stroke epilepsy, proteases-activated receptor 1, ischemic stroke

INTRODUCTION

Cerebrovascular diseases are a major cause of disability worldwide and are the most common cause
of seizure in the elderly population (Tomari et al., 2017) As stroke contributes to a significant
portion of newly diagnosed epilepsy cases (Beghi and Giussani, 2018; Feyissa et al., 2019), there is an
urgent need to further investigate this co-morbidity, which is yet poorly understood. A major cause
for this lack of information lies in the high variance of the incidence of stroke-related seizures which
range from 2 to 20% among different studies (Wang et al., 2017). The lack of clear epidemiological
data both alters the ability to assess the impact and significance of post stroke epilepsy (PSE) as
well as humpers clinical care by leaving many cases misdiagnosed and untreated. The major causes
for this variability derive from multiple stroke etiologies (Stefanidou et al., 2017), inconsistent
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definitions of stroke related seizure and PSE (Stefanidou et al.,
2017; Zhao et al., 2018), variations in time of follow up
(Stefanidou et al., 2017; Zhao et al., 2018) and lack of organized
protocols (Pitkänen et al., 2016).

As a consequence of these discrepancies, little is known
about the relatively common condition of stroke related seizure.
A limited comprehension of the mechanisms underlying the
connection between stroke and epilepsy are significant as it
contributes to the faults described in clinical evaluation and
treatment. Fortunately, recent discoveries involving activation of
the coagulation cascade in the context of blood brain barrier
(BBB) breakdown after stroke are providing novel data on the
possible pathophysiological mechanisms of PSE which may lead
to novel diagnostic and therapeutic tools. In this review, we will
shortly describe the state-of-the-art knowledge on early seizure
(ES) and PSE, discuss the role of the proteases involved in
this process and try to elucidate how proteases are related to
development of circuit dysfunction and maladaptive plasticity
leading to epilepsy in the context of ischemic stroke.

POST STROKE SEIZURES AND
EPILEPSY

In an attempt to settle the discrepancies mentioned above, The
International League Against Epilepsy defined criteria that try
to differentiate between two types of stroke related seizure by
their time of onset. ES occurs within a week after stroke and
a late seizure (LS) takes place at least a week or more after
an ischemic event (Arboix et al., 2003; Lamy et al., 2003; Xu,
2019). This separation has a critical and functional importance:
the pathological mechanisms underlying both conditions seem
to have distinct differences. ES is related to acute ischemic
changes such as hypoperfusion, variations in calcium and
sodium concentrations and glutamate release (Myint, 2006). This
temporary ischemia may lead to uncontrolled epileptic activity
that halts when the patient passes the acute phase. Differently, LS
is a long-term continuing disorder resulting from the permanent
structural and functional remodeling of damaged brain areas
after an ischemic stroke. Importantly, unlike ES, this long term
condition has high probability to lead to permanent changes in
neuronal excitability (Silverman et al., 2002), an hyperexcitability
state leading to increased risk of epileptic activity. PSE diagnosis
is based on the presence of two recurrent seizures, which were not
provoked by any factor (metabolic, toxic or other) and did not
occur in the acute phase of stroke (Sarecka-Hujar and Kopyta,
2019). Therefore, PSE diagnosis does not follow ES, only the
occurrence of a LS is required (Zhao et al., 2018).

It is hard to predict which patient will develop ES, LS, and PSE,
but certain risk factors are involved. For example, specific stroke
types, such as hemorrhagic stroke and total anterior circulation
stroke are strongly correlated with increased chance of PSE
(Leone et al., 2009; Graham et al., 2013). ES, with an overall
prevalence of 3.8% (Feher et al., 2019), is also correlated with
similar stroke groups, being more common after hemorrhagic
(8.4%) compared to ischemic stroke (2.4%) (Szaflarski et al.,
2008). The extent of cortical injury is also considered to be an

important issue for both ES and LS, as studies have shown that
the involvement of the parietotemporal cortex, supramarginal
gyrus and superior temporal gyrus seems to be connected to
post stroke epileptogenesis (Zhao et al., 2018). Lacunar strokes
are also associated with PSE, accounting for 11% of PSE cases
(Pitkänen et al., 2016; Zhao et al., 2018). However, they are
less representative than ischemic events with significant cortical
involvement (Pitkänen et al., 2016).

Management of ES and PSE is of major importance, yet the
present guidelines do not give a definitive curriculum for the
management of those patients. While the current criteria for
antiepileptic drug selection are based on the specific individual
background of the patient, no consideration on either seizures
pathogenesis or risk factors to develop ES and PSE in the
future (De Reuck, 2009; Gilad, 2012) are part of the clinical
decision process. The identification of the risk for developing
ES and PSE through better classification may allow precise
treatment that will benefit patients that are currently managed
as generic focal epilepsy with no regard to prior cerebrovascular
event (Wang et al., 2017). According to recent studies, nearly
35% of the patients with ES, LS, and PSE are resistant to
antiepileptic treatment. Critically, both the drug resistant and
seizure free patients suffer more of drugs adverse effects than
general epilepsy patients (Xu, 2019). Additional limitations can
be found regarding the prediction of PSE patient outcome.
Different studies have shown either an increased (Arntz et al.,
2015) or no association (Arntz et al., 2013) of PSE to risk of
mortality or disability based on Modified Rankin Scale. If in
the future better diagnostic and prognostic tools will be found,
medical decisions regarding PSE management may be dealt in a
more precise manner then it is today.

PROTEINS AND PROTEASES INVOLVED
IN ES AND PSE

In recent years, several studies have suggested a novel approach
which may be key for understanding the basic pathological
mechanisms associated with the development of ES and PSE.
This novel approach is targeting a number of key proteins
and proteases involved in the acute phase of stroke that can
increase the risk to develop epileptic conditions (Lee et al.,
1997; Isaeva et al., 2012; Terunuma et al., 2019). Thrombin,
a serine protease derived from the prothrombin cleavage
by activated factor X, has a major role in the coagulation
cascade (Coughlin, 2000; Göbel et al., 2018) since it mediates
the conversion of fibrinogen to fibrin and activates other
coagulation factors V, VIII, XI, XIII, and protein C. Thrombin
signaling depends on binding to its receptor, the protease-
activated receptor (PAR1), a member of the G coupled receptor
family, and has a major influence on endothelial disruption,
cytotoxicity and inflammation (Coughlin, 2000; Chen et al.,
2010; Pleşeru and Mihailă, 2018). Thrombin also serves as
an important therapeutic target. Dabigatran, a non-vitamin K
antagonist oral anticoagulant approved for stroke prevention
in atrial fibrillation patients, is a direct thrombin inhibitor
(Alberts et al., 2012).
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FIGURE 1 | Suggested model – Ischemic stroke leading to maladaptive plasticity and PSE: Following a cerebral vascular occlusion, thrombin increases in the brain.
This increase may be as a result of BBB breakdown and entrance of vary blood components into the brain parenchyma or by brain tissue intrinsic production.
Thrombin and its main receptor PAR1 enhance NMDA receptor activity and calcium entry, thus leading to a hyperexcitable state and to maladaptive plasticity.
Eventually, synchronized epileptic activity occurs as a part of a PSE condition. Created with BioRender.

Beyond its major role in cerebrovascular disease, thrombin has
also been pointed as main character in the development of ES
after stroke. In acute stroke, cytokine activity promotes an intense
neuroinflammation, which underlies BBB disruption. Loss of
BBB integrity induces an increase in permeability, facilitating
influx of blood components into the brain parenchyma
(Abdullahi et al., 2018; Yang et al., 2019). Among various blood
components, there is also penetration of serine proteases, such
as plasmin and thrombin (Gingrich and Traynelis, 2000), that
in turn activates PAR receptors (Ben Shimon et al., 2015).
This activation enhances NMDA receptor and calcium overload,
thus inducing glutamate mediated neurotoxicity (Gingrich et al.,
2000; Stein et al., 2015). Excitatory and inhibitory synapses may
be both involved in this process, either through Bestrophin-
1 anion channel opening and consequent PAR1 activation in
astrocytes (Park et al., 2015) and/or a direct activation of PAR1
in inhibitory interneurons (Maggio et al., 2013). In the former
case, through an astrocytic mediated response, an increase in
synchronous neuronal firing is achieved (De Pittà and Brunel,
2016; Murphy et al., 2017). In the latter scenario, the activation
of PAR1 in interneurons might directly affect IPSCs and thus
enhance the excitability of the neuronal network (Maggio
et al., 2013). In both cases, a significant hyperexcitable state is
established and contributes to seizure onset in the acute phase
of stroke (Figure 1).

Thrombin and PAR1 signaling contribution to ES is relatively
clear. However, knowledge about their action in late cortical
remodeling remains limited. A possible late outcome of their
signaling could modify physiological plasticity and eventually
lead to the development of maladaptive plasticity that can trigger
PSE. Future research should seek to unravel how and when this
critical shift occurs.

STROKE AS A LEADING CAUSE FOR
MALADAPTIVE PLASTICITY AND
CIRCUIT DYSFUNCTION

One of the main phenomena involved in synaptic plasticity
is long term potentiation (LTP), a process which induces
active strengthening of synapses, thus posing an important

part of memory and learning processes (Rumpel, 2005;
Nabavi et al., 2014). LTP requires the activation of NMDA
receptors (NMDAR), which in turn leads to increased
calcium influx, a hallmark of synaptic plasticity. The calcium
influx induces the expression of more NMDAR as well
as increasing axonal sprouting and the formation of new
synapses, further strengthening the synapse in the process of
positive feedback (Zhou et al., 2015; He and Jin, 2016). LTP is
input specific, since it is originated and spread only through
relevant synapses that will participate in plasticity process
(Luscher and Malenka, 2012).

Proteins and proteases involved in ES and PSE
pathophysiology also contribute to homeostatic plasticity.
Under normal conditions, PAR1 has several functions in
the CNS, such as mediating nerve growth factor release
and astrocyte proliferation (Noorbakhsh et al., 2003). In
the hippocampus, the major expression of PAR1 is in
astrocytes, which are responsible for glutamate release and
NMDAR enhancement, crucial for LTP process (Almonte
et al., 2013). Additionally, it has been shown that thrombin
effects, via PAR1 activation, are dose dependent. Low doses
of thrombin enhances plasticity, contributing to learning
and memory formation, while high concentration, which
typically occurs after stroke, inhibit this physiological
pathway and activate a pathological form of plasticity
(Ben Shimon et al., 2015).

Under stress, such as the one caused by oxygen and glucose
deprivation, the role of ischemic LTP (iLTP), a pathological form
of LTP, alters physiological plasticity.

Ischemic LTP and LTP have shared mechanisms,
since both work through activation of NMDAR, but also
bear major differences. iLTP is not input specific like
physiological LTP, since it is more specific to NMDA
and not necessarily linked to memory (Lenz et al., 2015).
Additionally, it has been shown that iLTP can inhibit
physiological LTP (Lyubkin et al., 1997), resulting in deficits
of hippocampal LTP thus leading to cognitive deficits (Orfila
et al., 2018). Therefore, iLTP can enhance a process called
maladaptive plasticity, which leads to a restructure of
neuronal network and consequently disruption of function
(Ben Shimon et al., 2015).
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Under acute ischemic conditions, an excessive glutamate
influx drives toxic processes such as extreme excitotoxicity and
hyperexcitability (Lai et al., 2014). To protect the brain and
compensate for neuronal loss, plasticity processes occur through
mechanisms such as iLTP (Stein et al., 2015). However, as
mentioned above, iLTP can also lead to pathological forms of
plasticity, or maladaptive plasticity and consequently a loss of
function. This process can lead eventually to the formation
of synchronized neuronal circuits, that in turn can end up
as epileptic focuses (Cerasa et al., 2014). Interestingly, it has
been shown that, under normal conditions, PAR1 inhibition
has no influence on dendritic morphology, which is affected
during iLTP process. This implicates that PAR1 targeted therapy
could be effective under iLTP conditions, without altering
normal brain tissue (Schuldt et al., 2016). While iLTP processes
occur in the early phase of ischemic stroke and lead to ES,
the mechanism leading to PSE remains unclear. Accumulating
evidence suggests that BBB damage and exposure to blood
protein and proteases may be involved also in LS and epilepsy
(Figure 1). For example, recent studies point that albumin plays
a role in epileptogenesis after BBB breakdown. In this context,
albumin, through TGF-β signaling activation in astrocytes, leads
to abnormal reorganization of neuronal circuits and excitatory
synaptogenesis, facilitating seizure. Similar mechanisms could
also play a role in PSE, as a synergic interaction of proteins and
proteases such as thrombin can result in long-term maladaptive
plasticity (Friedman et al., 2009; Kim et al., 2017).

Another consequence of maladaptive plasticity is linked to
the cognitive outcome. Stroke is known as a major cause of
long term cognitive decline (Cao et al., 2015). Additionally,
recent studies have shown that thrombin induced neurotoxicity
also plays a role in neurodegenerative processes and leads
to cognitive deficits (Mhatre, 2004; Stein et al., 2015) which
involve damage to reference memory and latency (Mhatre,
2004). Specific analysis of thrombin toxicity in ischemic stroke
animal models has also identified damage to similar cognitive
functions that could be rescued using direct thrombin inhibitors
(Chen et al., 2012).

The role of the serine proteases in the late phase of
ischemia and their contribution to maladaptive plasticity and PSE
development remains still unclear. A better comprehension of
the influence of brain thrombin in the development of seizures

is required to gain deeper understanding of these pathological
processes for the development of targeted therapy.

SUMMARY AND CONCLUSION

Post stroke epilepsy is a significant cause of epilepsy, yet the
underlying mechanisms leading to this condition are mostly
unknown. Better understanding of PSE pathology and its
connection to ES is a crucial step forward, since it is possible
that proper management and treatment of ES might modify the
processes of maladaptive plasticity and delay or prevent PSE
development. The lack of precise therapies will continue to be a
major obstacle going forward, as yet no clinical trials have been
set to compare the effectiveness of existing antiepileptic drugs
in PSE management.

Additionally, emerging mechanisms found in recent years
might provide a possibility to repurpose drugs indicated to other
pathologies such as ischemic stroke to ES and PSE patients. In
acute stroke, as a result of thrombin enhancement and iLTP
induction, the strengthening of excitatory synapses leads to
an hyperexcitable state and facilitates ES. Therefore, it can be
beneficial to asses in future studies whether treatment of stroke
patients with anticoagulants, specifically thrombin inhibitors,
might prevent the onset of maladaptive plasticity and possibly
reduce the incidence of PSE. If a significant difference is found,
it may be beneficial to also study the impact of anticoagulation
therapy on seizure frequency among other populations of
epileptic patients. Surely, careful selection of patients is needed to
test this latter hypothesis: patients with generalized tonic clonic
seizures may be at high risk for hemorrhages in case of falls.

All in all, as the incidence of PSE is expected to increase in
the incoming decade, more research toward the understanding
of PSE mechanisms is urgently needed. A possible search for
better PSE animal models as well as the seek of possible
biomarkers (i.e., levels of in thrombin CSF) will improve patient
management in the future.
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