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Abstract 

Stroke is the most frequent cause of secondary epilepsy in the elderly. The incidence of cerebral stroke is increasing 
with the extension of life expectancy, and the prevalence of post-stroke epilepsy (PSE) is rising. There are various sei-
zure types after stroke, and the occurrence of epilepsy is closely related to the type and location of stroke. Moreover, 
the clinical treatment of post-stroke epilepsy is difficult, which increases the risk of disability and death, and affects 
the prognosis and quality of life of patients. Now seizure and epilepsy after stroke is more and more get the attention 
of the medical profession, has been more and more researchers have devoted to seizures after stroke and PSE clinical 
and basic research, and hope to get a scientific and unified guideline, to give timely and effective treatment, but the 
exact pathophysiologic mechanism has not yet formed a unified conclusion. It has been found that ion channels, 
neurotransmitters, proliferation of glial cells, genetics and other factors are involved in the occurrence and develop-
ment of PSE. In this review, we discuss the pathogenesis of early-onset epileptic seizures and late-onset epilepsy 
after stroke, in order to provide a basis for clinicians to understand the disease, and expect to provide ideas for future 
exploration.
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Background
Epilepsy is the most common neurological disorder and 
a chronic brain disease with multiple causes. It is char-
acterized by recurrent, paroxysmal, and transient central 
nervous system (CNS) dysfunction caused by excessive 
discharge of brain neurons. Genetic factors, abnormal 
labor (such as hypoxia, asphyxia, and head trauma during 
delivery), CNS infection, and anomalous brain develop-
ment are important etiologies of seizures and epilepsy in 
children. Cerebrovascular disease, craniocerebral trauma, 
intracranial infection and metabolic abnormality are 
common causes of seizures and epilepsy in adults [1]. In 
the elderly, the most common cause of epilepsy is stroke 
[2]. With the extension of life expectancy, the incidence 
of stroke increases yearly and the number of patients with 

post-stroke epilepsy (PSE) is also increasing. PSE refers 
to epilepsy that occurs after a hemorrhagic or ischemic 
stroke without a previous history of epilepsy, and is not 
accompanied by brain structural abnormalities or meta-
bolic disorders of other causes. The PSE accounts for 
about 30–50% of newly diagnosed epilepsy [3]. A large 
population-based study has shown that in the first year 
after stroke, the risk of epilepsy is about 23 times higher 
than that in the general population [4]. The International 
League Against Epilepsy has divided PSE into early-onset 
epileptic seizures and late-onset epilepsy. The early epi-
leptic seizures refer to seizures that occur within 1 week 
after stroke, mainly within 24 h, accounting for about 
57% of early epileptic seizures. Patients with early epilep-
tic seizures do not form a stable epileptic network, and 
the brain has the ability to self-repair, so they cannot be 
diagnosed as epilepsy, but be diagnosed as seizures. The 
late-onset epilepsy occurs over 1 week after stroke, with 
highest incidence at 6–12 months after stroke. Ninety 
percent of patients may have seizures again after one 
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attack [5, 6]. Patients with late-onset epilepsy have defi-
nite epileptogenic foci and form a stable epileptic net-
work, and are susceptible to recurrent seizures, thus they 
are diagnosed with epilepsy. PSE can aggravate disabili-
ties, affect patients’ quality of life and the outcome of the 
disease, and even lead to death. A comprehensive under-
standing of the pathogenesis of PSE is of great signifi-
cance for the treatment and prevention of this disease. In 
the following, the pathogenesis of early epileptic seizures 
and late epilepsy after stroke will be discussed in detail.

The pathogenic mechanisms of early‑onset epileptic 
seizures
Ion channel dysfunction
The stroke-induced acute ischemia and hypoxia can 
reduce the stability of nerve cell membrane and cause 
metabolic disorders of neuron. The acute brain injury can 
result in subsequent sodium pump failure, increased  Na+ 
influx and depolarization of membrane potential. When 
the membrane’s potential depolarization reaches a cer-
tain degree, calcium channels will be activated and  Ca2+ 
rapidly flow in [7], leading to an increase in intracellular 
 Ca2+ concentration. This results in overexcitation of neu-
rons, causing excitatory toxicity and gradual loss of func-
tions of local suppressor cells. When the local suppressor 
cells are unable to inhibit the spread of rhythmic, hyper-
synchronous discharges, epilepsy would occur [8].

Neurotransmitter imbalance
The early-onset epileptic seizures can also be caused by 
the disruption of the dynamic balance of neurotrans-
mitters. The excitatory glutamate and the inhibitory 
γ-aminobutyric acid (GABA) are the most essential neu-
rotransmitters in the CNS. Under physiological condi-
tions, the excitatory and inhibitory inputs to cortical 
neurons are dynamically and proportionally balanced, 
which maintain stable neural networks. Studies have 
shown that due to ischemia and hypoxia of brain tissue 
after stroke, a large amount of glutamate is released, and 
post-synaptic glutamate receptors are over-activated, 
leading to increased neuronal excitability and a state of 
irritability of the brain, making the brain susceptible to 
epileptic seizures in patients [9, 10]. In addition, after 
stroke, the mRNA and protein levels of GABA recep-
tor α1 subunit are reduced, or the transport of GABA 
receptor to the cell membrane is reduced, which weak-
ens the GABA receptor-dependent inhibitory post-
synaptic potential and decreases the seizure threshold. 
Thus, seizure is easily induced [11, 12]. Other studies 
have shown that in the early stage of ischemic stroke, 
the level of GABA and the activity of GABA neurons 
decrease, resulting in an ionotropic glutamate N-methyl-
D-aspartic acid receptor (NMDAR)-mediated increase of 

nitric oxide (NO). The M-type  K+ channel is an impor-
tant regulator of neuronal excitability; it can stabilize the 
resting membrane potential and affect the subthreshold 
excitability of inhibitory neurons. The increased NO 
can increase the excitability of the CNS by blocking the 
M-type  K+ channels, causing epileptic seizures [13–16].

Elevated serum cortisol levels
In the early stages of ischemic stroke, the hypothalamic–
pituitary–adrenal (HPA) axis is activated in response to 
stress, which ignificantly increases the level of cortisol 
in blood [17] . Cortisol is neurotoxic; it can aggravate 
the hypoxic injury to neurons and astrocytes, and affect 
the uptake and metabolism of glucose in the brain, thus 
inducing epileptic seizures [18, 19]. In addition, acute 
disorder with irritability is an independent predictnte 
glutamate receptors in the postsynaptic membrane of 
neurons, greatly increasing the excitability of the neurons 
[20]. Other studies have shown that after acute stroke, 
the high serum level of cortisol can also reduce the total 
number of nerve cells in the CA3 area of hippocampus 
and interfere with the neurogenesis of granulosa cells in 
adult rats, resulting in changes in temporal lobe structure 
and physiological function, leading to recurrent epilep-
tic seizures in the temporal lobe [20, 21]. In conclusion, 
in the early stage of acute stroke, the high serum level 
of cortisol is an important contributor to the onset of 
convulsion.

Deposition of hemosiderin
It is estimated that 4–16% of patients with hemorrhagic 
stroke will suffer epileptic seizure after intracerebral 
hemorrhage [22]. Studies have shown that hemosiderin 
deposition is closely related to the occurrence of early 
epileptic seizures after subarachnoid hemorrhage. Intra-
cellular reactions induced by free radicals and free iron 
can contribute to the structural changes in brain regions 
surrounding the site of hemorrhage, which can cause syn-
aptic recombination around the lesion and induce epilep-
tic seizures. When hemosiderin accumulates locally in 
the gray matter of the brain, the iron released from the 
precipitated hemosiderin mainly exists in the form of ion, 
which would lead to production of hydroxyl radicals and 
affect the oxidative stress level of cortical neurons, lead-
ing to the occurrence of epilepsy [23].

In addition to the above mechanisms of early epilep-
tic seizures, several other potential pathogenic mecha-
nisms have been proposed, such as acute electrolyte 
disturbances (such as increased intracellular calcium 
and sodium concentrations) in the ischemic penumbra 
surrounding the stroke lesion, which lead to depolariza-
tion of neuronal membrane; increased concentration of 
extracellular glutamate; impaired function of GABAergic 
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interneurons. This series of changes leads to the diffuse 
depolarization potentials in the ischemic penumbra. 
The depolarization potentials spreads from the ischemic 
penumbra to the ischemic core. Due to the continuous 
depolarization of neurons, epileptic seizures may occur 
[24]. There is also a possibility of ischemia-reperfusion 
injury caused by recanalization in the acute phase of 
ischemic stroke, and ischemic blood oxygen caused 
by local or diffuse vasospasm in hemorrhagic stroke. 
Ischemia and hypoxia can cause metabolic disorders 
of stroke-related neurons, increase neuronal excitabil-
ity, and lead to eclampsia after stroke [10]. Studies have 
reported that the early epileptic seizures result in higher 
disability and mortality rates than late epilepsy [25]. In 
addition, people with advanced epilepsy have permanent 
structural changes in the brain. These structural changes 
cause neurons to fire abnormally and form fixed net-
works, which can lead to recurrent seizures [26].

The pathogenic mechanisms of late epileptic seizures
Astrocytic proliferation
In later stages of stroke, the CNS is damaged, because 
the glial scar formed by reactive astrocytes can cause 
acquired epilepsies. The astrocytic formation of scar 
changes the physiological function of astrocytes, affect-
ing the function of the neural network and leading to late 
epilepsy. Some studies have indicated that after stroke, 
upon acute brain injury, astrocytes far from the injury 
form long hypertrophic projections that grow toward the 
injury site. On the other hand, the protrusions formed 
by astrocytes in the core of the injury are arranged radi-
ally and evenly, overlap with each other, and form glial 
scars together [27]. The phenotypes of scar formation 
vary, mainly depending on the location of the injury. The 
morphological change of astrocytes after brain injury is 
relatively slow. Although the hypertrophic astrocytes 
can return back to a normal phenotype, the scar-forming 
astrocytes persistently express increased glial fibrin, even 
after the acute injury triggers disappear, therefore hav-
ing permanent morphological changes [28]. Other stud-
ies have reported that astrocytes can release glutamate 
through Swell1 channels. In a study on the effects of glu-
tamate release on neuronal excitability, mice with knock-
out of the Swell1 channel gene release less glutamate and 
thus have lower neuronal excitability than those with-
out knockout [29]. After stroke, the increase of astro-
cytes lead to significantly increased release of glutamate 
through Swell1 channel, which has excitotoxicity effects 
on neurons and induce seizures. Other studies have 
shown that the increase of astrocytes is a common feature 
of late seizures after stroke. Astrocytes undergo morpho-
logical changes upon activation in many CNS diseases. 
Reactive astrocytes can be potential contributors to 

neuronal hyperexcitability and seizures. Reactive astro-
cytes have morphological and protein expression changes 
after stroke, while being deficient in physiological func-
tion, leading to impairment of glutamate homeostasis 
and increased production of excitatory neurotransmit-
ter glutamate. At the same time, reactive astrocytes have 
impaired ability to absorb  K+ and decreased synthesis 
of inhibitory neurotransmitter GABA. The increase of 
glutamate and the decrease of GABA result in increased 
excitability of neurons and decreased threshold of sei-
zures, leading to increased susceptibility to seizures. 
Reactive astrocytes also have changed composition of 
extracellular matrix, which indirectly affects synaptic 
function and neuronal homeostasis [30], thereby promot-
ing the occurrence of epileptic seizures.

Damage of blood‑brain barrier (BBB)
BBB refers to the barrier between plasma and brain cells 
formed by cerebral capillary wall and glial cells, and the 
barrier between plasma and cerebrospinal fluid formed 
by choroid plexus. These barriers can prevent the entry 
of some substances to the brain from blood. During an 
ischemic stroke, the BBB is destroyed, and the blood 
components seep into the brain tissue and impair neu-
ronal function [31]. Cerebral ischemic injury can cause 
a late-onset vasogenic brain edema, which is related to 
the BBB damage [32, 33]. BBB injury causes a flow of a 
large amount of blood-derived fluid to the extravas-
cular space. Albumin is one of the most abundant pro-
teins in blood, so one of the most obvious changes after 
BBB injury is the presence of albumin in brain tissue. In 
a mouse model of photothrombotic cortical stroke with 
cortical infarcted areas around the hippocampus, albu-
min extravasation was detected in the cortex, hippocam-
pus, and some isolated cortical areas around the cerebral 
infarction. The extracellular albumin binds to the trans-
forming growth factor β (TGFβ) receptor on astrocytes, 
activating TGFβ signaling in astrocytes, changing the 
gene expression of astrocytes and down-regulating the 
inward rectifier potassium (KIR4.1) channels and water 
(water channel 4) channels of astrocytes, which decreases 
the uptake of  K+ and glutamate by astrocytes. With the 
increase of extracellular  K+ and glutamate concentra-
tions, the excitotoxicity of neurons increases and epi-
leptic seizures are induced [34, 35]. Other studies have 
found that after stroke, the active components released 
from cells cause inflammation, resulting in damage to the 
integrity of BBB and increased permeability. Serine pro-
teases (such as plasmin and thrombin) in blood infiltrate 
into the brain tissue, activate protease-activated receptor 
(PAR). the number of NMDARs has increased due to the 
activation of NMDARs, resulting in glutamate-mediated 
excitotoxicity [36]. In mice with pilocarpine-induced 
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status epilepticus, the level of thrombin in hippocampal 
CA1 region increases significantly. Even a slight increase 
in thrombin can significantly increase the number of 
NMDARs, induce excitatory neurotoxicity and lead to 
seizures [37]. The increased expression of NMDAR can 
promote the formation of axons and the formation of 
new synapses. However, after stroke, a large number of 
PAR1 is activated, the NMDAR is overexpressed, and 
pathological synaptic reconstruction is activated, which 
lead to the reconstruction of neural network, and subse-
quent destruction of brain function and onset of seizure 
[26]. In a prospective study in 28 patients aged between 
38 and 90 years with late-onset epilepsy after cortical 
stroke, brain DTPA-SPECT within 72 h of the first sei-
zure showed BBB disruption in the stroke area in 85.7% 
of the patients with late-onset epilepsy after cortical 
stroke, compared to 28.6% of patients without epilepsy 
after cortical stroke [38]. Recent studies have also shown 
that the disruption of BBB is the cause of seizures and has 
become an important factor in the formation of epileptic 
foci or epileptogenic foci [39].

Genetics and genes
About 30% of all epileptic syndromes are hereditary, 
and more than 500 genetic loci have been revealed to be 
associated with epilepsy in humans and mice [40]. Some 
studies have discussed the relationship between hered-
ity and PSE and found that a polymorphism of the rs671 
allele encoding mitochondrial acetaldehyde dehydroge-
nase 2 (ALDH2) is associated with late post-stroke sei-
zures. Patients with the rs671 allele polymorphism have 
higher levels of 4-hydroxy-2-nonanal (4-HNE), a specific 
marker of oxidative stress. The level of 4-HNE is signifi-
cantly increased in genetically susceptible stroke rats, 
experimental rats with middle cerebral artery occlusion, 
and patients with epilepsy after stroke. The increase of 
4-HNE is related to epilepsy in the late stage of ischemic 
stroke. ALDH2 metabolizes 4-HNE to acetic acid and 
detoxifies aldehydes produced by reactive oxygen spe-
cies to reduce neuronal apoptosis [41]. Accumulating 
evidence has shown that oxidative stress caused by the 
increase of reactive oxygen species or nitrogen is related 
to the occurrence and development of epilepsy [42]. In 
another study on the relationship between CD40 func-
tional polymorphism and susceptibility to epilepsy after 
stroke, the expression of CD40 mRNA and protein in 
peripheral blood mononuclear cells of PSE patients was 
significantly higher than that of normal control patients 
with ischemic stroke. In addition, in patients with late 
epilepsy after stroke, the plasma sCD40L level and CD40 
mRNA expression were increased in T-allele carriers. 
This study suggests that the CD40-1C/T allele polymor-
phism is related with the susceptibility to epilepsy after 

stroke [43]. In addition, in a study on whether the func-
tional polymorphism of TRPM6 (rs2274924) is related to 
the susceptibility to epilepsy after ischemic stroke, three 
genotypes of TRPM6 rs2274924 were identified by DNA 
sequencing: TT, CT and CC. The frequency of CC geno-
type in patients with PSE was significantly higher than 
that in the control group without epilepsy, and the dis-
tribution of rs2274924C allele was wider in patients with 
PSE. The C allele of rs2274924 is related to low serum lev-
els of  Mg2+, increase the intracellular  Na+, promote the 
exchange of sodium/calcium, increase the concentration 
of intracellular  Ca2+, increase the excitability of neurons, 
and induce seizures. It is inferred that the polymorphism 
of TRPM6 rs2274924 and the low level of serum  Mg2+ 
are potential predictors of epilepsy after stroke [44].

Structural changes of brain network
With development of electrophysiological and neuroim-
aging studies on the structure and function of the brain, 
epilepsy is increasingly considered a whole functional 
disorder of the brain. In recent years, the mechanism of 
epilepsy has been gradually explained from the perspec-
tive of neural networks. Susan S. Spencer defined the 
epileptic network between anatomy and function of the 
cerebral cortex and subcutaneous structures. Abnormal 
activity of any part of the network will affect the activity 
of all other parts [45]. Late epilepsy after stroke, as typi-
cal focal seizures, are also related to changes in neural 
networks. Some studies have shown that ischemia and 
hypoxia can lead to massive neuronal loss and damage, 
but the brain still has a certain ability of endogenous 
regeneration to generate new neurons, which can then be 
integrated into primitive neuronal pathways [46]. Abnor-
mal discharge of the newly generated neural networkcan 
cause seizures. As an in vitro model of acquired epilepsy 
caused by stroke, hippocampal neurons were cultured 
with different concentrations of glutamate for different 
durations. Glutamate induced death or stroke-like injury 
in neuronal subsets; some neurons die from excitotox-
icity, while more neurons survive after injury, similar to 
those in the ischemic penumbra. The surviving neurons 
show spontaneous, recurrent, epileptic discharges in the 
neural network [47]. In addition, in thrombin-focused 
animal models, the PAR pathway can be considered as 
the central hub of this regulatory brain network, mainly 
through thrombin or activated protein C. These proteins 
can interfere with synaptic homeostasis and affect synap-
tic plasticity, thus regulating neural networks and caus-
ing seizures [48]. In addition, in 7-month-old mice which 
suffered neonatal strokes caused by unilateral carotid 
ligation, the induction of activity-regulated cytoskeleton 
associated protein (Arc) in hippocampal neurons was 
impaired in the bilateral hippocampi, indicating that the 
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bilateral functional hippocampal circuits are activated by 
joint input from the cerebral hemisphere. In addition, the 
epilepsy after stroke may stimulate neurogenesis on the 
contralateral side, thus increasing the susceptibility of 
neural network to epilepsy [49]. Mossy fiber sprouting in 
the hippocampus can be observed at the site of acquired 
epilepsy, and can be observed in both the diseased side 
and the non-diseased hemisphere. However, there are 
relatively few studies on the changes of epileptic func-
tional network after stroke. Further research is needed 
to clarify the relationship between neural networks and 
PSE.

Regional hemodynamic changes
Local changes in cerebral blood hemodynamics may also 
induce seizures. In a study of local cerebral blood flow in 
patients with persistent psycho-behavioral changes after 
epileptic seizures, there were significant increases in local 
cerebral blood flow and volume in 9 patients with non-
convulsive continuous state seizures, compared with 10 
patients with postictal state [50]. In another study, 78.9% 
of patients with PSE had regional cortical hyperperfusion 
at the onset, with significantly increased local cerebral 
blood flow (rCBF) values in the affected and unaffected 
cortical areas. Cerebral perfusion CT at 90 days of follow-
up showed that 8 of the 9 patients had decreased intensity 
of high-perfusion area and rCBF value, which suggested 
that some epileptic seizures may be caused by changes in 
local cerebral perfusion [51]. Another study showed that 
the incidence of epileptic seizures after thrombolysis is 
4–15%, the incidence of early seizures is 2.5–5%, and the 
incidence of late seizures is 1.5–11.3%, higher than the 
incidence of PSE without thrombolysis. In addition, epi-
leptic seizures during or after thrombolysis may be a sign 
of successful reperfusion, thus the local hemodynamic 
changes caused by reperfusion therapy are risk factors for 
epileptic seizures [52].

Conclusions
Stroke is the most common cause of acquired epilepsy. 
The pathogenesis of epilepsy after stroke has been stud-
ied in depth, with some mechanisms confirmed while 
others being new hypotheses that awaits confirmation. 
Currently, it is widely accepted that epilepsy occurs after 
stroke due to the imbalance of excitatory and inhibitory 
transmission in the CNS. Some mechanisms have also 
been proposed, including metabolic abnormalities, syn-
aptic reorganization, proliferation of astrocytes, destruc-
tion of BBB, genetic susceptibility and changes in brain 
network structure. In particular, the changes of brain 
network structure in patients with epilepsy after stroke 
are receiving more and more attention, and further stud-
ies are needed to determine the independent predictors 

of post-stroke seizures and different types of seizures, 
in order to guide clinical prediction of stroke patients 
who may develop some type of epilepsy. It is impor-
tant to investigate the new brain network structure in 
patients with epilepsy after stroke to determine whether 
there is a new fixed epileptogenic network. This will pro-
vide insight into targeted drug intervention strategies in 
patients with specific brain network structure to prevent 
the onset of epilepsy and ameliorate aggravation of dis-
ability in patients with stroke.
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