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A B S T R A C T

The new coronavirus has spread throughout the world in a very short time and now has become a pandemic.
Most infected people have symptoms such as dry cough, dyspnea, tiredness, and fever. However, the Covid-19
infection disrupts various organs, including the liver, kidney, and nervous system. Common neurological
symptoms of the Covid-19 infection include delirium, confusion, headache, and loss of sense of smell and taste.
In rare cases it can cause stroke and epilepsy. The virus enters the nervous system either directly through nerve
pathways or indirectly through the ACE2 receptor. The neurological symptoms of a Covid-19 infection in the
brain are mainly due to either the entry of pro-inflammatory cytokines into the nervous system or the production
of these cytokines by microglia and astrocytes. Pro-inflammatory cytokines can cause blood-brain barrier dis-
ruption, increase in glutamate and aspartate and reduce GABA levels, impairs the function of ion channels, and
finally, high levels of cytokines can cause epilepsy. Understanding the potential mechanisms is necessary to gain
better insight into COVID-19 induced seizure pathogenesis and to design the correct treatment strategies to
achieve appropriate treatment for seizure and epilepsy.

1. Introduction

Coronavirus or COVID-19 has affected many people around the
world and is now a major global health threat. COVID-19 was first re-
ported in December 2019 in Wuhan, Hubei Province, China. In January
2020, the WHO identified it as a new severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). According to the WHO report on August
2020, more than 19 million laboratory-approved cases have been re-
ported in 202 countries. Unfortunately, COVID-19 has resulted in more
than 700,000 deaths [1].

The major symptoms in infected people include fever, dry cough,
aches, pain, tiredness, chills, headache, anorexia, and loss of smell or
taste. Covid-19 can also cause some organs to fail, such as the re-
spiratory system, kidneys, liver, and heart. Cardiovascular complica-
tions may include heart failure, irregular electrical activity in the heart,
coagulation disorders, and acute myocardial injury [2]. Moreover, in
some people, gastrointestinal symptoms (GI) such as anorexia, nausea,
vomiting, diarrhea, and abdominal pain are associated with COVID-19
[3]. These symptoms may start before other symptoms such as fever,
aches, and cough.

People infected with COVID-19 also may experience neurological
symptoms [4] and these neurological manifestation may occur with or
without cardiovascular and respiratory symptoms [5,6]. Specific

neurological symptoms accompanying the COVID-19 infection include
loss of smell and taste, muscle weakness and pain, tingling in
the hands and feet, vertigo, delirium, ischemic and hemorrhagic stroke,
and seizures.

Epilepsy is one of the most common, sudden, and recurrent neuro-
logical disorders, affecting about 50 million people worldwide. The
exact mechanisms leading to seizures are not yet completely under-
stood. However, the suggested mechanisms include a sever increase in
neuronal excitability following an imbalance in the ion channel func-
tion, either as an increase in excitatory neurotransmitters of glutamate
and aspartate or a decrease in the γ-aminobutyric acid (GABA) neuro-
transmitter [7]. Other causes of epilepsy include acute metabolic dis-
orders such as hypo or hyperglycemia, electrolyte imbalance, acute
neuronal damage following infection and inflammation, stroke, head
trauma, mitochondrial dysfunction, hypoxia, and fever.

Only a few studies have been so far conducted to investigate the
underlying mechanism of neurological complications of COVID-19,
especially seizures and epilepsy. In the following sections, we discuss
the five possible mechanisms of epilepsy induced by COVID-19.
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2. COVID-19, Epilepsy and central nervous system inflammation
(cytokine storm)

Like all six previous beta-coronaviruses, COVID-19 has the ability to
enter the nervous system and causes neurological symptoms. The an-
giotensin-converting enzyme 2(ACE2) receptor provides the entry route
for the coronavirus to infect human host cells. These receptors are
mainly found in the brainstem and are responsible for regulating car-
diovascular and respiratory function. Like both the Acute Respiratory
Syndrome (SARS) and Middle East Respiratory Syndrome (MERS),
COVID-19 may also enter the brain directly through the olfactory tract
without the need for ACE2 receptors [8]. The neural pathway is a very
important way for the virus to enter into the central nervous system.
Viruses can travel into the central nervous system either by infecting
sensory or motor neurons or by anterograde transport machinery, using
kinesin and dynein [9]. After the invasion, the virus triggers reactive
astrogliosis and activates the microglia to induce a large inflammatory
cascade. Virus entry into the central nervous system leads to the release
of pro-inflammatory cytokines (TNF-α, IL-6, IL-1B), nitric oxide, pros-
taglandin E2, and free radicals, and causes chronic inflammation neural
hyper-excitability, seizure, and death [10,11]. Inflammatory cytokines
exacerbate apoptosis and neuronal necrosis in the central nervous
system, specifically in different parts of the hippocampus, and these
pro-inflammatory cytokines play a key role in epileptic pathogenesis.
They also cause epilepsy by increasing glutamate and decreasing GABA
in the cerebral cortex and hippocampus. One of the most harmful ef-
fects of these cytokines is the secretion of neurotoxic compounds
through the autocrine/paracrine mechanisms. These cytokines increase
the entry of calcium into neurons through AMPA and NMDA receptors,
thereby increasing the neuronal hyper-excitability and death [12,13].

IL-Iβ, which expresses in active microglia and astrocytes, produces
the highest concentration of glutamate in the synapses, and increasing
the release of glutamate from astrocytes or reducing the reabsorption of
glutamate can lead to neuronal hyper-excitability [14]. Laboratory and
clinical observations have shown that pro-inflammatory cytokines have
a very important role in the onset and maintaining of epilepsy. IL-1β
may also induce seizures by increasing the number of GluN2B subunits
in NMDA receptors on post-synapse cells [15,16]. It has been shown
that the pathophysiological concentration of IL-1β leads to seizure
onset with a resulting decrease in GABA [17]. TNF-α is another pro-
inflammatory cytokine released from active microglia and astrocytes.
TNF-α increases the release of glutamate from the glia and regulates
AMPA receptors [18]. Hyperactive AMPA receptors absorb too much
calcium ion and cause neuronal toxicity. Through the endocytosis me-
chanism, TNF-α not only increases the number of glutamate receptors
but also decreases the number of GABA receptors, thereby increasing
neuronal excitability [19,20]. IL-6 is the other pro-inflammatory cyto-
kine commonly found in small amounts in a normal central nervous
system. However, the stimulation of astrocytes and microglia can lead
to an increase in IL-6 production [21]. Other cytokines, such as TNF-α,
IL-Iβ, IFN-γ, and IL-17, amplify and increase the production of IL-6
[22]. Studies have revealed that IL-6 reduces long term potentiation
(LTP) and neurogenesis of the hippocampus, thereby helping to initiate
and increase the severity of epilepsy [23].

Infection of the brainstem with COVID-19 may affect the respiratory
and cardiovascular regulatory centers and exacerbate respiratory
failure, leading to severe hypoxia. Several data clearly show that acute
respiratory distress syndrome and organ failure is the final result of a
COVID-19 infection cytokine storm. [24,25]. The combination of hy-
poxia with pre-existing neuro-inflammation causes severe damage to
the hippocampus and cerebral cortex, resulting in neuronal epileptic
activity [26-29].

3. COVID-19, Epilepsy and BBB breakdown

Activated glia are not the only source for the production of pro-

inflammatory cytokines in SARS-CoV-2 infections in the brain.
Cytokines, such as IL-6 and TNF-α, can enter the brain through passive
or active transmission. Endothelial cells in blood vessels play an im-
portant role in the mechanism of blood-brain barrier (BBB) perme-
ability. COVID-19 infection breaks down the integrity of the BBB, which
severely impairs brain homeostasis and leads to neuronal apoptosis and
death. On the other hand, the BBB breakdown causes the migration of
blood cells and proteins, such as albumin, which disrupt the osmotic
balance in central nervous system (CNS) and causes seizure [13,30].
BBB breakdown is the other route of entry of peripheral cytokines to the
brain.

The other cause of BBB disruption and seizure-inducement by
COVID-19 is fever and hyperthermia. Laboratory studies show that high
temperatures (> 40οC) have detrimental effects on various cells,
especially metabolic active brain cells, including neurons, microglia,
endothelial, and epithelial cells. Brain damage during extreme hy-
perthermia increases the acute activation of glial cells and BBB per-
meability [31]. In children with febrile seizure, fever not only raises the
temperature of the brain, but also induces the release of inflammatory
mediators, especially cytokines such as interleukin-1β (IL-1β) in the
brain. High level of inflammatory cytokines have been detected in
cerebrospinal fluid and / or plasma of children with febrile seizure (FS).
COVID-19 may also affect the likelihood of FS. The virus leads to pro-
duce inflammatory cytokines in the brains of children which ultimately
leads to FS. It has been shown that the expression of IL-1β in reactive
astrocytes at least 24 h after FS is increased [32-34].

4. COVID-19, abnormal coagulation, stroke and epilepsy

Patients infected with COVID-19 have shown some coagulation
abnormalities characterized by prolonged prothrombin time (PT), in-
creased levels of D-dimer, and diffuse intravascular coagulation (DIC).
Tang et al. reported that 71.4% of the non-survivors and 0.6% of the
survivors of COVID-19 showed evidence of DIC [35-37].

Several factors may play a role in coagulation disorders in patients
with COVID-19. Persistent inflammatory status in COVID-19 patients
acts as an important stimulus for a coagulation cascade. Certain cyto-
kines, including IL-6, activates the coagulation cascade and suppresses
the fibrinolytic system. Endothelial damage to the pulmonary and
peripheral arteries due to a direct viral attack may be an equally im-
portant factor in increasing blood clotting. Endothelial cell damage can
activate the coagulation system. Moreover, the immune response can be
increased by coagulation disorders. These two processes may act as a
vicious cycle to worsen this situation. In addition, the appearance of
antiphospholipid antibodies may impair blood coagulation as well [38-
41].

Post-ischemic and stroke seizure is one of the causes of epilepsy
[42]. When a stroke occurs, a seizure may be caused by a variety of
factors, including hypoxia, metabolic disorders, and decreased or in-
creased blood perfusion. Acute ischemia may also generate early sei-
zures by increasing extracellular glutamate concentrations, impaired
ion channel function, and BBB damage. The mechanisms involved in
late seizures vary and include gliosis, chronic inflammation, angio-
genesis, apoptosis and neuronal death, neurogenesis, synaptogenesis,
and loss of synaptic plasticity [43,44]. In hemorrhagic stroke, hemosi-
derin deposits lead to neuronal hyper-excitability and seizures.

The BBB can be broken down by damage to the endothelial cells
when serum proteins enter the CNS after a stroke. For example, albumin
binds to transforming growth factor beta(TGFβ) receptors in the as-
trocytes, and TGFβ signaling activates [45]. Subsequently, down-
regulation of potassium channels Kir4.1 and glutamate transporter oc-
curs. The result of this event is increasing the potassium and glutamate
in the synaptic cleft. An increase in extracellular K leads to seizures.
When microglial and astrocytes cells are activated, BBB permeability
occurs through the production of pro-inflammatory cytokines such as
IL-1β, IL-6, TNFα, and TGFβ. This cycle can amplify epilepsy after a
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stroke [46-48].
High levels of glutamate released from ischemic or hypoxic cells

into the extracellular spaces may activate AMPA and NMDA receptors
leading to neuronal apoptosis or death [49]. GABA is a major neuro-
transmitter in the nervous system. Decreased inhibition of this neuro-
transmitter after stroke leads to excessive neuronal excitability. Animal
studies have demonstrated post ischemic encephalopathy in forebrain
ischemia which can cause damage to the GABAergic system. The
striatum is specifically vulnerable to transient forebrain ischemia. The
dorsolateral striatum has profound neuronal necrosis associated with a
marked decrease in GABA synthesis after global ischemia [50]. De-
creased GABA receptors may also lead to hyper-excitability of neural
networks and seizure [51]. Studies also show that hypoxia, induced by
brain ischemia, may play an important role in the onset of epilepsy,
depending on how long it lasts. The AMPA receptor antagonist prevents
long-term epilepsy after hypoxia [52,53].

5. COVID-19, mitochondria disturbance and epilepsy

Oxidative stress plays an important role in the Severe Acute
Respiratory Syndrome Coronavirus (SARS-CoV) infection. Oxidative
stress is closely related to mitochondria dysfunction, and the role of
mitochondria in the pathology of COVID-19 disease has been confirmed
[54-57]. There is an interplay between mitochondria, oxidative stress,
and inflammation during Covid-19 infection. Inflammatory cytokines
increase reactive oxygen species (ROS) production in mitochondria
[58]. Some inflammatory cytokines, such as TNF-alpha and IL-6, pro-
minent characteristics of the coronavirus found in COVID-19 serum,
promote mitochondrial ROS production in the cell.

Mitochondria are intracellular organs with two inner and outer
membranes that play an important role in energy homeostasis. In ad-
dition to energy production, mitochondria have a variety of functions,
including calcium homeostasis, the production of reactive oxygen spe-
cies (ROS), the modulation of neurotransmitters in the central nervous
system, and the regulation of cell apoptosis [59-61]. There is a re-
ciprocal, cause or consequence relationship between mitochondrial
dysfunction and epilepsy. In most types of epilepsy, there is secondary
damage to the mitochondria. Mitochondrial dysfunction plays an im-
portant role in developing epilepsy. These organelles are responsible for
generating energy in the cells, which is important for the normal
electrical activity of neuronal and synaptic transmission. Any dis-
turbance in mitochondrial function may lead to abnormal electrical
activity of neurons and produce seizures.

6. COVID-19, Electrolytes imbalance and epilepsy

Studies have reported various electrolyte abnormalities in patients
with coronavirus infection (COVID-19) [62,63]. Electrolyte imbalance
may provide insight into the pathophysiology of COVID-19. The
COVID-19 infection is associated with decreased serum concentrations
of sodium, potassium, magnesium, and calcium, leading to hypona-
tremia, hypokalemia, hypocalcemia, and hypomagnesemia. These dis-
orders, especially hypokalemia, may have severe clinical consequences
for the infected patient. Hypokalemia leads to exacerbation of ARDS
and acute heart damage [10,64,65].

SARS-CoV-2 binds to its host ACE2 receptor, possibly reducing
ACE2 expression, thus increasing angiotensin II, which can increase
kidneys excretion of potassium, and eventually leads to hypokalemia.
Elevated plasma angiotensin II concentrations in patients with COVID-
19 act as mediators of acute lung damage, as previously confirmed in
SARS-CoV animal models. Potential factors that exacerbate electrolyte
imbalance in COVID-19 patients may include gastrointestinal symptoms
such as diarrhea and nausea [66-68].

Seizures are the most important clinical symptoms of electrolyte
disturbances and are more common in patients with hyponatremia,
hypocalcemia, and hypomagnesemia. In these individuals, successful

treatment of seizures begins with an accurate diagnosis of the under-
lying electrolyte disturbances [69,70]. Early detection and correction of
these disorders are essential to control seizures and prevent permanent
brain damage. If the electrolyte disorder persists, anti-epileptic drugs
(AED) alone is ineffective and inadequate for controlling seizures. The
treatment of seizures induced by electrolyte imbalance is determined by
the underlying cause and in most cases, AED administration is not ne-
cessary until the disturbance is rectified [71–73].

7. Conclusion

The impact of the new coronavirus on various organs is not fully
understood. Until a definitive and approved cure or vaccine is found, a
better understanding of the Covid-19 mechanism leading to organs
failure would help to identify strategies and/or therapeutically treat-
ment options for the infection. The virus can cause complicated dis-
orders in the nervous system, such as seizures and epilepsy. The de-
structive effects of Covid-19 in the central nervous system are mainly
caused by a cytokine storm produced by either the entry of pro-in-
flammatory cytokines from the periphery into the CNS or the produc-
tion of these cytokines by activated microglia. Secondary seizures may
be initiated after strokes, electrolyte imbalance, increased oxidative
stress, and mitochondrial dysfunction in Covid-19 patients. More re-
search is needed to prove the exact mechanism of seizures in Covid-19
patients.

Declaration of Competing Interest

The authors declare that there is no conflict of interest.

Funding

The authors received no financial support for the research, author-
ship, and/or publication of this article.

References

Thompson, R., 2020. Pandemic potential of 2019-nCoV. Lancet Infect Dis 20 (3), 280.
Hu, H., et al., 2020. Coronavirus fulminant myocarditis treated with glucocorticoid and

human immunoglobulin. European heart journal.
Gu, J., Han, B., Wang, J., 2020. COVID-19: gastrointestinal manifestations and potential

fecal–oral transmission. Gastroenterology 158 (6), 1518–1519.
Adhikari, S.P., et al., 2020. Epidemiology, causes, clinical manifestation and diagnosis,

prevention and control of coronavirus disease (COVID-19) during the early outbreak
period: a scoping review. Infectious diseases of poverty 9 (1), 1–12.

Asadi-Pooya, A.A., Simani, L., 2020. Central nervous system manifestations of COVID-19:
A systematic review. Journal of the Neurological Sciences, 116832.

Mao, L., et al., 2020. Neurologic manifestations of hospitalized patients with coronavirus
disease 2019 in Wuhan, China. JAMA neurology.

Riazi, K., Galic, M.A., Pittman, Q.J., 2010. Contributions of peripheral inflammation to
seizure susceptibility: cytokines and brain excitability. Epilepsy research 89 (1),
34–42.

Steardo, L., et al., 2020. Neuroinfection may contribute to pathophysiology and clinical
manifestations of COVID‐19. Acta Physiologica e13473.

Wu, Y., et al., 2020. Nervous system involvement after infection with COVID-19 and other
coronaviruses. Brain, Behavior, and Immunity.

Huang, C., et al., 2020. Clinical features of patients infected with 2019 novel coronavirus
in Wuhan, China. The lancet 395 (10223), 497–506.

Tufan, A., A.A. GÜLER, and M. Matucci-Cerinic, COVID-19, immune system response,
hyperinflammation and repurposing antirheumatic drugs. Turkish Journal of Medical
Sciences, 2020.50(SI-1): p. 620-632.

Samuelsson, A.-M., et al., 2006. Prenatal exposure to interleukin-6 results in in-
flammatory neurodegeneration in hippocampus with NMDA/GABAA dysregulation
and impaired spatial learning. American Journal of Physiology-Regulatory,
Integrative and Comparative Physiology 290 (5), R1345–R1356.

Rana, A., Musto, A.E., 2018. The role of inflammation in the development of epilepsy.
Journal of neuroinflammation 15 (1), 144.

Alyu, F., Dikmen, M., 2017. Inflammatory aspects of epileptogenesis: contribution of
molecular inflammatory mechanisms. Acta neuropsychiatrica 29 (1), 1–16.

Viviani, B., et al., 2003. Interleukin-1β enhances NMDA receptor-mediated intracellular
calcium increase through activation of the Src family of kinases. Journal of
Neuroscience 23 (25), 8692–8700.

Postnikova, T., et al., 2017. Status epilepticus impairs synaptic plasticity in rat hippo-
campus and is followed by changes in expression of NMDA receptors. Biochemistry

F. Nikbakht, et al. Multiple Sclerosis and Related Disorders 46 (2020) 102535

3

http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0001
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0002
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0002
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0003
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0003
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0004
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0004
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0004
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0005
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0005
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0006
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0006
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0007
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0007
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0007
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0008
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0008
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0009
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0009
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0010
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0010
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0012
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0012
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0012
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0012
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0013
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0013
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0014
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0014
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0015
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0015
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0015
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0016
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0016


(Moscow) 82 (3), 282–290.
Roseti, C., et al., 2015. GABAA currents are decreased by IL-1β in epileptogenic tissue of

patients with temporal lobe epilepsy: implications for ictogenesis. Neurobiology of
disease 82, 311–320.

Stellwagen, D., Malenka, R.C., 2006. Synaptic scaling mediated by glial TNF-α. Nature
440 (7087), 1054–1059.

Stellwagen, D., et al., 2005. Differential regulation of AMPA receptor and GABA receptor
trafficking by tumor necrosis factor-α. Journal of Neuroscience 25 (12), 3219–3228.

Galic, M.A., Riazi, K., Pittman, Q.J., 2012. Cytokines and brain excitability. Frontiers in
neuroendocrinology 33 (1), 116–125.

Gruol, D.L., 2015. IL-6 regulation of synaptic function in the CNS. Neuropharmacology
96, 42–54.

Erta, M., Quintana, A., Hidalgo, J., 2012. Interleukin-6, a major cytokine in the central
nervous system. International journal of biological sciences 8 (9), 1254.

Levin, S., Godukhin, O., 2017. Modulating effect of cytokines on mechanisms of synaptic
plasticity in the brain. Biochemistry (Moscow) 82 (3), 264–274.

Chen, L., et al., 2020. Analysis of clinical features of 29 patients with 2019 novel cor-
onavirus pneumonia. Zhonghua jie he he hu xi za zhi= Zhonghua jiehe he huxi
zazhi= Chinese journal of tuberculosis and respiratory diseases 43, E005.

Coperchini, F., et al., 2020. The Cytokine storm in COVID-19: An overview of the in-
volvement of the chemokine/chemokine-receptor system. Cytokine & Growth Factor
Reviews.

De Felice, F.G., et al., 2020. Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2) and the Central Nervous System. Trends in neurosciences.

Paniz‐Mondolfi, A., et al., 2020. Central nervous system involvement by severe acute
respiratory syndrome coronavirus‐2 (SARS‐CoV‐2). Journal of medical virology.

Li, Y.C., Bai, W.Z., Hashikawa, T., 2020. The neuroinvasive potential of SARS‐CoV2 may
play a role in the respiratory failure of COVID‐19 patients. Journal of medical vir-
ology.

Lin, L., et al., 2020. Hypothesis for potential pathogenesis of SARS-CoV-2 infection–a
review of immune changes in patients with viral pneumonia. Emerging microbes &
infections 9 (1), 727–732.

Van Vliet, E., et al., 2007. Blood–brain barrier leakage may lead to progression of tem-
poral lobe epilepsy. Brain 130 (2), 521–534.

Kiyatkin, E.A., Sharma, H.S., 2009. Permeability of the blood–brain barrier depends on
brain temperature. Neuroscience 161 (3), 926–939.

Reid, A.Y., et al., 2009. Febrile seizures: current views and investigations. Canadian
journal of neurological sciences 36 (6), 679–686.

Vezzani, A., et al., 2011. The role of inflammation in epilepsy. Nature reviews neurology
7 (1), 31.

McClelland, S., et al., 2011. Epileptogenesis after prolonged febrile seizures: mechanisms,
biomarkers and therapeutic opportunities. Neuroscience letters 497 (3), 155–162.

Giannis, D., Ziogas, I.A., Gianni, P., 2020. Coagulation disorders in coronavirus infected
patients: COVID-19, SARS-CoV-1, MERS-CoV and lessons from the past. Journal of
Clinical Virology, 104362.

Levi, M., et al., 2020. Coagulation abnormalities and thrombosis in patients with COVID-
19. The Lancet Haematology.

Connors, J.M., Levy, J.H., 2020. COVID-19 and its implications for thrombosis and an-
ticoagulation. Blood. The Journal of the American Society of Hematology 135 (23),
2033–2040.

Tang, N., et al., 2020. Abnormal coagulation parameters are associated with poor prog-
nosis in patients with novel coronavirus pneumonia. Journal of thrombosis and
haemostasis 18 (4), 844–847.

Tang, N., et al., 2020. Anticoagulant treatment is associated with decreased mortality in
severe coronavirus disease 2019 patients with coagulopathy. Journal of Thrombosis
and Haemostasis 18 (5), 1094–1099.

Zhang, Y., et al., 2020. Coagulopathy and antiphospholipid antibodies in patients with
Covid-19. New England Journal of Medicine 382 (17), e38.

Cao, W., Li, T., 2020. COVID-19: towards understanding of pathogenesis. Cell Research 30
(5), 367–369.

Merkler, A.E., et al., 2016. The Long-Term Risk of Seizures After Stroke. Stroke 47
(suppl_1) A109-A109.

Reddy, D.S., et al., 2017. Prospects of modeling poststroke epileptogenesis. Journal of
neuroscience research 95 (4), 1000–1016.

Wang, X., et al., 2018. The evolving role of neuro‐immune interaction in brain repair after
cerebral ischemic stroke. CNS neuroscience & therapeutics 24 (12), 1100–1114.

Zlokovic, B.V., 2008. The blood-brain barrier in health and chronic neurodegenerative

disorders. Neuron 57 (2), 178–201.
da Fonseca, A.C.C., et al., 2014. The impact of microglial activation on blood-brain

barrier in brain diseases. Frontiers in cellular neuroscience 8, 362.
Kim, S.Y., et al., 2012. Blood–brain barrier dysfunction–induced inflammatory signaling

in brain pathology and epileptogenesis. Epilepsia 53, 37–44.
Doyle, K.P., et al., 2010. TGFβ signaling in the brain increases with aging and signals to

astrocytes and innate immune cells in the weeks after stroke. Journal of neuroin-
flammation 7 (1), 62.

Prentice, H., Modi, J.P., Wu, J.-Y., 2015. Mechanisms of neuronal protection against
excitotoxicity, endoplasmic reticulum stress, and mitochondrial dysfunction in stroke
and neurodegenerative diseases. Oxidative medicine and cellular longevity 2015.

Lin, B., et al., 2010. Forebrain ischemia triggers GABAergic system degeneration in
substantia nigra at chronic stages in rats. Cardiovascular Psychiatry and Neurology
2010.

Galanopoulou, A.S., 2008. GABAA receptors in normal development and seizures: friends
or foes? Current neuropharmacology 6 (1), 1–20.

Roelcke, U., et al., 2013. Cortical hemosiderin is associated with seizures in patients with
newly diagnosed malignant brain tumors. Journal of neuro-oncology 115 (3),
463–468.

Yalçin, A., et al., Low dose MK-801 protects against iron-induced oxidative changes in a
rat model of focal epilepsy. 1998.

Delgado-Roche, L., Mesta, F., 2020. Oxidative Stress as Key Player in Severe Acute
Respiratory Syndrome Coronavirus (SARS-CoV) infection. Archives of Medical
Research.

Fauci, A.S., Lane, H.C., Redfield, R.R., 2020. Covid-19—navigating the uncharted. Mass
Medical Soc.

Padhan, K., et al., 2008. Severe acute respiratory syndrome coronavirus 3a protein ac-
tivates the mitochondrial death pathway through p38 MAP kinase activation. Journal
of general virology 89 (8), 1960–1969.

Zhang, R., et al., 2020. COVID-19: Melatonin as a potential adjuvant treatment. Life
sciences, 117583.

Li, X., et al., 2013. Targeting mitochondrial reactive oxygen species as novel therapy for
inflammatory diseases and cancers. Journal of hematology & oncology 6 (1), 19.

Rossi, A., Pizzo, P., Filadi, R., 2019. Calcium, mitochondria and cell metabolism: A
functional triangle in bioenergetics. Biochimica et Biophysica Acta (BBA)-Molecular
Cell Research 1866 (7), 1068–1078.

Zorova, L.D., et al., 2018. Mitochondrial membrane potential. Analytical biochemistry
552, 50–59.

Marland, J.R.K., et al., 2016. Mitochondrial calcium uptake modulates synaptic vesicle
endocytosis in central nerve terminals. Journal of Biological Chemistry 291 (5),
2080–2086.

Lippi, G., South, A.M., Henry, B.M., 2020. Electrolyte imbalances in patients with severe
coronavirus disease 2019 (COVID-19). Annals of Clinical Biochemistry 57 (3),
262–265.

Mabillard, H., Sayer, J.A., 2020. Electrolyte Disturbances in SARS-CoV-2 Infection.
F1000Research 9 (587), 587.

Guan, W.-j., et al., 2020. Clinical characteristics of coronavirus disease 2019 in China.
New England journal of medicine 382 (18), 1708–1720.

Li, X., et al., Hypokalemia and clinical implications in patients with coronavirus disease
2019 (COVID-19). MedRxiv, 2020.

Liu, Y., et al., 2020. Clinical and biochemical indexes from 2019-nCoV infected patients
linked to viral loads and lung injury. Science China Life Sciences 63 (3), 364–374.

Kuba, K., et al., 2005. A crucial role of angiotensin converting enzyme 2 (ACE2) in SARS
coronavirus–induced lung injury. Nature medicine 11 (8), 875–879.

Pan, L., et al., 2020. Clinical characteristics of COVID-19 patients with digestive symp-
toms in Hubei, China: a descriptive, cross-sectional, multicenter study. The American
journal of gastroenterology 115.

Castilla‐Guerra, L., et al., 2006. Electrolytes disturbances and seizures. Epilepsia 47 (12),
1990–1998.

Ropper, A.H., et al., 2005. Adams and Victor's principles of neurology. McGraw Hill
Medical.

Riggs, J.E., 2002. Neurologic manifestations of electrolyte disturbances. Neurologic
clinics 20 (1), 227–239.

Beghi, E., et al., 2010. Recommendation for a definition of acute symptomatic seizure.
Epilepsia 51 (4), 671–675.

Nardone, R., Brigo, F., Trinka, E., 2016. Acute symptomatic seizures caused by electrolyte
disturbances. Journal of clinical neurology 12 (1), 21–33.

F. Nikbakht, et al. Multiple Sclerosis and Related Disorders 46 (2020) 102535

4

http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0016
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0017
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0017
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0017
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0018
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0018
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0019
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0019
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0020
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0020
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0021
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0021
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0022
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0022
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0023
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0023
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0024
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0024
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0024
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0025
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0025
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0025
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0026
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0026
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0027
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0027
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0028
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0028
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0028
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0029
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0029
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0029
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0030
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0030
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0031
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0031
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0032
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0032
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0033
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0033
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0034
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0034
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0035
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0035
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0035
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0036
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0036
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0037
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0037
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0037
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0038
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0038
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0038
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0039
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0039
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0039
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0040
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0040
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0041
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0041
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0042
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0042
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0043
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0043
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0044
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0044
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0045
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0045
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0046
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0046
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0047
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0047
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0048
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0048
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0048
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0049
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0049
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0049
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0050
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0050
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0050
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0051
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0051
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0052
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0052
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0052
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0054
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0054
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0054
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0055
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0055
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0056
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0056
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0056
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0057
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0057
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0058
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0058
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0059
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0059
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0059
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0060
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0060
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0061
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0061
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0061
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0062
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0062
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0062
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0063
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0063
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0064
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0064
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0066
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0066
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0067
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0067
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0068
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0068
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0068
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0069
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0069
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0070
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0070
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0071
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0071
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0072
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0072
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0073
http://refhub.elsevier.com/S2211-0348(20)30609-X/sbref0073

