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Despite the significant differences in the pathological background of neurodegenerative diseases, epileptic seizures are

comorbidity in many disorders such as Huntington disease (HD), Alzheimer’s disease (AD), and multiple sclerosis (MS).

Regarding the last one, specifically, it has been shown that the risk of developing epilepsy is three to six times higher in

patients with MS compared to the general population. In this context, understanding the pathological processes underlying

this connection will allow for the targeting of the common and shared pathological pathways involved in both conditions,

which may provide a new avenue in the management of neurological disorders.
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1. Introduction

Multiple sclerosis (MS), the most common cause of non-traumatic neurological disability in young adults, is characterized

by inflammatory demyelination in both white and gray matters, followed by axonal injury and loss. Although focal

demyelinated lesions are the main hallmark of MS, diffuse inflammation and axonal damage are present in normal

appearing white matter (NAWM), as well as in gray matter . Axonal loss is shown to be a feature of clinical disease

onset throughout all stages . During the progression of the disease, several structural changes may lead to decreased

functional connectivity between neuronal networks, which leads to several complications . As a result, patients with

MS may develop a wide range of symptoms including paralysis, mental changes, cognitive impairment, depression, and

even epilepsy .

Epilepsy is one of the most common neurological disorders, involving people of all ages and both sexes, although its

prevalence is slightly higher in men . It has higher incidence rates in developed countries, where it can reduce the

patient’s life quality . The causes of epilepsy are diverse and involve a variety of pathological mechanisms . People

with epilepsy show frequent seizures, severe learning and memory disabilities, cognitive impairments, depression,

anxiety, and abnormalities in physical functions . Moreover, epileptic seizures lead to aberrant synchronous discharge in

a network of neurons, which might occur after diverse brain insults, such as traumatic brain injury (TBI), stroke, and

intracerebral hemorrhages . There are three different types of seizures based on the origin within the brain: partial,

generalized, and unclassified. Partial seizures initially affect a certain area of the brain. Generalized epilepsy arises when

two cerebral hemispheres are affected by abnormal electrical activity and unclassified seizures have an unknown onset

. The cause of epilepsy in many patients is also unknown, but head trauma, genetic mutations, autoimmune

diseases , and focal cortical dysplasia  are among the possible causes.

The abnormal synchronous neuronal discharge, a clinical feature of epilepsy, has been reported to be a comorbidity in

other many neurological disorders, as well as in neurodegenerative diseases such as Huntington disease (HD),

Alzheimer’s disease (AD), vascular dementia, brain tumors, and autism . Likewise, epileptic seizures have been

accepted as a part of the disease spectrum of MS, and epilepsy is slightly more common in people with MS . In this

sense, the association between MS and epileptic seizures does not appear to be a coincidence, but a bidirectional

relation. It was not long after Jean Martin Charcot introduced MS as a novel disorder of the central nervous system (CNS),

that Wilhelm Leube described an MS patient with seizures in 1871, which was the first evidence of epilepsy in MS .

Since then, seizures have been accepted as a part of the disease spectrum in MS. Similarly, although HD, AD, and other

neurodegenerative diseases differ in their pathological background and symptoms, epileptic seizures might be involved in

their etiology . Indeed, epileptic patients have a higher chance of developing other neurological alterations.

Hence, understanding the basis of the link between neurological disorders and epilepsy has important consequences for

treatment, diagnosis, and management.
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2. Seizure Occurrence in the Context of Demyelinating Disorders

Although different demyelinating conditions are associated with seizures, their prevalence and clinical characteristics are

different among patients. Epilepsy prevalence is 0.27–1.7% in the general population , however, it occurs more

frequently in patients with MS . In a review of 30 published clinical series representing a total of 19,804 patients with

MS, Koch et al. estimated the prevalence of epileptic seizures at the range of 0.5–8.3%, with the average of 2.3% .

Similarly, in a large cohort of 5041 patients with MS, the prevalence was 2% , which is about three times higher than in

the general population. A recent systematic review supported these previous data, estimating that the incidence and

prevalence of seizures in patients with MS were 2.28% and 3.09%, respectively . As we mentioned above, in addition

to MS, several studies have reported seizures along with other demyelinating disorders, such as antibodies associated

demyelinating diseases and progressive multifocal leukoencephalopathy (PML).

MOG antibody disease (MOGAD) is an inflammatory demyelinating disease of the CNS characterized by the presence of

anti-MOG autoantibodies (MOG-Abs). Myelin oligodendrocyte glycoprotein (MOG) is a membrane protein expressed on

the outermost surface of myelin sheaths, which is thought to be important in the myelination process. MOG-Abs have

been strongly associated with several demyelinated disorders such as acute disseminated encephalomyelitis (ADEM),

pediatric MS, transverse myelitis, optic neuritis (ON), and neuromyelitis optical spectrum disorders (NMOSD), but are

rarely detected in patients with MS . There is growing evidence reporting a link between the presence of MOG-

Abs and seizures, occurring in combination with demyelination or even as an isolated phenomenon . In several

case reports, patients with MOG-Abs developed seizures as the first sign prior to demyelination or in a subsequent

disease course . However, the clinical spectrum of these seizures and the contribution and importance of MOG-

Abs on seizure development remain unclear. In addition to MOG-Abs, antibodies against AQP4 (water channel protein

aquaporin-4) have also been considered as a sensitive and highly specific serum hallmark of the NMOSD . AQP4 is a

protein required for a normal rate of water exchange across the blood–brain interface. Consequently, in 2015, the

International Panel for antigen NMO Diagnosis (IPND) revised the diagnosis criteria based on the presence or absence of

AQP4-Abs . Moreover, a proportion of patients who met the criteria for NMOSD but lacked AQP4-Abs were

seropositive for MOG-Abs . Both associated demyelinating diseases develop seizures, however, they are more

common in patients with MOG antibody-associated demyelination than in patients with AQP4 antibody-associated

demyelination , which is thought to be related to cortical and subcortical lesions . Even though seizure occurrence

was highly associated with gray matter lesions, the prevalence of seizures was 18% in patients with progressive multifocal

leukoencephalopathy (PML), in which demyelination is thought to be restricted to the white matter . More details on the

characteristics of patients with demyelinating disorders who developed seizures are summarized in Table 1.

Table 1. Characteristics of patients with seizure associated demyelinating disorders.
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Demyelinating Disease Epilepsy
Prevalence

Clinical
Manifestation MRI Findings

Most
Frequent
Seizure Type

Electroencephalographic
(EEG) Characteristics

Possible
Pathophysiological
Mechanism

Ref.

Multiple sclerosis

0.5–8.3%
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average of
2.3%
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Worse cognitive
performance in

patients with
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status
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and cingulate
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Partial
secondary
generalized

Diffuse asynchronous
theta activity
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cortical pathology
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loss in layers IV
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thickness in the
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GABA: Gamma-Aminobutyric Acid; GMLs: Gray matter lesions; EDSS: Expanded Disability Status Scale; CSF:

Cerebrospinal fluid; RRMS: relapsing-remitting MS. * MOG-Abs associated demyelination is related to several

demyelinated disorders such as acute disseminated encephalomyelitis (ADEM), pediatric MS, transverse myelitis, optic

neuritis (ON), and AQP4-Abs negative neuromyelitis optica spectrum disorders (NMOSD). ** A recent meta-analysis of 14

studies reported that general probability of seizure occurrence in patients with MOG-Ab-associated disease is 20.5%,

particularly in children. Furthermore, the occurrence of seizure in patients with ADEM-like phenotype of MOG-Ab-

associated disease is 37.3% . *** Antibodies against AQP4 is a criterion for NMOSD diagnosis.

 

 

2.1. Seizures as A Clinical Manifestation of Multiple Sclerosis (MS)

Several studies have reported that patients with MS are three to six times more likely to suffer from epileptic seizures than

the rest of the population . However, the origin, the extent, and the importance of epileptic seizures in patients with MS

remain ambiguous. Some studies have suggested that seizures could affect patients at any stage of the disease’s

progression. It is also suggested that the severity and course of MS might be correlated to the occurrence of epilepsy .

In this sense, a recent retrospective cohort study with 14,545 MS cases and 43,635 controls have strongly suggested a

direct association between the severity and duration of MS and the incidence of seizures. While the cumulative incidence

of epilepsy in relapsing-remitting MS (RR-MS) was 2.2%, this value in patients in progressive stage was 5.5%, and

continuously increased to 5.9% with increasing the duration of disease in patients with disease duration of ≥34 years.

Furthermore, patients whose Expanded Disability Status Scale (EDSS) score was more than 7 had a cumulative

incidence epilepsy of 5.3% . Although patients with progressive forms of the disease might be more likely to suffer from

epilepsy , some researchers suggested that seizure might be the first clinical manifestation at the time of MS

diagnosis in 10.5% of patients . Based on radiological findings, Hussona and co-workers reported a case series of

patients whose only clinical manifestation were seizures, and their radiological findings showed abnormalities compatible

with demyelination, which meets the criteria for clinically isolated syndrome (CIS) or early MS . In addition, it has been

shown that seizures may occur during the relapse in a subset of patients , which could be associated with cognitive

impairment. Furthermore, seizures are more common in patients with early-onset MS (5.5% in pediatric MS) , which

have poor prognosis toward disability and death. In turn, decreased brain volumes and poor cognitive function are also

reported in patients with frequent or uncontrolled seizures . Interestingly, patients with seizures appearing at MS onset

or relapses usually do not experience recurrent seizure; by contrast, those patients with seizures associated to cognitive

impairment and progression of the disability were more likely to experience recurrent seizure . Additionally, a study

developed in a cohort of 5041 patients with MS has suggested that there are no differences in gender, duration, and

course of MS between those patients with MS suffering from seizures and those who never experienced seizure in any

course of their disease . This notion is also supported by other studies .

The fact that almost all type of seizures have been associated with MS  suggests an involvement of MS pathological

mechanisms in the etiology of seizures, even though partial seizures with secondary generalization have been shown to

be the most prevalent in patients with MS , and a review of 30 studies have shown a similar prevalence of primary or

secondary-generalized seizures, which accounts for nearly two-thirds of all seizures in MS . Electroencephalography

(EEG) analyses in patients with MS reported abnormalities in brain electrical activity, such as asynchronous theta activity,

synchronous rhythmic slow waves, and focal flattened EEG patterns . Moreover, in a cohort of 5041 patients with MS,

63% of those who experienced seizures also showed abnormal EEG. Importantly, slow background, focal spikes, focal

waves, and ictal discharge have also been reported in patients with MS (Table 2) . In spite of this, the incidence of

seizures in patients with MS does not follow a similar pattern. Hence, in some cases, seizures occur rarely and are

associated with relapses, while in others, seizures may be the first signs of MS disease at the time of diagnosis. In

addition, some patients with MS with cognitive impairment suffer from seizures recurrence .

Demyelinating Disease Epilepsy
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Clinical
Manifestation MRI Findings
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Seizure Type

Electroencephalographic
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Ref.
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Table 2. Summary of published studies on epileptic seizures in patients with MS.

* The first appearance of seizures for four patients (18.2%) could not be explained by the assessment of their medical

records. ** One remaining patient was considered as clinically isolated syndrome. CI: 95% confidence interval; sGTCS:

Secondary generalized tonic clonic seizure.

 

Since epilepsy is a significant comorbidity in MS, clarifying whether the patients with MS are at increased risk for

developing seizures is important. Moreover, it is unclear to what extent seizures can exacerbate the clinical course and

long-term prognosis of MS.

2.2. Possible Pathophysiological Processes Underlying Seizure Development in Patients with MS

The pathophysiological mechanisms that explain the link between MS and epilepsy are still under investigation. Although

MS was initially conceptualized as a white matter demyelinating disease, it is now well known that gray matter lesions

(GMLs) and atrophy are more frequent than previously suggested . In addition, there is evidence that gray matter

lesions occur from the earliest stages of the disease . This leads to the hypothesis that cortical lesions in MS may play

an epileptogenic role, explaining the seizures’ appearance in patients with MS. This notion is well supported by studies

based on the magnetic resonance imaging (MRI), longitudinal studies, and postmortem tissue analyses that have shown

more cortical lesions and atrophy in patients with a higher prevalence of epilepsy . Furthermore, some MRI and

double inversion recovery (DIR) repetitive studies have revealed that formation of new juxta-cortical and/or cortical lesions

are associated with generalized seizures in most patients with MS with epilepsy , suggesting an involvement of

cortical and subcortical lesions in the development of seizures. Although it appears to be an association between the

extent of cortical and subcortical lesions and the presence of seizures, not all patients with MS with gray matter lesions

Type of Study

Number
of
Patient
with MS

Patients
with
Seizures
(Percentage)

Predominant Seizure Type Seizure
Occurrence
at MS
Onset

Seizure
Occurrence
before MS
Onset

Seizure
Occurrence
after MS
Onset

Ref.Simple
Partial

Complex
Partial

Secondary
Generalized
(sGTCS)

Generalized
Tonic
Clonic

Status
Epilepticus

Cohort 5041

102 (2%)
In 67

patients
(1.3%),

epileptic
seizure

could not be
explained by

any cause
other than

MS

34
(50.7%)

Less
frequent 28 (41.8%) 33 (49.3%) 18 (26.9%) 7 cases 26 case 69 case

Retrospective
review of the

records
310 10 (3.2%) 2

1 case
of

simple
partial

6 2 2 cases of
sGTCS 4 cases Not

reported
Not

reported

Retrospective
registered-

based study
14,545

Cumulative
incidence:
502 (3.5%)
(CI 3.17–

3.76)
The 5-year

prevalence:
1.7% (CI

1.54–1.98)

Single seizure was present in 3.0% (CI 2.77–3.32)
of patients with MS 0.48% Not

reported
Not

reported
Not

reported

Systematic
review

32
studies

Incidence:
2.28% (CI:

1.11–3.44%),
at the range

of 0.65–
5.97%

Prevalence:
3.09% (CI:

2.01–4.16%)
at the range

of 0.89–
8.06%

Not
reported

Not
reported

Not
reported

Not
reported

Not
reported

Not
reported

Not
reported

Not
reported

Retrospective
review of the

records
1267 * 22 (1.74%) Focal onset in 17

patients (77.3%)

14 out of 17
patients
with MS
(82.4%)

5 (22.7%) 3 (13%) - 2 (9.1%) 16 (72.7%)

Cohort 428 13 (3%) 10 (77%)

Half of
patient with

focal
seizure
(38.5%)

3 (23%) 0 4 (31%) - 8 **

Retrospective
cross-sectional
epidemiological

study

431

19 (4.4%)
14 cases

with active
epilepsy

4 cases 3 cases 11 cases - 5 (36%) 2 1 11 cases
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developed seizures . Therefore, it is likely that lesions in some cortical regions are more prone to trigger

seizuregenesis. In this regard, Calabrese and co-workers have reported severe damage in the temporal lobe of RR-MS,

with seizures compared to those patients without seizures. Regional analysis revealed that the most affected gray matter

regions in RR-MS epileptic patients were the hippocampus (14.2%), the lateral temporal lobe (13.5%), the cingulate

(10.0%), and the insula (8.4%). Furthermore, cortical thinning was observed in the middle temporal gyrus, fusiform gyrus,

cingulate gyrus, and in the insula of epileptic RR-MS, compared to other patients with RR-MS . Collectively, the gray

matter atrophy and neuronal loss in patients with MS appear to occur in structures associated with mesial temporal lobe

epilepsy. In another study, Nicholas et al. confirmed middle temporal gyrus thinning and the loss of GABAergic interneuron

in layers IV and VI by examining the postmortem entorhinal cortex of patients with MS with seizures. Even though the loss

of inhibitory interneurons seemed to be related to GMLs, it was not explained by inflammation and mitochondrial

dysfunction within the type I gray matter lesions .

Abnormalities in the GABAergic system may be associated to seizure incidence in patients with MS. In this sense, a

recent study has revealed a selective vulnerability of inhibitory interneurons to demyelination. There is a specific loss of

parvalbumin-positive GABAergic interneurons in the cortex of postmortem secondary progressive MS (SP-MS),

suggesting that specific interneuron subtypes are vulnerable to neurodegeneration in the cortex of patients with MS. In an

animal model of cortical demyelination, it has also been confirmed that the selective susceptibility of parvalbumin fast

spiking interneurons are secondary to cortical demyelination . Since the balance between excitatory and inhibitory

activities is crucial for the maintenance of the neuronal network’s stability, a reduction in inhibitory neurons may trigger

epilepsy in patients with MS. The loss of inhibitory interneurons is exacerbated by disease progression, supporting

association between the severity and duration of the MS, and the incidence of seizures . In turn, by using magnetic

resonance spectroscopy (MRS), Cao and co-workers also reported abnormalities in the GABAergic system. Hence, the

level of GABA concentration was lower in the posterior cingulate cortex and the left hippocampus of RR-MS, which was

likely to be due to GABAergic neuronal loss .

In addition, a reduction in ATP production in demyelinated lesions and disturbances in ion homeostasis may induce Ca -

mediated degeneration in GABAergic inhibitory interneurons in the MS motor cortex . Given that hippocampus is more

susceptible to energy failure mediated by mitochondrial dysfunction , impaired ATP production as a consequence of

inflammatory demyelination may lead to inhibitory interneuron degeneration, leading to disturbances in the excitatory-

inhibitory balance of the neuronal network. Another possible mechanism underlying hyper-excitability following

demyelination is a switch in sodium channel expression within the neurons whose axons have been damaged. This

abnormal sodium channel expression may activate silent sodium channels, leading to hyper-excitability and abnormal

impulse activity. This additional mechanism may contribute to the pathophysiology of epileptic seizures in patients with MS

.

Taken together, epileptic events in patients with MS might be a consequence of gray matter atrophy, hippocampal lesions,

and GABAergic interneuron loss. However, there are few studies focusing on the molecular mechanisms, which trigger

seizures in MS. Additionally, available data on the mechanisms of neurodegeneration and the mechanisms by which

inhibitory interneurons are more vulnerable to degeneration are insufficient. Even though cortical lesions are found in most

of patients with MS with seizures, it remains unclear whether specific neuronal networks are more vulnerable to

demyelination and undergo degeneration. If cortical lesion load increases the risk of epilepsy, as suggested by several

researchers, an increased prevalence of epilepsy among patients with SP-MS should be expected. However, there are

still controversies regarding which clinical characteristics of MS are associated with the occurrence of epileptic seizures.

While the demyelination-induced seizure has been addressed for decades in patients with MS, there are still two open

questions without a definite conclusion: (1) How might myelin deficiency lead to neuronal hyper-excitability? (2) What are

the contributions of glial cells? Given that the notion that epilepsy occurs due to changes in neuronal properties has now

been challenged , which cellular and molecular changes during demyelination may lead to alterations in neuronal

activity triggering seizuregenesis? To answer this question, the use of cuprizone as an experimental model of

demyelination has reported new data in this field.

2.3. Cuprizone Induced Demyelination as a Model for Epilepsy

Since its first application in research, cuprizone (CPZ) has been used to study the processes involved in de- and

remyelination, despite the fact that its exact mechanisms of action remain rather elusive. Some preliminary studies have

reported the occurrence of seizures in mice fed with 0.3% CPZ diet for 7 weeks; however, the mechanisms underlying the

seizures were not addressed in these studies . Indeed, research in this area did not characterized seizures induced

by CPZ until 2008, when Hoffman et al. reported that chronic CPZ diet treatment at the same concentration used for
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induction of MS model led to short but frequent spike neuron discharges in the EEG. In addition, cuprizone-treated mice

exhibited generalized tonic clonic seizures induced by handling or other types of sensory stimulation. Furthermore, a

massive demyelination and axonal degeneration were reported in the dorsal and ventral areas of hippocampus formation,

areas often involved in seizures . However, the role of glial cells and the susceptibility of different neuronal

subpopulations remained unknown. In this sense, a recent study has revealed that chronic demyelination induced by CPZ

leads to seizure activity in the dorsal hippocampus. Furthermore, some changes were found within the CA1 pyramidal

hippocampal area after 9 weeks of CPZ treatment, including extensive demyelination, loss of parvalbumin (PV ) inhibitory

interneurons, widespread gliosis, and a transient decrease in aquaporin-4 (AQP4) expression . Loss of interneurons

following CPZ feeding is not surprising, since half of the cortical myelin located in layer 2/3 and a quarter in layer 4

ensheathes the axons of inhibitory neurons, especially parvalbumin-positive basket cells . Reactive astrogliosis is a

common feature of demyelination and seizure, which is found in both human postmortem and animal models . In this

cuprizone model, an increase of Kir4.1 protein was revealed.

Glial cells have a significant role in modulating brain water transport through AQP4 channels . Therefore, changes in its

expression, as occurs in the cuprizone experimental model, may disturb osmolality and the resting membrane potential

and subsequently lead to hyper-excitability . AQP4 downregulation was also reported in seizure animal models .

Furthermore, AQP4-lacking mice have a prolonged seizure duration, which confirms its role in the maintenance of

homeostasis . Since AQP4 is indirectly involved in potassium homeostasis, changes in the expression of inward

rectifier potassium channel Kir4.1 might be involved in seizuregenesis by increasing the extracellular potassium

concentration .

A complete understanding of the pathological mechanisms underlying CPZ intoxication could be of the greatest

importance to study the seizure development secondary to demyelination and to claim the validity of MS and epilepsy

therapies developed in this model. Further studies are needed to elucidate the effects of CPZ on different hippocampal

interneuron subtypes and their role in the initiation of seizures. Likewise, a deep understanding of the pathophysiology

underlying the inhibitory cell loss in chronic demyelination may pave the way for a better understanding of seizure

development secondary to MS and its clinical management.

3. Conclusions
Although epileptic seizure has been thought to be a comorbidity of MS for more than 150 years, this subject has attracted

more attention recently. Furthermore, evidence in recent years has clearly shown that myelin damage is a comorbidity for

epilepsy. Increased attention to shared pathological mechanisms underlying demyelination and epilepsy will provide a

better insight into the link between MS and epilepsy, and could result in better management. However, significant progress

in determining the common pathological mechanisms in detail is still expected. This could help to develop therapeutic

agents for managing both conditions. Likewise, a deeper understanding of the shared pathological mechanisms suggests

that the disease-modifying drugs for one pathology may help to manage the other. We hope that the current knowledge on

the pathological events reviewed in this entry helps to provide greater insight for researchers working on this bidirectional

connection.

References

1. Filippi, M.; Bar-Or, A.; Piehl, F.; Preziosa, P.; Solari, A.; Vukusic, S.; Rocca, M.A. Multiple sclerosis. Nat. Rev. Dis.
Primers 2018, 4, 43.

2. Milo, R.; Korczyn, A.D.; Manouchehri, N.; Stüve, O. The temporal and causal relationship between inflammation and
neurodegeneration in multiple sclerosis. Mult. Scler. J. 2019, 26, 876–886.

3. Solana, E.; Martinez-Heras, E.; Martinez-Lapiscina, E.H.; Sepulveda, M.; Sola-Valls, N.; Bargalló, N.; Berenguer, J.;
Blanco, Y.; Andorra, M.; Pulido-Valdeolivas, I. Magnetic resonance markers of tissue damage related to connectivity
disruption in multiple sclerosis. NeuroImage Clin. 2018, 20, 161–168.

4. Schoonheim, M.M.; Geurts, J.J.; Landi, D.; Douw, L.; van der Meer, M.L.; Vrenken, H.; Polman, C.H.; Barkhof, F.; Stam,
C.J. Functional connectivity changes in multiple sclerosis patients: A graph analytical study of MEG resting state data.
Hum. Brain Mapp. 2013, 34, 52–61.

5. Beghi, E. The epidemiology of epilepsy. Neuroepidemiology 2020, 54, 185–191.

6. De Boer, H.M.; Mula, M.; Sander, J. The global burden and stigma of epilepsy. Epilepsy Behav. 2008, 12, 540–546.

7. Jiruska, P.; de Curtis, M.; Jefferys, J.; Schevon, C.A.; Schiff, S.J.; Schindler, K. Synchronization and desynchronization
in epilepsy: Controversies and hypotheses. J. Physiol. 2013, 591, 787–797.

[63]

+

[64]

[65]

[60][66]

[67]

[68] [69]

[68]

[70]



8. Sirven, J.I. Epilepsy: A Spectrum Disorder. Cold Spring Harb. Perspect. Med. 2015, 5, a022848.

9. Löscher, W.; Brandt, C. Prevention or Modification of Epileptogenesis after Brain Insults: Experimental Approaches and
Translational Research. Pharmacol. Rev. 2010, 62, 668–700.

10. Goldenberg, M.M. Overview of drugs used for epilepsy and seizures: Etiology, diagnosis, and treatment. Pharm. Ther.
2010, 35, 392.

11. Scheffer, I.E.; Berkovic, S.; Capovilla, G.; Connolly, M.B.; French, J.; Guilhoto, L.; Hirsch, E.; Jain, S.; Mathern, G.W.;
Moshe, S.; et al. ILAE classification of the epilepsies: Position paper of the ILAE Commission for Classification and
Terminology. Epilepsia 2017, 58, 512–521.

12. Devinsky, O.; Vezzani, A.; O’Brien, T.J.; Jette, N.; Scheffer, I.E.; de Curtis, M.; Perucca, P. Epilepsy. Nat. Rev. Dis.
Primers 2018, 4, 18024.

13. Lee, S.K.; Kim, D.-W. Focal Cortical Dysplasia and Epilepsy Surgery. J. Epilepsy Res. 2013, 3, 43–47.

14. Tuchman, R.; Rapin, I. Epilepsy in autism. Lancet Neurol. 2002, 1, 352–358.

15. Pack, A. Is There a Relationship between Multiple Sclerosis and Epilepsy? If So What Does it Tell Us about
Epileptogenesis? Epilepsy Curr. 2018, 18, 95–96.

16. Leube, W. Ueber multiple inselförmige Sklerose des Gehirns und Rückenmarks. Nach Beobachtungen aus der
Erlanger medicinischen Klinik. Dtsch. Arch. Klin. Med. 1871, 8, 1–29.

17. Adan, G.; Mitchell, J.W.; Ziso, B.; Larner, A.J. Diagnosis and Management of Seizures in Neurodegenerative Diseases.
Curr. Treat. Options Neurol. 2021, 23, 1–12.

18. Baker, J.; Libretto, T.; Henley, W.; Zeman, A. A Longitudinal Study of Epileptic Seizures in Alzheimer’s Disease. Front.
Neurol. 2019, 10, 1266.

19. Vossel, K.A.; Tartaglia, M.C.; Nygaard, H.B.; Zeman, A.; Miller, B.L. Epileptic activity in Alzheimer’s disease: Causes
and clinical relevance. Lancet Neurol. 2017, 16, 311–322.

20. Tai, X.Y.; Koepp, M.; Duncan, J.S.; Fox, N.; Thompson, P.; Baxendale, S.; Liu, J.; Reeves, C.; Michalak, Z.; Thom, M.
Hyperphosphorylated tau in patients with refractory epilepsy correlates with cognitive decline: A study of temporal lobe
resections. Brain 2016, 139, 2441–2455.

21. Uribe-San-Martín, R.; Ciampi-Díaz, E.; Suarez-Hernández, F.; Vásquez-Torres, M.; Godoy-Fernández, J.; Cárcamo-
Rodríguez, C. Prevalence of epilepsy in a cohort of patients with multiple sclerosis. Seizure 2014, 23, 81–83.

22. Koch, M.; Uyttenboogaart, M.; Polman, S.; De Keyser, J. Seizures in multiple sclerosis. Epilepsia 2008, 49, 948–953.

23. Catenoix, H.; Marignier, R.; Ritleng, C.; Dufour, M.; Mauguiere, F.; Confavreux, C.; Vukusic, S. Multiple sclerosis and
epileptic seizures. Mult. Scler. J. 2010, 17, 96–102.

24. Marrie, R.A.; Reider, N.; Cohen, J.; Trojano, M.; Sorensen, P.S.; Cutter, G.; Reingold, S.; Stuve, O. A systematic review
of the incidence and prevalence of sleep disorders and seizure disorders in multiple sclerosis. Mult. Scler. J. 2014, 21,
342–349.

25. Reindl, M.; Rostasy, K. MOG antibody-associated diseases. Neurol. Neuroimmunol. Neuroinflamm. 2015, 2, e60.

26. Hacohen, Y.; Absoud, M.; Deiva, K.; Hemingway, C.; Nytrova, P.; Woodhall, M.; Palace, J.; Wassmer, E.; Tardieu, M.;
Vincent, A.; et al. Myelin oligodendrocyte glycoprotein antibodies are associated with a non-MS course in children.
Neurol. Neuroimmunol. Neuroinflamm. 2015, 2, e81.

27. Jurynczyk, M.; Messina, S.; Woodhall, M.R.; Raza, N.; Everett, R.; Roca-Fernandez, A.; Tackley, G.; Hamid, S.;
Sheard, A.; Reynolds, G.; et al. Clinical presentation and prognosis in MOG-antibody disease: A UK study. Brain 2017,
140, 3128–3138.

28. Hamid, S.H.M.; Whittam, D.; Saviour, M.; Alorainy, A.; Mutch, K.; Linaker, S.; Solomon, T.; Bhojak, M.; Woodhall, M.;
Waters, P.; et al. Seizures and Encephalitis in Myelin Oligodendrocyte Glycoprotein IgG Disease vs. Aquaporin 4 IgG
Disease. JAMA Neurol. 2018, 75, 65–71.

29. Gutman, J.M.; Kupersmith, M.; Galetta, S.; Kister, I. Anti-myelin oligodendrocyte glycoprotein (MOG) antibodies in
patients with optic neuritis and seizures. J. Neurol. Sci. 2018, 387, 170–173.

30. Wang, L.; Zhangbao, J.; Zhou, L.; Zhang, Y.; Li, H.; Li, Y.; Huang, Y.; Wang, M.; Lu, C.; Lu, J.; et al. Encephalitis is an
important clinical component of myelin oligodendrocyte glycoprotein antibody associated demyelination: A single-center
cohort study in Shanghai, China. Eur. J. Neurol. 2019, 26, 168–174.

31. Foiadelli, T.; Gastaldi, M.; Scaranzin, S.; Franciotta, D.; Savasta, S. Seizures and myelin oligodendrocyte glycoprotein
(MOG) antibodies: Two paradigmatic cases and a review of the literature. Mult. Scler. Relat. Disord. 2020, 41, 102011.



32. Ramanathan, S.; O’Grady, G.L.; Malone, S.; Spooner, C.G.; Brown, D.A.; Gill, D.; Brilot, F.; Dale, R.C. Isolated seizures
during the first episode of relapsing myelin oligodendrocyte glycoprotein antibody-associated demyelination in children.
Dev. Med. Child Neurol. 2019, 61, 610–614.

33. Höftberger, R.; Lassmann, H. Inflammatory demyelinating diseases of the central nervous system. Frontal Lobes 2018,
145, 263–283.

34. Wingerchuk, D.M.; Banwell, B.; Bennett, J.L.; Cabre, P.; Carroll, W.; Chitnis, T.; De Seze, J.; Fujihara, K.; Greenberg,
B.M.; Jacob, A.; et al. International consensus diagnostic criteria for neuromyelitis optica spectrum disorders.
Neurology 2015, 85, 177–189.

35. Zhong, X.; Zhou, Y.; Chang, Y.; Wang, J.; Shu, Y.; Sun, X.; Peng, L.; Lau, A.; Kermode, A.G.; Qiu, W. Seizure and
Myelin Oligodendrocyte Glycoprotein Antibody-Associated Encephalomyelitis in a Retrospective Cohort of Chinese
Patients. Front. Neurol. 2019, 10, 415.

36. Lima, M.A.; Drislane, F.W.; Koralnik, I.J. Seizures and their outcome in progressive multifocal leukoencephalopathy.
Neurology 2006, 66, 262–264.

37. Calabrese, M.; De Stefano, N.; Atzori, M.; Bernardi, V.; Mattisi, I.; Barachino, L.; Rinaldi, L.; Morra, A.; McAuliffe,
M.M.J.; Perini, P.; et al. Extensive cortical inflammation is associated with epilepsy in multiple sclerosis. J. Neurol.
2008, 255, 581–586.

38. Striano, P.; Orefice, G.; Morra, V.B.; Boccella, P.; Sarappa, C.; Lanzillo, R.; Vacca, G. Epileptic seizures in multiple
sclerosis: Clinical and EEG correlations. Neurol. Sci. 2003, 24, 322–328.

39. Dutta, R.; McDonough, J.; Yin, X.; Peterson, J.; Chang, A.; Torres, T.; Gudz, T.; Macklin, W.B.; Lewis, D.; Fox, R.J.; et
al. Mitochondrial dysfunction as a cause of axonal degeneration in multiple sclerosis patients. Ann. Neurol. 2006, 59,
478–489.

40. Martínez-Lapiscina, E.H.; Ayuso, T.; Lacruz, F.; Gurtubay, I.G.; Soriano, G.; Otano, M.; Bujanda, M.; Bacaicoa, M.C.
Cortico-juxtacortical involvement increases risk of epileptic seizures in multiple sclerosis. Acta Neurol. Scand. 2013,
128, 24–31.

41. Calabrese, M.; Castellaro, M.; Bertoldo, A.; De Luca, A.; Pizzini, F.B.; Ricciardi, G.; Pitteri, M.; Zimatore, S.; Magliozzi,
R.; Benedetti, M.D.; et al. Epilepsy in multiple sclerosis: The role of temporal lobe damage. Mult. Scler. J. 2016, 23,
473–482.

42. Nicholas, R.; Magliozzi, R.; Campbell, G.; Mahad, D.; Reynolds, R. Temporal lobe cortical pathology and inhibitory
GABA interneuron cell loss are associated with seizures in multiple sclerosis. Mult. Scler. J. 2015, 22, 25–35.

43. Cao, G.; Edden, R.A.E.; Gao, F.; Li, H.; Gong, T.; Chen, W.; Liu, X.; Wang, G.; Zhao, B. Reduced GABA levels correlate
with cognitive impairment in patients with relapsing-remitting multiple sclerosis. Eur. Radiol. 2018, 28, 1140–1148.

44. Chen, C.; Liu, C.; Fang, L.; Zou, Y.; Ruan, H.; Wang, Y.; Cui, C.; Sun, X.; Peng, L.; Qiu, W. Different magnetic
resonance imaging features between MOG antibody- and AQP4 antibody-mediated disease: A Chinese cohort study. J.
Neurol. Sci. 2019, 405, 116430.

45. Shen, C.-H.; Zheng, Y.; Cai, M.-T.; Yang, F.; Fang, W.; Zhang, Y.-X.; Ding, M.-P. Seizure occurrence in myelin
oligodendrocyte glycoprotein antibody-associated disease: A systematic review and meta-analysis. Mult. Scler. Relat.
Disord. 2020, 42, 102057.

46. Verkman, A.S.; Phuan, P.-W.; Asavapanumas, N.; Tradtrantip, L. Biology of AQP4 and Anti-AQP4 Antibody: Therapeutic
Implications for NMO. Brain Pathol. 2013, 23, 684–695.

47. Schorner, A.; Weissert, R. Patients with Epileptic Seizures and Multiple Sclerosis in a Multiple Sclerosis Center in
Southern Germany Between 2003–2015. Front. Neurol. 2019, 10, 613.

48. Burman, J.; Zelano, J. Epilepsy in multiple sclerosis: A nationwide population-based register study. Neurology 2017, 89,
2462–2468.

49. Martínez-Juárez, I.E.; Lopez-Meza, E.; González-Aragón, M.D.C.F.; Ramírez-Bermúdez, J.; Corona, T. Epilepsy and
multiple sclerosis: Increased risk among progressive forms. Epilepsy Res. 2009, 84, 250–253.

50. Hussona, M.A.; Kearney, H.; Fisher, A.; Lynch, J.; Looby, S.; Delanty, N. New onset seizures as a sole clinical
presentation of multiple sclerosis. Mult. Scler. J. 2018, 25, 295–299.

51. Durmus, H.; Kurtuncu, M.; Tuzun, E.; Pehlivan, M.; Akman-Demir, G.; Yapıcı, Z.; Eraksoy, M. Comparative clinical
characteristics of early- and adult-onset multiple sclerosis patients with seizures. Acta Neurol. Belg. 2013, 113, 421–
426.

52. Benjaminsen, E.; Myhr, K.-M.; Alstadhaug, K.B. The prevalence and characteristics of epilepsy in patients with multiple
sclerosis in Nordland county, Norway. Seizure 2017, 52, 131–135.



53. Calabrese, M.; Favaretto, A.; Martini, V.; Gallo, P. Grey matter lesions in MS: From histology to clinical implications.
Prion 2013, 7, 20–27.

54. Geurts, J.J.; Barkhof, F. Grey matter pathology in multiple sclerosis. Lancet Neurol. 2008, 7, 841–851.

55. Calabrese, M.; Grossi, P.; Favaretto, A.; Romualdi, C.; Atzori, M.; Rinaldi, F.; Perini, P.; Saladini, M.; Gallo, P. Cortical
pathology in multiple sclerosis patients with epilepsy: A 3 year longitudinal study. J. Neurol. Neurosurg. Psychiatry
2011, 83, 49–54.

56. Thompson, A.; Kermode, A.G.; Moseley, I.F.; MacManus, D.; McDonald, W.I. Seizures due to multiple sclerosis: Seven
patients with MRI correlations. J. Neurol. Neurosurg. Psychiatry 1993, 56, 1317–1320.

57. Zoupi, L.; Booker, S.A.; Eigel, D.; Werner, C.; Kind, P.C.; Spires-Jones, T.L.; Newland, B.; Williams, A.C. Selective
vulnerability of inhibitory networks in multiple sclerosis. Acta Neuropathol. 2021, 141, 415–429.

58. Folbergrová, J.; Kunz, W.S. Mitochondrial dysfunction in epilepsy. Mitochondrion 2012, 12, 35–40.

59. Waxman, S.G. Acquired channelopathies in nerve injury and MS. Neurology 2001, 56, 1621–1627.

60. Robel, S.; Sontheimer, H. Glia as drivers of abnormal neuronal activity. Nat. Neurosci. 2016, 19, 28–33.

61. Kesterson, J.W.; Carlton, W.W. Aqueductal stenosis as the cause of hydrocephalus in mice fed the substituted
hydrazine, cuprizone. Exp. Mol. Pathol. 1970, 13, 281–294.

62. Kesterson, J.W.; Carlton, W.W. Cuprizone toxicosis in mice—Attempts to antidote the toxicity. Toxicol. Appl. Pharmacol.
1972, 22, 6–13.

63. Hoffmann, K.; Lindner, M.; Gröticke, I.; Stangel, M.; Löscher, W. Epileptic seizures and hippocampal damage after
cuprizone-induced demyelination in C57BL/6 mice. Exp. Neurol. 2008, 210, 308–321.

64. Lapato, A.; Szu, J.I.; Hasselmann, J.; Khalaj, A.J.; Binder, D.K.; Tiwari-Woodruff, S.K. Chronic demyelination-induced
seizures. Neuroscience 2017, 346, 409–422.

65. Micheva, K.D.; Wolman, D.; Mensh, B.D.; Pax, E.; Buchanan, J.; Smith, S.J.; Bock, D.D. A large fraction of neocortical
myelin ensheathes axons of local inhibitory neurons. eLife 2016, 5, e15784.

66. Rawji, K.S.; Martinez, G.A.G.; Sharma, A.; Franklin, R.J. The role of astrocytes in remyelination. Trends Neurosci.
2020, 43, 596–607.

67. Manley, G.T.; Fujimura, M.; Ma, T.; Noshita, N.; Filiz, F.; Bollen, A.W.; Chan, P.; Verkman, A. Aquaporin-4 deletion in
mice reduces brain edema after acute water intoxication and ischemic stroke. Nat. Med. 2000, 6, 159–163.

68. Binder, D.K.; Yao, X.; Zador, Z.; Sick, T.J.; Verkman, A.S.; Manley, G.T. Increased seizure duration and slowed
potassium kinetics in mice lacking aquaporin-4 water channels. Glia 2006, 53, 631–636.

69. Kim, J.-E.; Yeo, S.-I.; Ryu, H.J.; Kim, M.-J.; Kim, D.-S.; Jo, S.-M.; Kang, T.-C. Astroglial loss and edema formation in the
rat piriform cortex and hippocampus following pilocarpine-induced status epilepticus. J. Comp. Neurol. 2010, 518,
4612–4628.

70. Binder, D.K.; Nagelhus, E.A.; Ottersen, O.P. Aquaporin-4 and epilepsy. Glia 2012, 60, 1203–1214.

Retrieved from https://encyclopedia.pub/entry/history/show/40618


