
Edited by  

Beth Leeman-Markowski, Jeannie Chin, Dominique Leitner 

and Keith Vossel

Epilepsy and Alzheimer’s 
disease: shared pathology, 
clinical presentations, and 
targets for treatment

Published in  

Frontiers in Neurology

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/research-topics/50594/epilepsy-and-alzheimers-disease-shared-pathology-clinical-presentations-and-targets-for-treatment
https://www.frontiersin.org/research-topics/50594/epilepsy-and-alzheimers-disease-shared-pathology-clinical-presentations-and-targets-for-treatment
https://www.frontiersin.org/research-topics/50594/epilepsy-and-alzheimers-disease-shared-pathology-clinical-presentations-and-targets-for-treatment
https://www.frontiersin.org/research-topics/50594/epilepsy-and-alzheimers-disease-shared-pathology-clinical-presentations-and-targets-for-treatment


September 2024

Frontiers in Neurology frontiersin.org1

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is 

a pioneering approach to the world of academia, radically improving the way 

scholarly research is managed. The grand vision of Frontiers is a world where 

all people have an equal opportunity to seek, share and generate knowledge. 

Frontiers provides immediate and permanent online open access to all its 

publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-

access, online journals, promising a paradigm shift from the current review, 

selection and dissemination processes in academic publishing. All Frontiers 

journals are driven by researchers for researchers; therefore, they constitute 

a service to the scholarly community. At the same time, the Frontiers journal 

series operates on a revolutionary invention, the tiered publishing system, 

initially addressing specific communities of scholars, and gradually climbing 

up to broader public understanding, thus serving the interests of the lay 

society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely 

collaborative interactions between authors and review editors, who include 

some of the world’s best academicians. Research must be certified by peers 

before entering a stream of knowledge that may eventually reach the public 

- and shape society; therefore, Frontiers only applies the most rigorous 

and unbiased reviews. Frontiers revolutionizes research publishing by freely 

delivering the most outstanding research, evaluated with no bias from both 

the academic and social point of view. By applying the most advanced 

information technologies, Frontiers is catapulting scholarly publishing into  

a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers 

journals series: they are collections of at least ten articles, all centered  

on a particular subject. With their unique mix of varied contributions from  

Original Research to Review Articles, Frontiers Research Topics unify the 

most influential researchers, the latest key findings and historical advances  

in a hot research area.

Find out more on how to host your own Frontiers Research Topic or 

contribute to one as an author by contacting the Frontiers editorial office: 

frontiersin.org/about/contact

FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual 
articles in this ebook is the property 
of their respective authors or their 
respective institutions or funders.
The copyright in graphics and images 
within each article may be subject 
to copyright of other parties. In both 
cases this is subject to a license 
granted to Frontiers. 

The compilation of articles constituting 
this ebook is the property of Frontiers. 

Each article within this ebook, and the 
ebook itself, are published under the 
most recent version of the Creative 
Commons CC-BY licence. The version 
current at the date of publication of 
this ebook is CC-BY 4.0. If the CC-BY 
licence is updated, the licence granted 
by Frontiers is automatically updated 
to the new version. 

When exercising any right under  
the CC-BY licence, Frontiers must be 
attributed as the original publisher  
of the article or ebook, as applicable. 

Authors have the responsibility of 
ensuring that any graphics or other 
materials which are the property of 
others may be included in the CC-BY 
licence, but this should be checked 
before relying on the CC-BY licence 
to reproduce those materials. Any 
copyright notices relating to those 
materials must be complied with. 

Copyright and source 
acknowledgement notices may not  
be removed and must be displayed 
in any copy, derivative work or partial 
copy which includes the elements  
in question. 

All copyright, and all rights therein,  
are protected by national and 
international copyright laws. The 
above represents a summary only. 
For further information please read 
Frontiers’ Conditions for Website Use 
and Copyright Statement, and the 
applicable CC-BY licence.

ISSN 1664-8714 
ISBN 978-2-8325-5014-4 
DOI 10.3389/978-2-8325-5014-4

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


September 2024

Frontiers in Neurology 2 frontiersin.org

Epilepsy and Alzheimer’s disease: 
shared pathology, clinical 
presentations, and targets for 
treatment

Topic editors

Beth Leeman-Markowski — VA New York Harbor Healthcare System, United States

Jeannie Chin — Baylor College of Medicine, United States

Dominique Leitner — New York University, United States

Keith Vossel — University of California, United States

Citation

Leeman-Markowski, B., Chin, J., Leitner, D., Vossel, K., eds. (2024). Epilepsy and 

Alzheimer’s disease: shared pathology, clinical presentations, and targets for 

treatment. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-8325-5014-4

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/
http://doi.org/10.3389/978-2-8325-5014-4


September 2024

Frontiers in Neurology frontiersin.org3

05	 Editorial: Epilepsy and Alzheimer’s disease: shared pathology, 
clinical presentations, and targets for treatment
Beth Leeman-Markowski, Jeannie Chin, Dominique Leitner and 
Keith Vossel

09	 Localized proteomic differences in the choroid plexus of 
Alzheimer’s disease and epilepsy patients
Dominique F. Leitner, Evgeny Kanshin, Arline Faustin, Manon Thierry, 
Daniel Friedman, Sasha Devore, Beatrix Ueberheide, Orrin Devinsky 
and Thomas Wisniewski

23	 Loss of normal Alzheimer’s disease-associated Presenilin 2 
function alters antiseizure medicine potency and tolerability 
in the 6-Hz focal seizure model
Leanne M. Lehmann and Melissa Barker-Haliski

37	 Cognitive phenotypes in late-onset epilepsy: results from the 
atherosclerosis risk in communities study
Anny Reyes, Andrea L. C. Schneider, Anna M. Kucharska-Newton, 
Rebecca F. Gottesman, Emily L. Johnson and Carrie R. McDonald

52	 Interictal epileptiform discharges in Alzheimer’s 
disease: prevalence, relevance, and controversies
Hernan Nicolas Lemus and Rani A. Sarkis

60	 Clinical, imaging, and biomarker evidence of amyloid- and 
tau-related neurodegeneration in late-onset epilepsy of 
unknown etiology
L. Brian Hickman, John M. Stern, Daniel H. S. Silverman, 
Noriko Salamon and Keith Vossel

71	 Alzheimer’s disease and epilepsy: shared neuropathology 
guides current and future treatment strategies
Olivia Lu, Taimur Kouser and Irina A. Skylar-Scott

80	 Proposed mechanisms of tau: relationships to traumatic brain 
injury, Alzheimer’s disease, and epilepsy
Samantha P. Martin and Beth A. Leeman-Markowski

103	 Hippocampal ΔFosB expression is associated with cognitive 
impairment in a subgroup of patients with childhood 
epilepsies
Chia-Hsuan Fu, Jason C. You, Carrie Mohila, Robert A. Rissman, 
Daniel Yoshor, Angela N. Viaene and Jeannie Chin

112	 ΔFosB is part of a homeostatic mechanism that protects the 
epileptic brain from further deterioration
Jerome Clasadonte, Tania Deprez, Gabriel S. Stephens, 
Georges Mairet-Coello, Pierre-Yves Cortin, Maxime Boutier, 
Aurore Frey, Jeannie Chin and Marek Rajman

Table of
contents

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/


September 2024

Frontiers in Neurology 4 frontiersin.org

130	 Latest advances in mechanisms of epileptic activity in 
Alzheimer’s disease and dementia with Lewy Bodies
Mariane Vicente, Kwaku Addo-Osafo and Keith Vossel

144	 Overlapping and distinct phenotypic profiles in Alzheimer’s 
disease and late onset epilepsy: a biologically-based 
approach
Anli A. Liu and William B. Barr

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/


TYPE Editorial

PUBLISHED 13 August 2024

DOI 10.3389/fneur.2024.1441996

OPEN ACCESS

EDITED AND REVIEWED BY

Tomomichi Iizuka,

Fukujuji Hospital, Japan

*CORRESPONDENCE

Beth Leeman-Markowski

beth.leeman-markowski@va.gov;

beth.leeman-markowski@nyulangone.org

RECEIVED 01 June 2024

ACCEPTED 05 July 2024

PUBLISHED 13 August 2024

CITATION

Leeman-Markowski B, Chin J, Leitner D and

Vossel K (2024) Editorial: Epilepsy and

Alzheimer’s disease: shared pathology, clinical

presentations, and targets for treatment.

Front. Neurol. 15:1441996.

doi: 10.3389/fneur.2024.1441996

COPYRIGHT

© 2024 Leeman-Markowski, Chin, Leitner and

Vossel. This is an open-access article

distributed under the terms of the Creative

Commons Attribution License (CC BY). The

use, distribution or reproduction in other

forums is permitted, provided the original

author(s) and the copyright owner(s) are

credited and that the original publication in

this journal is cited, in accordance with

accepted academic practice. No use,

distribution or reproduction is permitted

which does not comply with these terms.

Editorial: Epilepsy and
Alzheimer’s disease: shared
pathology, clinical presentations,
and targets for treatment

Beth Leeman-Markowski1,2*, Jeannie Chin3, Dominique Leitner4

and Keith Vossel5

1Neurology Service, VA New York Harbor Healthcare System, New York, NY, United States,
2Department of Neurology, Comprehensive Epilepsy Center, New York University Langone Health,

New York, NY, United States, 3Department of Neuroscience, Baylor College of Medicine, Houston, TX,

United States, 4Department of Neurology, Center for Cognitive Neurology, New York University

Langone Health, New York, NY, United States, 5Department of Neurology, Mary S. Easton Center for

Alzheimer’s Research and Care, David Ge�en School of Medicine, University of California, Los Angeles,

Los Angeles, CA, United States

KEYWORDS

epilepsy, Alzheimer’s disease, memory, seizures, cognition, dementia, tau, amyloid

Editorial on the Research Topic

Epilepsy and Alzheimer’s disease: shared pathology, clinical

presentations, and targets for treatment

While epilepsy incidence peaks in older adults (1, 2), the association between epilepsy

and Alzheimer’s disease (AD) extends beyond the increased risk of AD with age. Epilepsy

and AD share clinical manifestations, with approximately 50% of epilepsy patients

demonstrating cognitive dysfunction (3, 4) and prevalence estimates of seizures in AD

ranging widely from 1.5 to 75% (5, 6). Epilepsy and AD can also have similar pathological

findings, with beta-amyloid and tau accumulation, and selective vulnerability of the

hippocampus, in both disorders (7, 8). Many questions remain unanswered, however,

regarding similarities and differences in cognitive profiles, identification of biomarkers,

underlying mechanisms, and treatment implications. Articles in this collection address

these fundamental questions.

Clinical presentations

Risks of developing epilepsy and dementia are bidirectional, with an estimated two-

fold risk of one disorder in the setting of the other (9). Hence, we must know when to

suspect a dual diagnosis. Reyes et al. described cognitive phenotypes of late onset epilepsy

(LOE), finding that 62.5% declined in cognitive performance over a median of 4 years.

The authors concluded that developing seizures in older age can accelerate cognitive

decline. Performance decrements, however, may be challenging to distinguish from AD.

Liu and Barr highlighted differing patterns of memory deficits corresponding to cell loss

in different hippocampal subfields in LOE and AD. With early neuronal loss in the dentate

gyrus and CA1/CA3 regions in temporal lobe epilepsy (TLE), there is corresponding

difficulty with separation of details, and association and consolidation between present and

past events, with relatively spared encoding and retrieval. In contrast, AD involves early cell
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loss in the entorhinal cortex, impairing all stages of memory

formation and retrieval. The authors proposed that in early stages,

TLE and AD could be distinguished based on these differing

patterns of memory dysfunction.

Biomarkers

Liu and Barr and Lu et al. reviewed similarities between AD

and epilepsy, including amyloid and tau pathology. Adults with

epilepsy can exhibit early AD pathology, including lower Aβ42

in cerebrospinal fluid (CSF) and hyperphosphorylated tau in the

temporal lobes (10, 11). AD patients with comorbid epilepsy have

greater abnormalities in CSF Aβ42, total tau, and phosphorylated

tau than AD patients without epilepsy (12). Hickman et al.

recommended that all patients with late onset epilepsy of unknown

cause (LOEU) have an evaluation for preclinical or prodromal AD

and categorized LOEU based on presence or absence of amyloid

and tau biomarkers. These categories will likely become more

refined as we develop more comprehensive biomarkers of seizure-

associated proteinopathies, including alpha-synuclein, TDP-43,

and immune factors.

Martin and Leeman-Markowski proposed a mechanism by

which hyper-phosphorylated tau and neurofibrillary tangles

accumulate in epilepsy, resulting from an imbalanced endoplasmic

reticulum stress response, inflammatory signaling, and a failed “last

ditch effort” of amyloid-beta to revert the cell to programmed cell

death. They presented a hypothesis of tau phosphorylation as an

acute neuroprotective response to seizures that may transition to

an injurious process when these pathways are chronically activated

by repeated seizures.

Leitner et al. examined proteins within the choroid plexus

(13, 14) of human post-mortem tissue. They identified protein

differences in the choroid plexus of AD compared to controls,

associated with a shift from glucose-mediated energy production

to fatty acid beta-oxidation activation and glycolysis inhibition,

coupled with activated branched-chain amino acid degradation.

Greater variability and fewer protein differences were evident in

the epilepsy group compared to controls, but similar trends in

protein changes were present in epilepsy and AD. Proteomics of

the choroid plexus and other brain regions (15) may inform future

mechanistic and therapeutic studies.

Genetics

Epigenetic regulation of gene expression can translate

intermittent seizures to long-lasting cognitive changes. The

neuronal activity-induced transcription factor 1FosB is robustly

increased in the dentate gyrus in AD and correlates with cognitive

impairment (16). Although seizure-induced 1FosB accumulation

occurs in TLE (16, 17), whether it is associated with cognitive

deficits in epilepsy is unknown. Fu et al. found increased 1FosB

expression in pediatric epilepsies that was inversely related to IQ in

patients with intellectual disabilities. Thus, 1FosB expression may

contribute to cognition in a range of epilepsy syndromes.

Multiple 1FosB target genes in the hippocampus play critical

roles in calcium handling and synaptic plasticity, which may

explain why their suppression by 1FosB leads to cognitive

deficits (16–18). However, prolonged 1FosB expression may also

enable neuroprotective and homeostatic pathways. In Clasadonte

et al., prolonged 1FosB reduction exacerbated neuroinflammatory

pathways in mouse models of epilepsy. Their newly developed

shRNA tool for reducing 1FosB expression was effective and

long-lasting, revealing that 1FosB maintains neuroprotection,

in part by limiting astrocyte and microglial engagement in

neuroinflammation. These results are consistent with prior studies

demonstrating that prolonged blockade of 1FosB exacerbates

seizures and memory deficits in an AD mouse model (19).

Together, these data reveal how engagement of1FosB by recurrent

seizures contributes to long-lasting impacts on hippocampal gene

expression and function.

Treatment

Lu et al. provided an overview of AD medication effects

on seizure threshold, which can guide clinicians when selecting

individualized treatments. We must also better understand anti-

seizure medications (ASMs) in the context of AD with epileptiform

activity. Lehmann and Barker-Haliski evaluated acute ASMpotency

and tolerability in a presenilin-2 (PSEN2) knockout (KO) early

onset-AD mouse model in comparison to wild type controls, using

a 6-Hz limbic seizure test. Acute potency and tolerability across

multiple ASMs were altered with PSEN2 loss, providing support for

targeted ASM therapy analyses in familial early-onset AD patients.

Overlapping clinical presentations and neuropathological

changes of AD and epilepsy could lead to shared treatments (20–

24). Further, interictal epileptiform discharges (IEDs), may serve as

a target for treatment in AD. Lu et al. highlighted that seizures and

IEDs in AD are associated with accelerated cognitive decline and

that ASMs may improve cognitive function in AD patients with

epileptiform activity, which is most commonly seen in sleep (25–

28). Lemus and Sarkis advised a measured approach to considering

ASMs in AD patients with IEDs, taking into account the patient’s

age and the frequency, morphology, and other characteristics of the

epileptiform activity.

Related dementias

The bidirectional risk of epilepsy and dementia is not limited

to AD (29). Vicente et al. noted the increased risk of epilepsy in

dementia with Lewy bodies (DLB). Many of the same pathological

changes and pathways are implicated in AD and DLB, including

glutamate transporter imbalance, cholinergic neuron degeneration,

mechanistic target of rapamycin (mTOR) overactivation, and

disruption of glial immunoinflammatory function, such that

mechanistic insights into epileptic activity in one disease could be

informative for the other.

Conclusion

The studies highlighted in this collection contribute

to a greater understanding of the relationships between
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epilepsy and AD, with the hope of improving diagnosis

and identifying effective treatments, so patients can have

improved cognition.
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Introduction: Alzheimer’s disease (AD) and epilepsy are reciprocally related.

Among sporadic AD patients, clinical seizures occur in 10–22% and subclinical

epileptiform abnormalities occur in 22–54%. Cognitive deficits, especially

short-term memory impairments, occur in most epilepsy patients. Common

neurophysiological and molecular mechanisms occur in AD and epilepsy. The

choroid plexus undergoes pathological changes in aging, AD, and epilepsy,

including decreased CSF turnover, amyloid beta (Aβ), and tau accumulation due

to impaired clearance and disrupted CSF amino acid homeostasis. This pathology

may contribute to synaptic dysfunction in AD and epilepsy.

Methods: We evaluated control (n = 8), severe AD (n = 8; A3, B3, C3

neuropathology), and epilepsy autopsy cases (n = 12) using laser capture

microdissection (LCM) followed by label-free quantitative mass spectrometry

on the choroid plexus adjacent to the hippocampus at the lateral geniculate

nucleus level.

Results: Proteomics identified 2,459 proteins in the choroid plexus. At a 5% false

discovery rate (FDR), 616 proteins were di�erentially expressed in AD vs. control, 1

protein in epilepsy vs. control, and 438 proteins in AD vs. epilepsy. There was more

variability in the epilepsy group across syndromes. The top 20 signaling pathways

associated with di�erentially expressed proteins in AD vs. control included cell

metabolism pathways; activated fatty acid beta-oxidation (p = 2.00 x 10−7, z =

3.00), and inhibited glycolysis (p = 1.00 x 10−12, z = −3.46). For AD vs. epilepsy,

the altered pathways included cell metabolism pathways, activated complement

system (p = 5.62 x 10−5, z = 2.00), and pathogen-induced cytokine storm (p =

2.19 x 10−2, z = 3.61). Of the 617 altered proteins in AD and epilepsy vs. controls,

497 (81%) were positively correlated (p < 0.0001, R2 = 0.27).

Discussion: We found altered signaling pathways in the choroid plexus of

severe AD cases and many correlated changes in the protein expression of

cell metabolism pathways in AD and epilepsy cases. The shared molecular

mechanisms should be investigated further to distinguish primary pathogenic

changes from the secondary ones. These mechanisms could inform novel
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therapeutic strategies to prevent disease progression or restore normal function.

A focus on dual-diagnosed AD/epilepsy cases, specific epilepsy syndromes, such

as temporal lobe epilepsy, and changes across di�erent severity levels in AD and

epilepsy would add to our understanding.

KEYWORDS

Alzheimer’s disease, epilepsy, choroid plexus, proteomics, laser capture microdissection

Introduction

Alzheimer’s disease (AD) and epilepsy are reciprocally related:

AD increases the risk of late-onset seizures, and epilepsy increases

the risk of cognitive impairment (1–10), suggesting common

molecular mechanisms. Seizures occur in 10–22% of sporadic

AD (sAD) patients, subclinical epileptiform abnormalities in 22–

54% of AD patients, (11–17) and cognitive deficits occur in up

to 80% of epilepsy patients (1–3, 18). Non-convulsive seizures

and subclinical electroencephalography (EEG) abnormalities are

common and underrecognized in AD patients and may accelerate

structural and cognitive disorders (4, 14, 15, 17, 19). In

AD patients with epileptiform activity, the Mini-Mental State

Examination (MMSE) score decreased faster compared to AD

patients without epileptiform activity (15). Furthermore, anti-

seizure medications [ASMs; e.g., levetiracetam (LEV)] decreased

neuronal hyperexcitability and improved cognition in animal

models and in patients with mild cognitive impairment (MCI)

and are being investigated in ongoing studies for AD (20–24).

Cognitive deficits are common in patients with chronic epilepsy,

particularly in temporal lobe epilepsy (TLE), and late-onset epilepsy

(8, 9, 18, 25, 26). Epilepsy patients had a faster MMSE decline

than non-epilepsy patients (27), a 2-fold increased dementia risk

when compared to controls (28), and a 3-fold increased dementia

incidence in late-onset epilepsy when compared to non-epilepsy

patients (9). Cognitive deficits and epileptiform activity are linked

with amyloid beta (Aβ) and tau pathology in AD and epilepsy

(3, 19, 25, 29, 30). Cognitive performance was impaired with altered

cerebrospinal fluid (CSF) Aβ42 and EEG abnormalities in patients

with late-onset epilepsy of unknown etiology and MCI when

compared to MCI patients without epilepsy (26). Furthermore,

some patients with late-onset epilepsy of unknown etiology develop

pathogenic levels of AD biomarkers Aβ42 and tau that indicate an

ongoing neurodegeneration process and a risk factor for AD (31).

Compared to AD patients without seizures, those with seizures

had increased Aβ and tau pathology via mTOR activation in the

temporal cortex (32). An mTOR inhibitor improved cognition and

ameliorated AD pathology in a 5xTg AD model (32), highlighting

the therapeutic potential of exploring the pathways involved in the

bidirectional relationship between AD and seizures.

The choroid plexus is impacted in both AD and epilepsy. It

is the primary source for CSF production and is essential in the

maintenance and function of the brain (33). This region undergoes

age-related pathological changes (e.g., altered volume, epithelial

atrophy, thickened basement membrane, and stroma fibrosis) that

decrease CSF turnover (33–36). Aβ accumulation in the choroid

plexus results from mitochondrial deficits, oxidative stress, and

cytoskeletal dysregulation (34, 37–39). These pathogenic changes

alter nutrient and ion secretion, impairing brain homeostasis (33,

35, 40). In epilepsy, choroid plexus and hippocampal inflammation

occur ipsilateral to the seizure focus (41). CSF amino acid

homeostasis is disrupted in epilepsy patients and animal epilepsy

models (42–45).

We and others have identified AD protein changes in multiple

brain regions over the disease course (46). These include glial

proteins (47), Aβ, and tau levels that correlate with spliceosome

activity (48–50), synaptic dysfunction (51, 52), and tau interacting

proteins involved in ubiquitination and phagosome maturation

(29, 53). In epilepsy, we identified protein changes associated with

increased translation and decreased oxidative phosphorylation and

synaptogenesis (54). The molecular mechanisms in the choroid

plexus of AD and epilepsy are not well-understood. Limited

proteomic studies in AD choroid plexus (55) and CSF revealed

protein changes in CSF, indicating altered astrocyte/microglial

and sugar metabolism (56), neuroinflammation, cerebrovascular

dysfunction, and apoptosis (57, 58). There are no proteomics

studies in human epilepsy choroid plexus. With most AD clinical

trials failing (59–66) and drug-resistant epilepsy rates stable for

decades (67, 68), proteomics approaches may reveal unbiased

comprehensive datasets to identify shared druggable protein

targets. Identifying these mechanisms can inform therapeutic

strategies to improve network function, limit disease progression,

and potentially reverse functional and pathological changes.

Materials and methods

Brain tissue

Specimens were acquired under protocols with Institutional

Review Board (IRB) approval at NYU Grossman School of

Medicine, including autopsy tissues from the North American

SUDEP Registry (NASR) at NYU CEC, NYU ADRC, and

NYU Center for Biospecimen Research and Development

(CBRD)/Department of Pathology. For epilepsy cases (n = 12),

the inclusion criteria were those cases with temporal lobe epilepsy

or likely temporal lobe involved epilepsy as determined from the

review of available medical records, as well as additional epilepsy

cases that were age-matched to the other groups and enrolled in

NASR. For AD cases (n= 8), the inclusion criteria were those cases

with severe AD pathology as indicated by the neuropathology score

A3B3C3 (69) and part of the NYU ADRC, which allowed for age

matching to the other groups. Control cases (n = 8) were selected

to include those cases with no known significant neurology or
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TABLE 1 Case history summary.

Study group n Sex (M/F) Age (years) PMI (hours) Brain weight (grams)

Control 8 5/3 57.8± 6.1 59.1± 14.3 1249.0± 130.7

AD 8 2/6 72.6± 9.5 23.6± 22.5 1063.4± 102.3

Epilepsy 12 11/1 45.4± 14.3 35.8± 19.7 1392.9± 169.3

From the available case information. See Supplementary Table 1 for detailed case history. Mean is indicated for age, PMI, and brain weight± standard deviation (mean± SD).

neuropathology. Cases were further selected to include those that

were age-matched and with hippocampal sections available at the

level of the lateral geniculate nucleus (LGN) with adjacent choroid

plexus present. The sample size was informed by ours and other

prior studies (47, 49, 52, 54, 56, 70, 71). Case history is summarized

in Table 1 and detailed in Supplementary Table 1.

Laser capture microdissection

Formalin-fixed, paraffin-embedded (FFPE) tissue was cut into

8 µg sections from autopsy hippocampal tissue at the level of the

LGNwith adjacent choroid plexus onto LCMPETmembrane slides

(54, 70, 72, 73) and stained with cresyl violet (74) for the localization

of choroid plexus. Microdissected samples were collected at a

consistent area per case of 3 mm2 into LC-MS grade water (Thermo

Fisher Scientific) with the Leica LMD6500 LCM system. Samples

were stored at −80◦C until further processing. The schematic

overview in Figure 1 was partially generated with Biorender.com.

Label-free quantitative mass spectrometry
LFQ-MS

Protein extraction and digestion
LCM-excised tissue samples were solubilized and digested

using the SPEED sample prep workflow (75). In brief, tissue

sections were incubated in 10 µl of LC-MS grade trifluoroacetic

acid (TFA) for 5min at 73◦C. TFA was neutralized by 10x dilution

(v:v) with 2M TRIS containing 10mM Tris (2-carboxyethyl)

phosphine TCEP and 20mM chloroacetic acid (CAA) and

incubated at 95◦C for 10min. For enzymatic digestion, samples

were diluted 6x (v:v) with water containing 1 µg of sequencing-

grade trypsin. Digestion was carried out at 37◦C overnight and

halted by acidification to 2% of TFA.

LC-MS/MS
LC separation was performed online on an Evosep One

(Evosep) LC utilizing Dr. Maisch ReproSil-Pur 120 C18 AQ, 1.9-

µmbead (150µm ID, 15 cm long, cat# EV-1106) analytical column.

Peptides were gradient eluted from the column directly into an

Orbitrap HFX mass spectrometer using the 88-min extended

Evosep method (SPD15) at a flow rate of 220 nl/min. The mass

spectrometer was operated in data-independent acquisition (DIA)

mode (76) acquiring MS/MS fragmentation across 22 m/z windows

after every MS full-scan event.

High-resolution full MS spectra were acquired with a resolution

of 120,000, an AGC target of 3e6, with a maximum ion injection

time of 60ms, and a scan range of 350 to 1650 m/z. Following

each full MS scan, 22 data-independent HCD MS/MS scans were

acquired at a resolution of 30,000, an AGC target of 3e6, and a

stepped normalized collision energy (NCE) of 22.5, 25, and 27.5.

Data analysis

MS data were analyzed using the Spectronaut
R©

software

(https://biognosys.com/shop/spectronaut) and searched in direct

DIA mode against the homo sapiens UniProt database (http://

www.uniprot.org/). The database search used the integrated search

engine Pulsar. For searching, enzyme specificity was set to trypsin

with two or fewer missed cleavages. Oxidation of methionine was

searched as a variable modification, and carbamidomethylation

of cysteines was searched as a fixed modification. The false

discovery rate (FDR) for peptide, protein, and site identification

was set to 1%. Protein quantification was done on the MS/MS

level using the three most intense fragment ions per precursor.

Subsequent data analysis used Perseus (77) (http://www.perseus-

framework.org/), R environment (http://www.r-project.org/), or

Prism GraphPad for statistical computing and graphics. Raw data

are available on the MassIVE server (https://massive.ucsd.edu/)

under accession MSV000091370.

The protein expression matrix (n = 2,498) was filtered

to remove the proteins that were non-human, common lab

contaminants, and those proteins observed in less than half of all

the three groups (n = 2,459). For principal component analysis

(PCA), missing values were imputed from the normal distribution

with a width of 0.3 and a downshift of 1.8 (relative to measured

protein intensity distribution) in Perseus (77). Unpaired t-tests

were performed in Perseus v. 1.6.2.3 (77) to detect significant

changes in protein expression. A comparison of the significant

proteins common to each pairwise comparison was evaluated

by a Venn diagram generated from InteractiVenn (78). Cell-

type annotations for each protein were evaluated in comparison

to a reference choroid plexus dataset (79), as we have similarly

done previously in other brain regions with enrichment evaluated

by a Fisher’s exact test (54, 70, 71, 73, 80, 81). The signaling

pathways associated with the differentially expressed proteins were

assessed by Ingenuity Pathway Analysis (IPA, Qiagen). All detected

proteins were included in the dataset for each pairwise comparison,

including the UniProtID, fold change, and p-value. Core analysis

was performed in each brain region for proteins at an FDR of
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FIGURE 1

LCM and schematic approach overview. Choroid plexus (3 mm2), adjacent to the hippocampus at the level of LGN, was microdissected by LCM from

FFPE autopsy brain tissue from control (n = 8), AD (n = 8), and epilepsy (n = 12) cases. Proteins were quantified by label-free quantitative mass

spectrometry to identify protein di�erences.

<5%. Pathways were considered enriched at a p-value of overlap

of <0.05 and to be activated/inhibited as a result of combined

protein fold changes in a pathway as reflected by a |z-score| of

≥2. Correlation analyses were performed by Pearson’s correlation

in GraphPad Prism. Data were also compared to previous AD

studies and recently compiled in our NeuroPro database v1.12

(https://neuropro.biomedical.hosting/) (82). To identify basement

membrane proteins (by cell component GO term), 616 proteins in

AD vs. control were evaluated by STRING v11.5 (https://string-db.

org/).

Immunohistochemistry
Immunohistochemistry was performed to validate the protein

of interest, transmembrane protein 106B (TMEM106B) (52, 73, 83,

84). The FFPE sections (8µm) were deparaffinized and rehydrated

in a series of xylenes and ethanol dilutions. A heat-induced

antigen retrieval was performed with 10mM sodium citrate, 0.05%

Triton-X 100; pH 6. Blocking with 10% normal donkey serum

was followed by a TMEM106B primary antibody (1:100, Sigma

HPA058342) and AQP1 (1:100, Santa Cruz sc-25287) overnight at

4◦C. Sections were incubated with donkey anti-rabbit Alexa-Fluor

647 and Alexa-Fluor 488 secondary antibodies (1:500, Thermo

Fisher Scientific, Invitrogen), counterstained with DAPI (Sigma

D9542), and coverslipped.

Whole-slide scanning was performed at ×20 magnification

with a Leica Aperio Versa 8 microscope using the same settings for

each slide. There were three to four images at ×10 magnification

collected for each case (n = 5 control, n = 5 AD, n = 5 epilepsy).

Images were analyzed using Fiji ImageJ to compare the average

amount of TMEM106B positive area among the groups. The same

binary threshold was used for all images to determine the number

of TMEM106B positive pixels in each image, which was reported

as a percentage of the total image area. A Mann–Whitney U-test

was performed for statistical analysis; a p-value of < 0.05 was

considered significant.

Results

Protein di�erential expression

Protein differential expression analysis was evaluated in control

(n = 8), AD (n = 8), and epilepsy cases (n = 12) from

the autopsy brain tissue with LFQ-MS in the microdissected

choroid plexus (Table 1, Figure 1, Supplementary Table 1). LFQ-

MS identified 2,459 proteins in the choroid plexus of the cases

analyzed, detected in at least 50% of the cases in any of the

groups. PCA showed significant segregation of AD cases from

control (p < 0.0001) and epilepsy (p < 0.0001) cases in PCA1

(Figures 2A–C). There was more variability in the epilepsy group

that included various syndromes. In addition to the disease group,

sex contributed to some differences observed on the PCA (p =

0.023), while age did not (p = 0.89) as observed by a multiple

variable linear regression analysis (Supplementary Table 2).

With an unpaired t-test followed by permutation-based FDR

at 5%, there were significant differences between AD and control

cases in 616 proteins, between epilepsy and control cases in 1

protein, and between AD and epilepsy cases in 438 proteins

(Figures 2D–G, Supplementary Table 3). There were 303 proteins

different in AD when compared to both control and epilepsy cases

(Figure 2D). The top 20 most significant proteins altered in the

AD vs. control and AD vs. epilepsy pairwise comparisons are

summarized in Tables 2, 3. For epilepsy vs. control, the differentially

expressed protein FUCA2 (alpha-L-fucosidase 2) was increased
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FIGURE 2

PCA and proteomic di�erences in the choroid plexus of control, epilepsy, and AD patients. (A) Principal component analysis (PCA) shows the

distribution of control (n = 8), AD with A3, B3, C3 neuropathology (n = 8), and epilepsy (n = 12) for the 2,459 proteins detected in choroid plexus. (B,

C) There is a segregation of AD from control (p < 0.0001) and epilepsy (p < 0.0001) in PCA1, but no segregation in PCA2 (one-way ANOVA with

post-hoc Tukey’s test). (D) Di�erential expression analysis for each pairwise comparison is indicated, as well as an overlap in the number of significant

proteins, at a 5% false discovery rate (FDR; dotted line) when comparing (E) AD vs. control (616 proteins), (F) epilepsy vs. control (1 protein), and (G)

AD vs. epilepsy (438 proteins). Annotations include the number of significantly increased (red arrows) and decreased (blue arrows) proteins. The top

five altered proteins are annotated by gene name, and choroid plexus cell-type annotations for each significant protein are indicated.

by 2.5-fold (p = 1.17 x 10−5). There were trending differences

(p < 0.05, FDR >5%) in epilepsy vs. control for 216 proteins

(Supplementary Table 3).

After cell-type annotation of proteins, most proteins were

“undefined” and likely expressed by multiple cell types, or their

association is unknown (Figures 2, 3, Supplementary Table 3). After

“undefined,” the most abundant annotation for significant proteins

was for endothelial proteins (2.4%, 15 proteins) in AD vs. control

and both endothelial and epithelial proteins (3.2%, 14 proteins

each) in AD vs. epilepsy. Cell-type enrichment analysis (Fisher’s

exact test) indicated that glial proteins (1.9%, 12 proteins) were

trending in enrichment (p = 0.051) in AD vs. control, and

endothelial proteins were enriched (p = 0.031) in AD vs. epilepsy

(Figure 3).

Pathway analysis

In AD vs. control (Figures 3B, C), pathway analysis of the

significantly altered proteins identified 142 signaling pathways

associated with the 616 proteins (p-value of overlap < 0.05);

20 of these pathways were significantly impacted by fold change

as reflected by the z-score (|z| ≥ 2; Supplementary Table 4).

Top signaling pathways were associated with cell metabolism,

including activated fatty acid beta-oxidation (p = 2.00 x 10−7,

z = 3.00) and inhibited glycolysis (p = 1.00 x 10−12, z =

−3.46; Figure 4). Three branched-chain amino acid degradation

pathways were activated: valine degradation I (p = 1.17 x 10−5,

z = 2.45), leucine degradation I (p = 5.13 x 10−5, z = 2.00),

and isoleucine degradation I (p = 7.59 x 10−5, z = 2.24). There

was BAG2 signaling activation (p = 1.12 x 10−5, z = 2.00) with

several decreased proteasome proteins, as well as 14-3-3-mediated

signaling inhibition (p= 1.82 x 10−2, z=−2.12).

In AD vs. epilepsy (Figures 3E, F), pathway analysis of the

significantly altered proteins identified 137 signaling pathways

associated with the 438 proteins (p-value of overlap <0.05) and 17

pathways were significantly impacted by fold change as reflected

by the z-score (|z| ≥ 2; Supplementary Table 5). The top 20

signaling pathways similar to AD vs. control included five pathways

associated with cell metabolism (gluconeogenesis I, glycolysis I,

oxidative phosphorylation, and glutaryl-CoA degradation) and the

GP6 signaling pathway that is related to platelet activation and

thrombus formation. Unique to AD vs. epilepsy, there were two

activated inflammation signaling pathways: complement system

(p = 5.62 x 10−5, z = 2.00) and pathogen-induced cytokine

storm (p= 2.19 x 10−2, z= 3.61).
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TABLE 2 Top 20 significant proteins in AD vs. control.

Gene ID Protein name UniProt ID p-value Fold change

Increased

ERP29 Endoplasmic reticulum resident protein 29 P30040 5.83E-07 1.7

ALDH18A1 Delta-1-pyrroline-5-carboxylate synthase P54886 6.33E-07 2.0

FBLN1 Fibulin-1 P23142 3.38E-06 3.4

FAHD1 Acylpyruvase FAHD1, mitochondrial Q6P587 4.73E-06 2.1

HIBADH 3-hydroxyisobutyrate dehydrogenase, mitochondrial P31937 4.91E-06 1.8

NUCB2 Nucleobindin-2 P80303 7.16E-06 1.8

HADH Hydroxyacyl-coenzyme A dehydrogenase, mitochondrial Q16836 1.07E-05 1.9

LETM1 Mitochondrial proton/calcium exchanger protein O95202 1.83E-05 1.6

FBN1 Fibrillin-1 [Cleaved into: Asprosin] P35555 2.04E-05 2.5

Decreased

C12orf10 UPF0160 protein MYG1, mitochondrial Q9HB07 7.02E-07 2.2

AKR7A3 Aflatoxin B1 aldehyde reductase member 3 O95154 1.12E-06 3.2

DCTN2 Dynactin subunit 2 Q13561 3.50E-06 1.7

YWHAB 14-3-3 protein beta/alpha P31946 3.94E-06 2.0

EIF3A Eukaryotic translation initiation factor 3 subunit A Q14152 5.28E-06 1.7

NAP1L4 Nucleosome assembly protein 1-like 4 Q99733 6.21E-06 1.7

AKR7A2 Aflatoxin B1 aldehyde reductase member 2 O43488 6.36E-06 1.9

EZR Ezrin P15311 1.65E-05 1.9

ALDOA Fructose-bisphosphate aldolase A P04075 1.78E-05 3.1

PPM1B Protein phosphatase 1B O75688 1.82E-05 1.7

RDX Radixin P35241 1.97E-05 1.9

In epilepsy vs. control, there were no pathways associated with

the one altered protein FUCA2. Pathways associated with the 216

trending proteins at a p-value of < 0.05 with an FDR of >5% are

detailed in Supplementary Table 6.

TMEM106B validation and localization

TMEM106B (Q9NUM4) was among the top 20 most

significantly altered proteins when comparing AD vs. epilepsy

(Table 3) with the highest fold change at an 18.9-fold increase

(p = 3.22 x 10−6) and was a top protein candidate for

validation with cell and regional localization. For AD vs. control

by LFQ-MS, there was a 3.5-fold increase (p = 0.04, not

significant at 5% FDR). By immunohistochemistry, TMEM106B

was predominantly localized in epithelial cells at the basal

membrane (Figure 5). The epithelial cell marker in the choroid

plexus, aquaporin 1 (AQP1), was evaluated for colocalization

and was present in the apical membrane of epithelial cells.

Validation of the LFQ-MS findings in five cases per group with

the semiquantification of immunohistochemistry similarly showed

the same trends for TMEM106B, with a 3.9-fold increase in AD

vs. epilepsy (p = 0.095) and a 5.0-fold increase in AD vs. control

(p= 0.095).

AD and epilepsy correlation analysis

Although few proteomic differences in epilepsy vs. control

reached the 5% FDR, 617 proteins altered in AD and epilepsy vs.

controls had a positive correlation in expression levels (p < 0.0001,

R2 = 0.27, Figure 6A). There were 81% (497/617) of proteins

changing in the same direction and 19% (120/617) of proteins

changing in the opposite direction, indicating that many protein

changes in AD also trend in epilepsy cases but do not reach

significance in these cohorts. The top 10 pathways associated with

these proteins were specified by those up in both disease groups,

down in both, or changing in the opposite direction (Figures 6B–E,

Supplementary Tables 7–10).

Comparison to other AD studies

We compared the choroid plexus protein differences in AD vs.

control to AD-related proteomics studies in our NeuroPro database

(82) that compiles results from 38 other proteomics studies, with

multiple brain regions, subtypes of disease progression, and types

of pathology. There was an overlap of the identified proteins from

the choroid plexus with 525 confirmed from previous studies

and 91 unique proteins via proteomics to the choroid plexus
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TABLE 3 Top 20 significant proteins in AD vs. epilepsy.

Gene ID Protein name UniProt ID p-value Fold change

Increased

MACROH2A1 Core histone macro-H2A.1 O75367 8.64E-08 1.8

TMEM106B Transmembrane protein 106B Q9NUM4 3.22E-06 18.9

ERLIN2 Erlin-2 O94905 4.23E-06 1.7

HIBADH 3-hydroxyisobutyrate dehydrogenase, mitochondrial P31937 4.35E-06 1.8

FBLN1 Fibulin-1 P23142 4.43E-06 2.8

VAPA Vesicle-associated membrane protein-associated protein A Q9P0L0 6.84E-06 1.4

TGM2 Protein-glutamine gamma-glutamyltransferase 2 P21980 8.01E-06 2.5

XRCC5 X-ray repair cross-complementing protein 5 P13010 8.42E-06 1.4

ATP5PD ATP synthase subunit d, mitochondrial O75947 1.54E-05 1.9

FAHD1 Acylpyruvase FAHD1, mitochondrial Q6P587 1.56E-05 1.7

PNPLA6 Patatin-like phospholipase domain-containing protein 6 Q8IY17 1.74E-05 1.8

NUCB2 Nucleobindin-2 P80303 1.98E-05 1.8

Decreased

AIFM3 Apoptosis-inducing factor 3 Q96NN9 6.58E-09 2.4

CIRBP Cold-inducible RNA-binding protein Q14011 1.19E-06 2.2

PSPH Phosphoserine phosphatase P78330 2.63E-06 2.1

MPI Mannose-6-phosphate isomerase P34949 3.70E-06 3.8

KCNJ13 Inward rectifier potassium channel 13 O60928 4.40E-06 2.6

SLC39A12 Zinc transporter ZIP12 Q504Y0 7.08E-06 2.1

AKR7A3 Aflatoxin B1 aldehyde reductase member 3 O95154 1.36E-05 2.8

GLUL Glutamine synthetase P15104 2.12E-05 3.0

(Supplementary Tables 11, 12). Of the 525 confirmed proteins, 114

proteins were altered in AD when compared to controls from 9

other brain regions in previous studies. Among the 91 unique

proteins by proteomics to choroid plexus, there were several

increased collagen and aldehyde dehydrogenase proteins.

Discussion

We identified protein differences in the choroid plexus of AD

cases with severe neuropathology when compared to control and

epilepsy cases, with top significant pathways related to activated

fatty acid beta-oxidation and inhibited glycolysis. The protein

differences in the AD group correlated with the same trends in

epilepsy when compared to control cases, with more variability in

the epilepsy group.

AD vs. control

We identified pathways associated with altered cell energy

metabolism indicating a shift from glucose-mediated energy

production to fatty acid beta-oxidation activation and glycolysis

inhibition, coupled with activated branched-chain amino acid

degradation. This shift was further reflected by trends in ketogenic

pathways, with mild activation of ketolysis (p = 8.41 x 10−5, z

= 1.00) and ketogenesis (p = 1.29 x 10−4, z = 1.00). There was

oxidative phosphorylation activation, withmany increased proteins

in complex I (NDUF proteins), as well as complexes II and V. The

elevated abundance of these mitochondrial proteins may indicate

increased expression or mitochondrial biogenesis that occurs with

ketosis (85). Brain imaging studies found hypometabolism in AD

patients consistent with low glucose in some brain regions (86). We

detected the glucose transporter GLUT1 (SLC2A1) (87) altered in

some cells in an AD mouse model (88), but this was not different

from controls in the choroid plexus. Future studies should evaluate

this further in specific choroid plexus cell types and correlate with

neighboring brain tissues and CSF protein levels, as well as clinical

variables such as disease progression. Evaluating how these altered

pathways may impact ketosis induction may provide insights into

the mechanisms of cognitive dysfunction and resilience (89–92).

Other altered pathways associated with AD include BAG2

and 14-3-3 signaling. In the current study, BAG2 signaling

activation included nine decreased proteasome proteins and two

increased heat shock proteins. This pathway is associated with

multiple functions such as cytoskeleton maintenance, including

proteasome-independent phosphorylated tau degradation (93). We
detected total tau (MAPT) in most cases (n = 7 control, n = 2

AD, n = 9 epilepsy), but this was not different among the groups.

Regarding proteasome proteins, we detected a number of these

Frontiers inNeurology 07 frontiersin.org15

https://doi.org/10.3389/fneur.2023.1221775
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Leitner et al. 10.3389/fneur.2023.1221775

FIGURE 3

Cell-type enrichment and signaling pathways associated with proteomics di�erences. (A) Cell-type annotation analysis of di�erentially expressed

proteins in AD vs. control by Fisher’s exact test indicates a trend in enrichment (p = 0.051) for glial proteins. (B, C) For AD vs. control, the 616

di�erentially expressed proteins are significantly associated with 9 activated pathways (red) and 11 inhibited pathways (blue; p-value of overlap <

0.05, z-score ≥ |2|). (D) Cell-type enrichment analysis for di�erentially expressed proteins in AD vs. epilepsy indicates enrichment for endothelial cell

proteins (p = 0.031). (E, F) For AD vs. epilepsy, the 438 di�erentially expressed proteins are significantly associated with 11 activated pathways and 6

inhibited pathways. The dotted lines indicate p = 0.05.

proteins, but those that were significant were all decreased and

associated with this pathway. Previous studies have shown that

proteasome proteins tend to be increased in AD when compared

to controls in other brain regions when searched in our NeuroPro

database (82). Follow-up studies should evaluate this finding in

choroid plexus to determine whether these decreased proteins are

associated with the dysfunction of protein clearance, altered in

specific cell types, or present in another insoluble fraction for

example. Additionally, 14-3-3-mediated signaling was inhibited

with decreased 14-3-3 proteins (YWHAB, YWHAE, YWHAG,

YWHAQ, and YWHAZ). The proteins in this pathway are also

associated with multiple cellular functions, and in AD, they

colocalize with neurofibrillary tau tangles and are increased in CSF,

with correlations to clinical variables (94, 95). Evidence suggests

that 14-3-3 proteins are decreased in the frontal cortex tissue,

as well as in some studies from our NeuroPro database in most

brain regions and in a limited choroid plexus proteomics study

(55, 82, 96).

Proteomics analyses in human AD choroid plexus have been

limited to less sensitive approaches (55), and transcriptomic studies

have been limited to two RNA microarray analyses (97, 98).

In the first RNA microarray study, choroid plexus epithelial

cells were microdissected from AD and controls with differences

related to increased oxidative stress and protein ubiquitin pathways

and decreased glutathione-mediated detoxification and urea cycle

pathways (99). In the second RNA microarray study, bulk AD

choroid plexus were compared to controls with differences related

to upregulated metabolic and immune-related pathways and

downregulated methionine degradation and protein translation

(98). We identified trends in these signaling pathways (p-value

of overlap < 0.05, z-score n.s.), including mTOR signaling (98),

methionine degradation pathways (98), unfolded protein response

(99), protein ubiquitination pathway, (99) urea cycle, (99) and

glutathione-mediated detoxification (99). In contrast to previous

studies, NRF2 oxidative stress (99) and aldosterone signaling in

epithelial cells (99) trended down.

Other altered proteins in aging or AD choroid plexus were

identified by non-proteomic studies (33, 35, 100), including

basement membrane thickening, decreased clusterin, TTR,

LRP2, IGF1, and gelsolin, and increased LRP1 and PGP.

We identified 17 proteins associated with the basement

membrane (GO cellular component GO:0005604) that were

all increased and may be consistent with basement membrane

thickening. Clusterin (CLU, also known as APOJ; P10909),

an extracellular chaperone that traffics multiple proteins

including Aβ in addition to other functions (100), was

increased by 2.3-fold (p = 1.42 x 10−4). LRP1 was detected

but not different. LRP2, TTR, PGP, gelsolin, and IGF1 were

not detected.

We expected some similarities of proteins when comparing

the choroid plexus to other studies evaluating CSF and blood

vessel protein expression levels, as the choroid plexus produces
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FIGURE 4

Proteins in AD vs. control associated with the top altered pathway, glycolysis inhibition. The glycolysis signaling pathway was the most significantly

altered and was the most a�ected by the fold change of proteins in AD vs. control (p = 1.00 x 10−12, z = −3.46). (A–L) The proteins are depicted by

order of decreasing significance. Those proteins that are significant at 5% FDR are indicated for all pairwise comparisons, with the p-values as

indicated. ***p < 0.001, **p < 0.01. Error bars indicate SEM.

CSF and also contains blood vessels. CSF proteomics analyses

had identified altered metabolism proteins in AD vs. controls,

some differing from the brain tissue (56, 101). Increased glycolysis

proteins were identified in CSF, including a top candidate aldolase

fructose-bisphosphate A (ALDOA) (101). Whereas, we identified a

significant 3.1-fold decrease (p = 1.78 x 10−5) in ALDOA in the

choroid plexus of AD. In a proteomics analysis of Aβ accumulation

in blood vessels of cases with cerebral amyloid angiopathy (CAA)

in the occipital/parietal lobes, one of the top altered proteins was

high-temperature requirement serine peptidase 1 (HTRA1) which

is suggested to remove misfolded or mislocalized peptides in an

ATP-independent manner (102). From our NeuroPro database,

this protein is also increased in a number of other studies in AD

from various brain regions (82). Similarly, we identified a 2.8-fold

increase in HTRA1 (p= 1.11 x 10−3).

Epilepsy vs. control

In the epilepsy vs. control comparison, only one protein

(FUCA2) was elevated with many trending proteins in this

heterogeneous disease group. In the 216 proteins trending in

epilepsy, FUCA1 was also increased and has a similar function

to FUCA2 adding fucose to glycoproteins and can be associated

with cell migration as suggested from elevation in various tumor

types (103). From the pathways associated with trending proteins,
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FIGURE 5

Protein candidate TMEM106B histological localization and quantification. Representative images from the (A) control, (B) AD, and (C) epilepsy groups

of TMEM106B (red) localized in the basal membrane and epithelial marker AQP1 (green) in the apical membrane of epithelial cells of the choroid

plexus adjacent to the hippocampus at the level of LGN. (D) TMEM106B quantification by LFQ-MS in control (n = 8), AD (n = 8), and epilepsy cases (n

= 12). As determined by Student’s two-tailed t-test with permutation correction at a 5% FDR, for AD vs. epilepsy, there was an 18.9-fold increase (p =

3.22 x 10−6, FDR <5%), for AD vs. control, there was a 3.5-fold increase (p = 0.037, FDR >5%), and for epilepsy vs. control, there was a 5.5-fold

decrease (p = 0.0048, FDR >5%). (E) Immunohistochemistry from five cases/group shows using semiquantitative analysis that TMEM106B expression

follows a similar trend observed in LFQ-MS, AD vs. epilepsy (3.9-fold increase, p = 0.095), AD vs. control (5.0-fold increase, p = 0.095), and epilepsy

vs. control (1.3-fold increase, p = 0.84) by the Mann–Whitney U-test. Scale bar 100 um. Error bars indicate SEM.

FIGURE 6

Proteomic di�erences in the choroid plexus of AD and epilepsy cases positively correlate. (A) Of the 617 altered proteins in AD and epilepsy cases

when compared to controls, 497/617 (81%) changed in the same direction (purple) and 120/617 (19%) in the opposite direction (yellow) with an

overall positive correlation (p < 0.0001, R2 = 0.27). Several of the proteins with the highest fold change are annotated by the gene name. The top 10

signaling pathways associated with the proteins in each quadrant from the correlation show those pathways (B) down in AD and up in epilepsy, (C)

up in both AD and epilepsy, (D) down in both AD and epilepsy, and (E) up in AD and down in epilepsy.
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there were similarities to those observed in AD when compared

to controls that included fatty beta-oxidation and 14-3-3 signaling.

There have been no related proteomics or transcriptomics studies

in human epilepsy choroid plexus for comparison. It will be of

interest in future studies to evaluate larger homogeneous cohorts

to identify whether there are additional protein differences, as well

as comparison to other AD groups with more mild pathology and

AD cases with an epilepsy diagnosis.

AD vs. epilepsy

In the AD vs. epilepsy comparison, most of the protein

differences were also found when comparing AD to controls, and so

many of the same signaling pathways were identified. Additionally,

there was the activation of inflammatory-related pathways such

as complement system and pathogen-induced cytokine storm

that were associated with a number of complement and collagen

proteins. Although there were many differences, the changes in AD

also correlated with trends in epilepsy when compared to controls.

TMEM106B was a top protein candidate that was elevated

in AD when compared to the epilepsy group. TMEM106B is a

type II transmembrane protein that localizes to late endosomes

and lysosomes in many cell types, including in both neurons

and oligodendrocytes (104). Previous studies have shown that

TMEM106B can fibrilize in a similar way as Aβ in AD and that

TMEM106B filaments may form in an age-dependent manner

(105–107). There was a similar trend for expression levels on LFQ-

MS and histology, with differences related to the detection method

(i.e., sensitivity and normalization).

The correlation of AD and epilepsy to controls from those

proteins significant in at least one pairwise comparison identified

a positive correlation, with the majority of proteins changing in

the same direction. With these similar trends, as expected, many

of the same signaling pathways were identified and were associated

with a shift in cellular energy production. Among the top correlated

proteins with the highest fold changes, there was increased

ATP6V0A4 and decreased APOB. ATP6V0A4 is a vacuolar ATPase

(108) and can be involved in several signaling pathways, including

those associated with endocytosis. The top pathway associated

with ATP6V0A4 (increased by 4.2-fold in AD and by 2.6-fold

in epilepsy compared to controls) from the increased proteins in

the correlation was the iron homeostasis signaling pathway (p =

3.80 x 10−4). APOB is an apolipoprotein that transports lipids in

plasma and CSF (109) and is also involved in several signaling

pathways including endocytosis. APOB is increased in AD CSF and

plasma. (109) It is unclear whether these cases have lower APOB

levels relative to the many controls with atherosclerosis (110) that

were observed on neuropathology and whether these levels reflect

those in the adjacent brain tissue or CSF. Some of the top protein

differences between AD and epilepsy with the highest fold change

from the correlation included increased MFGE8 (milk fat globule

EGF and Factor V/VIII domain containing) by 2.5-fold in AD

and decreased by 2.2-fold in epilepsy. An increase in AD may be

expected as MFGE8 vascular deposition increases with age and it

can interact with Aβ (111). As noted above, it will be of interest

to evaluate these protein differences further in larger homogeneous

epilepsy cohorts, as well as across the AD and epilepsy spectrums

of disease. Furthermore, future mechanistic studies will be essential

to elucidate the implications of these protein differences, i.e., how

the altered signaling pathways directly or indirectly impact CSF

production, turnover, and content.

Limitations

Our study had limitations, including a small sample size. Our

technique is less sensitive in detecting large membrane proteins,

insoluble proteins, and low-abundance proteins (i.e., TTR, AQP1,

and APP were not detected). Among the AD and epilepsy disease

groups, heterogeneous clinical variables warrant further evaluation

in future studies with larger samples, as do genetic risk factors (e.g.,

APOE, MTOR, APP, and PSEN1). Differences we identified in bulk

choroid plexus should be explored with regard to specific cell types.

Conclusion

We identified a shift in cell energy metabolism in the choroid

plexus of AD patients with severe neuropathology and similar

trends in epilepsy patients. Follow-up studies should evaluate the

spectrum of AD and epilepsy, including those cases with dual

diagnoses to identify potential molecular drivers of epilepsy and

AD. This could empower novel and targeted therapies.
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Loss of normal Alzheimer’s
disease-associated Presenilin 2
function alters antiseizure
medicine potency and tolerability
in the 6-Hz focal seizure model

Leanne M. Lehmann and Melissa Barker-Haliski*

Department of Pharmacy, School of Pharmacy, University of Washington, Seattle, WA, United States

Introduction: Patients with early-onset Alzheimer’s disease (EOAD) experience

seizures and subclinical epileptiform activity, which may accelerate cognitive and

functional decline. Antiseizure medicines (ASMs) may be a tractable disease-

modifying strategy; numerous ASMs are marketed with well-established safety.

However, little information is available to guide ASM selection as few studies

have rigorously quantified ASM potency and tolerability in traditional seizure

models in rodents with EOAD-associated risk factors. Presenilin 2 (PSEN2) variants

evoke EOAD, and these patients experience seizures. This study thus established

the anticonvulsant profile of mechanistically distinct ASMs in the frontline 6-Hz

limbic seizure test evoked in PSEN2-knockout (KO) mice to better inform seizure

management in EOAD.

Methods: The median e�ective dose (ED50) of prototype ASMs was quantified in

the 6-Hz test in male and female PSEN2-KO and wild-type (WT) C57BL/6J mice

(3–4 months old). Minimal motor impairment (MMI) was assessed to estimate a

protective index (PI). Immunohistological detection of cFos established the extent

to which 6-Hz stimulation activates discrete brain regions in KO vs. WT mice.

Results: There were significant genotype-related di�erences in the potency and

tolerability of several ASMs. Valproic acid and levetiracetam were significantly

more potent in male KO than in WT mice. Additionally, high doses of valproic

acid significantly worsened MMI in KO mice. Conversely, carbamazepine was

significantly less potent in female KO vs. WT mice. In both male and female

KO mice vs. WTs, perampanel and lamotrigine were equally potent. However,

there were marked genotype-related shifts in PI of both carbamazepine and

perampanel, with KO mice exhibiting less MMI at the highest doses tested.

Gabapentin was ine�ective against 6-Hz seizures in KO mice vs. WTs without MMI

changes. Neuronal activation 90min following 6-Hz stimulation was significantly

increased in the posterior parietal association cortex overlying CA1 and in

the piriform cortex of WT mice, while stimulation-induced increases in cFos

immunoreactivity were absent in KO mice.

Discussion: Acute ASM potency and tolerability in the high-throughput 6-Hz

test may be significantly altered with loss of normal PSEN2 function. Seizures

in discrete EOAD populations may benefit from precisely selected medicines

optimized for primary ASM pharmacological mechanisms.

KEYWORDS

perampanel, levetiracetam, gabapentin, lamotrigine, valproic acid, mouse seizure model,

piriform cortex, cFos
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1. Introduction

Alzheimer’s disease (AD) poses a pressing global health

challenge due to the rapidly aging world population and the

relative lack of effective disease-modifying agents. AD may also

benefit from targeted personalized medicine strategies to combat

disease progression. Heterogeneity permeates all aspects of the

disease, from age of onset to genetic variants, and comorbid

conditions, highlighting that individualized treatment strategies

may be necessary. Patients with AD experience seizures at a

higher rate than the general age-matched population (1, 2).

Individuals with familial early-onset AD (EOAD) experience the

highest risk of undetected focal seizures (3). Genetic risk factors

that lead to EOAD include variations or duplications in amyloid

precursor protein (APP), presenilin 1 (PSEN1), and presenilin 2

(PSEN2) genes, all of which are also associated with seizures (3–

6). Preclinical studies also reinforce this heterogeneity in seizure

risk associated with EOAD-related genetic variants (7–13). Despite

genotype-related variability in seizure risk, uncontrolled focal

seizures likely contribute to and/or worsen overall AD burden

(14, 15), similar to that which arises in uncontrolled or drug-

resistant epilepsy. A longitudinal study of AD patients detected

subclinical epileptiform activity in 42.4% of cases; patients with

seizures also had a more rapid decline in cognition and executive

functioning (14). The extent of network hyperexcitability in AD has

likely been vastly underestimated (14); prolonged EEG monitoring

studies are infrequently conducted in individuals with AD (1, 15,

16). Foramen ovale electrode recordings detected hippocampal

hyperexcitability, mesial temporal lobe seizures, and spikes in

the absence of scalp EEG abnormalities or clinical manifestations

(17), suggesting that seizures in AD may be easily missed and

thus untreated, further accelerating functional decline in these

individuals. Epileptiform abnormalities are common in AD but

inconsistent in presentation across individuals (18). Nonetheless,

subclinical seizures are likely a major contributor to cognitive

impairments in AD as opposed to being a late-onset sequela of

AD neurodegeneration (17). Limited clinical studies have assessed

the benefit of selected antiseizuremedicines (ASMs) administration

in people with AD, although some studies are ongoing (6, 19–

22). However, it is presently unknown whether mechanistically

diverse ASMs may be differentially effective or tolerated in

EOAD vs. the general epilepsy population, an insight that could

potentially benefit intervention selection to slow the functional

decline of AD.

Presenilins are intramembrane proteases that form the catalytic

component of the γ-secretase enzyme. Variants in these proteins

lead to the aberrant cleavage of APP to the subsequent neurotoxic

Aβ1-42 hallmark of AD and accumulation of Aβ plaques (23).

However, presenilin (PSEN) variants actually reduce overall

proteolytic activity, thereby indirectly increasing Aβ protein

aggregation (24). PSEN2 is also the predominant γ-secretase in

microglia (25, 26) and worsens inflammatory response in response

to stimuli (27), making it an attractive target to study non-neuronal

mechanisms of AD pathology. Clinically, PSEN1 variants are much

more commonly causative for AD than either PSEN2 variants or

APP duplications (28, 29). Studies frequently assess how PSEN1

variants may promote AD in the setting of APP duplication

mutations (6, 30, 31). Furthermore, seizure susceptibility in

mouse AD models with APP duplication and PSEN1 variants

has been extensively studied (7, 9, 10, 12, 32–34). However,

PSEN2 is also an attractive target to interrogate the biological

heterogeneity of AD risk and AD-associated comorbidities,

especially considering that hyperexcitability and seizures in people

with PSEN2 variants are as common within 5 years of AD diagnosis

as in people with APP duplications (3). Although PSEN2 variants

are fewer in number in the EOAD population, the relevance

of PSEN2 function to contribute to subsequent AD pathology

and pathobiology carries the potential to uncover non-neuronal

mechanisms associated with AD pathogenesis and epileptiform

activity (5, 25–27).

The preclinical profiling of ASM efficacy and tolerability has

been historically defined in young, neurologically intact male wild-

type rodents (35–37), which does not wholly reflect the extent

of epilepsy prevalence across the lifespan (38). There has been a

concerted effort to improve twenty-first-century ASM discovery

efforts to address these remaining unmet medical needs of people

with epilepsy (39, 40), including increasing the integration of

syndrome-specific models of pediatric epileptic encephalopathies

and models of drug-resistant epilepsy into early ASM discovery

(41–43). However, this approach does not go far enough to address

the pressing global increase in seizures in older adults including

individuals with seizures in AD. Thus, we sought to address this

preclinical gap by quantifying ASM potency and tolerability in

PSEN2-knockout (KO) mice to determine whether mice with an

AD-related genotype and a breeding strategy suitable for efficient

high-throughput ASM discovery could reflect a useful preclinical

ASM screening platform for seizures in individuals with AD. Most

pathogenic PSEN2 variants in AD lead to a biochemical loss of

normal γ-secretase enzyme function (24, 28). PSEN2-KO mice

are therefore a reasonable surrogate to evaluate the functional

impacts of evoked or chronic seizures due to their facile breeding

strategy (KO x KO), longevity (13), and adaptability to high-

throughput drug assessments or subsequent cognitive comorbidity

evaluations (6, 11, 13). Thus, we quantified the potency of distinct

pharmacological classes of ASMs that are commonly prescribed

to older adults with epilepsy (38) in this rodent model with an

AD-related genotype to potentially guide the selection of ASMs

in the clinical management of seizures in AD. We employed

the well-characterized and high-throughput evoked mouse 6-

Hz seizure model of limbic seizures to address this major gap

(44–47). The 6-Hz model electrically induces acute, secondarily

generalized focal seizures in the rodent forebrain with a high-

throughput capacity (44–47). The 6-Hz seizures engage limbic

structures at higher current intensity (44), regions that are also

hyperexcitable in AD (17, 18), and suitably differentiate ASMs

vs. other seizure and epilepsy models [i.e., maximal electroshock

test, subcutaneous pentylenetetrazol, kindling models, and status

epilepticus-induced chronic epilepsy models (37, 41, 48)]. We

thus hypothesized that the loss of normal PSEN2 function

would alter the anticonvulsant activity profile of mechanistically

distinct ASMs in this preclinical seizure model and establish the

differentiation capacity of the 6-Hz seizure test evoked in PSEN2-

KO mice as a suitable strategy for ASM discovery for seizures

in AD.
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2. Materials and methods

2.1. Animals

Male and female PSEN2-KOmice were bred at the University of

Washington (UW) from stock originally acquired from the Jackson

Laboratory. PSEN2-KO mice breed normally (49) and are viable

for at least 14 months in our laboratory (13); therefore, breeding

was between PCR-confirmed PSEN2-KO males and females. Age-

matchedmale and femaleWTmice were acquired from the Jackson

Laboratory at 7 weeks of age, and housed alongside PSEN2-KO

mice at the UW until behavioral testing 1–2 months later. All

animal studies were approved by the UW Institutional Animal Care

and Use Committee (protocol 4387-01), with housing conditions

previously published (50). All tests were performed during the

hours of 900 and 1,700. All mice were tested between 3 and 4

months of age. Mice were used for no more than two ASM efficacy

tests separated by a minimum of three stimulation-free days (48).

Prior to all experimentation, mice were given a minimum of 1 h

to acclimate to the procedure room. Animals were euthanized

by CO2 asphyxiation or live decapitation after all seizure testing,

as specified.

Two cohorts of mice were used for testing (Figure 1). Cohort #1

was used for ASM efficacy and tolerability testing in the 6-Hz assay

(n = 156 female PSEN2-KO and 143 female WT mice; 128 male

PSEN2-KO and 134 male WT mice). Cohort #2 was used solely for

immunohistochemistry studies and did not receive ASMs (n = 9

female PSEN2-KO and 20 female WT mice; 10 male PSEN2-KO

and 20 male WT mice).

2.2. 6-Hz seizure test

The 6-Hz test is considered a model of evoked secondarily

generalized focal seizures that engages limbic structures at higher

intensities (44). Seizures were induced by a low-frequency (6Hz)

and long-duration (3 s) stimulus delivered to anesthetized corneas

through bilateral electrodes (41, 48). The evoked 6-Hz seizure is

characterized by an initial momentary stun followed immediately

by forelimb clonus, twitching of the vibrissae, and Straub tail

(44). Animals not displaying this behavior were considered

“protected.” Prior to commencing ASM studies, the median

convulsive current (CC50) for both male and female PSEN2-

KO mice aged 3–4 months was confirmed to be consistent

with our previously reported values in male PSEN2-KO mice

[i.e., 41.9mA (95% confidence interval 39.3–46.9)] and female

PSEN2-KO mice [34.4mA (30.4–38.5); Supplementary Figure 1

(11)]. Notably, we have previously demonstrated that the 6-

Hz CC50 of PSEN2-KO mice is not different from WT male

and female mice at this age range, but we also confirmed that

the CC50 of WT female mice [35.7mA (30.5–39.8)] was not

different from PSEN2 KO (Supplementary Figure 1). For all in vivo

ASM testing and cFos immunohistochemistry, a 6-Hz stimulation

current equivalent to the male PSEN2-KO CC95 [49.7mA (45.3–

75.6)] was used. Notably, this value was not different from the

calculated CC95 in PSEN2-KO female mice [51.2 mA (43.6–

89.0)].

2.3. Acute ASM e�cacy

ASM efficacy studies in the 6-Hz test were conducted in Cohort

#1 PSEN2-KO and WT mice. Seizure scores were assessed as a

binary outcome of “protected” or “not protected.” ASMs were

tested at their previously established time of peak anticonvulsant

effect presented in Table 1 (41, 48, 51).

2.4. Minimal motor impairment

Immediately prior to ASM activity testing in the 6-Hz test,

minimal motor impairment (MMI) was assessed in all mice,

consistent with our prior reports (41, 48, 51). MMI was assessed

using the fixed-speed rotarod (52). Mice were considered impaired

if they fell 3 or more times off this rod over the course of 1min.

The extent of impairment (“impaired”/number of mice tested) at

each dose was tabulated for all experimental groups. A median

behaviorally impairing dose (TD50) was not calculated for any

ASM. However, MMI data were used to estimate a protective index

(PI; TD50/ED50) for each ASM in each sex and strain.

2.5. Antiseizure medicines

All ASMs were formulated in 0.5% methylcellulose (VEH;

Sigma-Aldrich, M0430) and administered by the intraperitoneal

(i.p.) route (Table 1), as previously described (41, 48, 51). ASMs

represented distinct pharmacological classes commonly used in

epilepsy and epilepsy in older adults (38, 53, 54): broad spectrum

(valproic acid; VPA), sodium channel blockers (carbamazepine;

CBZ; lamotrigine; LTG), AMPA receptor antagonist (perampanel;

PER), SV2A modulator (levetiracetam; LEV), and α2δ-1 calcium

channel subunit modulator (gabapentin; GBP).

2.6. Immunohistochemistry for cFos
neuronal activation marker

Cohort #2 mice were stimulated at the same CC95 current

used for the acute ASM testing. Mice were then left undisturbed

for 90min before being euthanized via live decapitation for the

collection of brains directly into 4% paraformaldehyde (PFA); 24 h

later, the brains were transferred into 30% sucrose solution in PBS

for 48–72 h, flash frozen, and stored at−80◦C until cryosectioning.

Brains were sectioned between Bregma—AP: 1.58 and 2.38 using

a Leica CM1860 cryostat at 20µm onto charged superfrost slides

(Fisher) for immunohistochemical processing.

The protein product of the immediate early-gene cFos was

used as a marker of seizure-induced neuronal activation to identify

the brain structures engaged by 6-Hz corneal stimulation (55), as

previously published (44). After cryosectioning, slides were washed

(3 × 5min) in 0.1M PBS. Slides were then permeabilized for

15min with 0.2%Triton X-100 in 0.1MPBS before being incubated

in a 4% BSA blocking solution in 0.1M PBS with 0.03% Triton

X-100 under coverwells in a humid chamber for 2 h. The cFos

antibody (1:1000; AB222699-1001, Abcam) was applied under 200
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FIGURE 1

Experimental study design. Male and female PSEN2-KO and WT mice aged 3–4 months were divided into two experimental cohorts. Cohort 1 was

used to assess the impact of acute administration of prototype antiseizure medicines (ASMs) administered by the intraperitoneal route and tested at

the previously determined time of peak e�ect (TPE) for each agent. Mice were challenged on a fixed-speed (6 rpm) rotarod 1min prior to 6-Hz

seizure testing to determine a median e�ective (ED50) or median behaviorally impairing (TD50) dose for each ASM. Cohort 2 was used to quantify the

extent of cFos immunoreactivity 90min after a sham or 6-Hz transcorneal stimulation.

µL coverwells in a 1% BSA, 1% goat serum, and 0.03% Triton

X-100 in 0.1M PBS solution overnight at 4◦C. The following

day, coverwells were removed and slides washed in 0.1M PBS

(3× 5min) before being incubated with a goat anti-rabbit IgG

H&L 555 nm secondary antibody (1:1000; AB150078 Abcam) in

a 1% BSA, 1% goat serum, and 0.03% Triton X-100 in 0.1M

PBS solution light protected for 2 h at room temperature. The

slides were again washed 3 × 5min with 0.1M PBS before being

coverslipped with Prolong Gold with DAPI (ThermoFisher).

Photomicrographs were captured with a fluorescence

microscope (Leica DM-4) with a 20x objective (80x final

magnification) with acquisition settings held constant.

cFos expression, given as average area, was automatically

quantified as total field area with an immunofluorescent signal

using Leica Thunder software. Additionally, the number of

cells within each brain region that were positive for cFos

labeling were hand-counted by two independent investigators

blinded to the experimental group (Supplementary Figure 2),

adapted from an ordinal scale similar to that previously

reported (44). Brain regions assessed included subregions of

the dorsal hippocampus, the posterior parietal association

cortex overlaying CA1 of the dorsal hippocampus, and the

piriform cortex.

2.7. Statistical analysis

The CC50s, CC95s, and ED50s were calculated by probit

regression of binary data (56) using XLStat Life Sciences version

2019.1, or later with values confirmed to fall within the range of

currents/doses tested. All binary response datasets for the ED50

calculations for male and female WT and PSEN2-KO mice are

included in Supplementary Table 1. Statistical differences in ED50

or CC50 values were defined as values in which 95% confidence

intervals did not overlap, consistent with probit methodology (56–

58), which indicates with 95% probability that the true median

value lies within this range. Importantly, confidence intervals

provide an indication of the direction and strength of the effect

studied and provide critical information about statistical differences

between values that is more relevant than the p-value alone (59). All

other statistical analyses were conducted in GraphPad Prism v8.0 or

later, with p < 0.05 considered significant. Immunohistochemistry

data for cFos labeling were checked for normality with a D’Agostino

and Pearson test. A Mann–Whitney U-test was used to determine

statistical differences in MMI following the administration of high-

dose ASMs. Quantitative assessment of total area with cFos-positive

signal was quantified with a two-way ANOVA with Sidak’s post-

hoc test.
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3. Results

3.1. Valproic acid and levetiracetam are
more potent in the 6-Hz seizure test in
PSEN2-KO mice

We sought to establish the ED50 of several mechanistically

distinct ASMs in WT and PSEN2-KO mice to define the

extent to which an AD-related genotype alone can influence

the ASM activity profile in a well-characterized focal seizure

model. There was some marked divergence in anticonvulsant

activity in both male and female PSEN2-KO mice (Figure 2).

The ED50 of VPA in male PSEN2-KO mice was 62.7 mg/kg

[95% CI 48.6 – 90.4], which was significantly lower than the

ED50 of VPA in male WT mice [135 mg/kg (96.2 – 219);

Figure 2]. The female PSEN2-KO and WT mice followed a

similar trend to the males, in that the VPA ED50 for PSEN2-

KO females [72.7 mg/kg (44.3 – 126)] was lower than the

VPA ED50 for WT females [143 mg/kg (108 – 192)], though

this difference did not achieve statistical significance (Figure 2).

Similarly, the ED50 of LEV in male PSEN2-KO mice [2.63

mg/kg (1.22 – 4.80)] was significantly reduced vs. that of male

WT mice [12.1 mg/kg (6.44 – 24.6), Figure 2]. Females followed

a similar trend, although the ED50s were not significantly

different [PSEN2 KO: 3.59 mg/kg (1.76 – 7.90); WT: 9.92 mg/kg

(4.66 – 19.8), Figure 2]. PSEN2-KO male mice were thus more

sensitive to the broad-spectrum ASM, VPA, and the SV2A

modulator, LEV, vs. WT in the 6-Hz assay. These data suggest

that these ASMs, which act on glutamatergic synaptic vesicle

release, were more potent in PSEN2-KO mice vs. age-matched

WT mice.

3.2. There is no di�erence in the potency of
lamotrigine and perampanel in PSEN2-KO
mice in the 6-Hz seizure test

We sought to similarly establish the ED50 for both LTG and

PER in PSEN2-KO mice as both ASMs are likely to be well-

tolerated and used frequently in older adults with epilepsy (38,

53, 54). There was no difference in the ED50 of LTG in PSEN2-

KO males [10.8 mg/kg (6.94 – 15.9)] relative to WT males [8.09

mg/kg (4.06 – 14.5)]. Furthermore, the ED50 of PER was not

significantly different in PSEN2-KO males [0.399 mg/kg (0.299

– 0.479)] vs. WT males [0.482 mg/kg (0.262 – 0.879); Figure 2].

This effect was similarly evident in female PSEN2-KO mice;

there was no difference between the female PSEN2-KO and WT

mice ED50′s for LTG [PSEN2 KO: 8.45 mg/kg (4.89 – 12.7);

WT: 15.0 mg/kg (6.73 – 28.6)]. There was also no difference in

the potency of PER [PSEN2 KO: 0.545 mg/kg (0.330 – 0.886);

WT: 0.631 mg/kg (0.419 – 0.951), Figure 2]. Thus, neither the

sodium channel blocker, LTG, nor the AMPA receptor antagonist,

PER, exhibited differences in antiseizure potency in PSEN2-KO

mice relative to age- and sex-matched WT controls in the 6-

Hz assay.
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FIGURE 2

The median e�ective dose (ED50; the dose of an ASM that blocks seizures in 50% of animals tested) and 95% confidence intervals of each of the

ASMs (A) VPA; (B) LEV; (C) LTG; (D) PER; (E) GBP; (F) CBZ in both male and female PSEN2-KO mice and their age-matched WT counterparts in the

6-Hz assay. Loss of normal PSEN2 function leads to significantly increased potency of VPA (A) and LEV (B) in male mice. There are no significant

di�erences in the potency of LTG (C) of PER (D) between genotypes. Loss of normal PSEN2 function leads to significantly decreased potency of GBP

(E) in male and female mice and of CBZ (F) in female mice. *Indicates non-overlapping 95% confidence intervals between WT and KO.

3.3. The potency of gabapentin in
PSEN2-KO mice and of carbamazepine in
female PSEN2-KO mice is reduced in the
6-Hz seizure test

There were two significant differences in ASM potency with

GBP and CBZ, two agents frequently recommended for older

adults with epilepsy (38, 53, 54), that largely work through fast

neurotransmission via presynaptic ion channels (60). The ED50 of

GBP was determined to be 172 mg/kg [15.4 – 375] for WT males

and 251 mg/kg [167 – 387] for WT females (Figure 2). The ED50

for GBP could not be calculated formale or female PSEN2-KOmice

(Figure 2), as only four of eight males and five of eight females were

protected from a seizure at the highest dose tested (500 mg/kg, i.p.).

At this same dose, six of seven WT males and seven of eight WT

females were protected. Despite the inability to calculate an ED50

in PSEN2-KOmice, these results suggest that loss of normal PSEN2

function reduces the sensitivity to acute administration of the α2δ-1

calcium subunit channel modulator, GBP, in the 6-Hz assay. We

also observed markedly reduced potency of CBZ in female PSEN2-

KO mice. The ED50 of CBZ in female PSEN2-KO mice was 16.7

mg/kg [9.11 – 34.1] significantly higher than the CBZ ED50 in

female WT mice [5.61 mg/kg (3.41 – 8.50), Figure 2]. Males were

not significantly different [PSEN2 KO: 11.6 mg/kg (6.49 – 18.4);

WT: 12.5 mg/kg (7.16 – 19.1), Figure 2]. Thus, female PSEN2-

KO mice appear to be less sensitive to the acute administration

of the sodium channel blocker CBZ compared with age-matched

WT mice in the 6-Hz test; however, this trend was not conserved

between the sexes. Altogether, these findings suggest that ASMs

that exclusively target presynaptic ion channels necessary for fast

neurotransmission may be less potent in PSEN2-KO mice in the

6-Hz limbic seizure test.

3.4. The protective index of selected ASMs
is altered in PSEN2-KO mice

In addition to the assessment of anticonvulsant activity, mice

were challenged on the rotarod immediately prior to seizure testing

to determine the potential for MMI, consistent with routine ASM

discovery practice (37, 41). While we did not determine a median

motor-impairing dose (TD50) for any agent in this seizure model,
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TABLE 2 A single 6-Hz stimulation in male WT and PSEN2-KO mice aged

3–4 months induces qualitative regional di�erences in cFos expression,

as evaluated by two independent investigators blinded to experimental

conditions.

Region WT
sham

WT
stim

PSEN2-KO
sham

PSEN2-KO
stim

CTX 3 3 3 3

PIR 3 4 2 3

CA1 1 1 1 0.5

CA3 2 1 2 2

DG 2 2 1 1

the number of mice with motor impairment at the highest dose

tested for each agent allowed us to estimate a relative PI for

all compounds across the sexes and strains (Table 1) to directly

compare with previously published values in other WT mouse

strains (48, 61). There were no significant differences in MMI

between PSEN2 KO and WT mice of either sex with the highest

doses of GBP or LEV tested (Table 1). However, there were marked

differences in tolerability for CBZ, PER, VPA, and LTG (Table 1).

These findings altogether demonstrate that while some ASMs were

not differentially potent in PSEN2-KO mice, there were marked

and impactful differences in MMI and PI with these ASMs, which

carries the potential to adversely affect tolerability in humans.

3.5. 6-Hz stimulation increases cFos
protein expression in the posterior parietal
association cortex and piriform cortex of
WT mice, but not of PSEN2-KO mice

We performed immunohistological detection of the cFos

protein product 90min after a single 6-Hz stimulation to assess

whether the observed differences in ASM potency or tolerability

could be attributed to differences in regional activation in the brains

of seizure-naïve male and female 3- to 4-month-old PSEN2-KO

and WT mice. cFos is an immediate early gene that is activated

and expressed in response to neuronal activity (55). The extent of

cFos immunoreactivity was first qualitatively rated by two blinded,

independent investigators to confirm 6-Hz stimulation-induced

neuronal activation (Tables 2, 3). Expression of the protein product

of cFos was then quantified for all mice in discrete brain regions

(Figures 3, 4). There was notable upregulation of cFos expression

in the brains of male WT mice, including a genotype x stimulation

interaction on cFos expression in the posterior parietal association

cortex [F(1,24) = 10.08, p = 0.004; Figure 3A] and the piriform

cortex [F(1,25) = 6.649, p = 0.016; Figure 3B]. Only WT male mice

demonstrated significant increases in cFos immunoreactivity in

these regions in response to 6-Hz stimulation; PSEN2-KO male

mice did not show similar neuronal activation in these regions.

The extent of cFos immunoreactivity in female mice subjected

to 6-Hz stimulation (Figure 4) was also assessed, which expands on

a study by Barton and colleagues who only assessed 6-Hz-induced

cFos expression in male WT mice (44). There was a significant

TABLE 3 A single 6-Hz stimulation in female WT and PSEN2-KOmice

aged 3–4 months induces qualitative regional di�erences in cFos

expression, as evaluated by two independent investigators blinded to

experimental conditions.

Region WT
sham

WT
stim

PSEN2-KO
sham

PSEN2-KO
stim

CTX 2 3.5 1.5 3

PIR 3 4 2.5 3

CA1 0.5 1 0.5 0.5

CA3 1 1 1 1

DG 2 1 1 2

main effect of 6-Hz stimulation on cFos immunoreactivity in the

posterior parietal association cortex [F(1,24) = 17.35, p = 0.0003;

Figure 4A] and the piriform cortex [F(1,25) = 23.20, p < 0.0001;

Figure 4B]. Post-hoc assessment in the posterior parietal association

cortex revealed that cFos expression was only upregulated by

6-Hz stimulation in WT females (p = 0.0004); this assessment

also showed only upregulated expression in the piriform cortex

of WT females. In DG, there was a significant interaction on

cFos expression in DG [F(1,21) = 8.457, p = 0.0084; Figures 4E,

H]. Although overall cFos immunoreactivity in the DG of female

PSEN2-KO and WT mice was generally light (Figure 4H), post-

hoc tests also revealed marked differences in stimulation-induced

cFos expression in DG in WT females (p = 0.0031) that were not

observed in PSEN2-KO mice. Thus, cFos immunoreactivity was

significantly induced in the posterior parietal association cortex

and piriform cortex of WT male and female mice, but this was not

similarly observed in PSEN2-KOmale and female mice. There were

nomajor stimulation-induced changes in cFos immunoreactivity in

the DG of PSEN2-KO mice, unlike effects observed in WT female

mice. These findings suggest disrupted 6-Hz stimulation-induced

brain region activation in PSEN2-KO mice relative to similarly

stimulated WT counterparts.

4. Discussion

Seizures in people with AD are an emerging and untapped

therapeutic opportunity to potentially alter the trajectory of the

disease (6). These seizures also offer the opportunity to uncover

potentially novel and biologically impactful, universally conserved

mechanisms associated with seizures in older individuals (6, 11–

13), which may benefit epilepsy patient populations more broadly

(62). We have previously demonstrated that PSEN2-KO mice

are useful to assess seizure susceptibility in an AD-associated

genetic background (11), ASM response (11), and the impacts of

chronic seizures on cognitive function (13).We herein demonstrate

marked differences in ASM potency and tolerability in male and

female PSEN2-KO mice vs. WT mice subjected to the 6-Hz

model of evoked limbic seizures. We also demonstrate that loss

of normal PSEN2 function may alter the PI of mechanistically

distinct ASMs. While differences in mouse genetic strain can

alone influence ASM potency (48), patterns of anticonvulsant

activity are generally similar across strains, with differences also
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FIGURE 3

Immunohistochemical detection of the immediate early-gene cFos protein product was assessed in male wild-type (WT) and PSEN2-KO mice aged

3- to 4-month 90min after a sham or single transcorneal 6-Hz stimulation. Brain regions analyzed for cFos expression by the automated Leica

Thunder software include the following: (A) posterior parietal association cortex (region of cortex overlaying dorsal hippocampus at approximately

Bregma −2.06); (B) piriform cortex; (C) area CA1 of the dorsal hippocampus; (D) area CA3 or dorsal hippocampus; (E) dentate gyrus (DG) of the

dorsal hippocampus. The expression of cFos was analyzed by two-way ANOVA, and significance indicated within respective groups, where present

(**indicates p < 0.01; ***indicates p < 0.001). Representative photomicrographs (80x final magnification) from regions where significant

(Continued)
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FIGURE 3 (Continued)

di�erences in cFos expression were appreciated in either males or females are included from (F) posterior parietal association cortex; (G) piriform

cortex; and (H) dentate gyrus of the dorsal hippocampus. Representative photomicrographs of non-significant regions (CA1 and CA3) are included in

Supplementary material.

attributable to chemical source, formulation protocol, time of

testing, route of administration, animal housing conditions, and

animal age (44, 63–65). We herein demonstrated that age- and sex-

matched PSEN2-KO mice exhibit notable sex- and strain-related

differences in the patterns of ASM activity profiles relative to co-

housed WT mice; findings suggest that loss of normal PSEN2

function disrupts ASM sensitivity beyond any variance attributable

to genetic background strain alone. Furthermore, the WT mice in

this study exhibited ED50 values and antiseizure activity patterns

that are consistent relative to other WT strains (48, 63, 65). The

ASMs VPA and LEV were substantially more potent in PSEN2-

KO mice vs. age-matched WT animals. However, this change in

potency was not universally observed with all ASMs tested. GBP

was surprisingly ineffective in this seizure test in PSEN2-KO mice.

CBZ demonstrated intriguing sex-related differences; it was more

potent in female PSEN2-KO vs. WT mice, whereas it showed

no differences in male PSEN2-KO vs. WT mice. Conversely, the

potency of PER and LTG was unaltered in PSEN2-KO mice vs.

WT mice. There were also substantial differences in the acute

motor impairing effects of ASM administration in PSEN2-KO vs.

WT mice (Table 1), suggesting that ASMs may be differentially

tolerated in the setting of disrupted PSEN2 function. Finally, we

demonstrate that 6-Hz stimulation in PSEN2-KOmice is associated

with blunted cortical and piriform cortex activation, as assessed

by cFos immunoreactivity. These findings cumulatively point to

a substantial shift in ASM sensitivity and hyperexcitability in the

context of loss of normal PSEN2 function.

While the PSEN2-KO mouse does not harbor a known EOAD

PSEN2 gene variant (5, 25–27), clinical PSEN2 variants lead to

a biochemical loss of normal function (66) such that PSEN-KO

models are relevant to a priori assess the biological consequences of

PSEN dysfunction in the setting of evoked secondarily generalized

focal seizures. Despite the greater frequency of PSEN1 variants in

EOAD, global PSEN1-KOmice are non-viable, whereas PSEN2-KO

mice develop normally (49) and are viable up to at least 14 months

old (13). Therefore, PSEN2-KO mice are useful to understand how

global disruptions in PSEN signaling modify ASM activity profiles

in the well-characterized evoked 6-Hz limbic seizure model, which

is routinely used for frontline ASM discovery (35, 37, 41, 46, 47, 67).

Notably, PSEN2-KOmice demonstrate high-frequency oscillations

(68) and seizure-induced cognitive deficits (13), representing a

suitably valid model of seizure-induced behavioral effects in an

AD-associated genetic background. Until now, no study of ASM

efficacy against evoked or spontaneous seizures has yet established

a PI or defined the tolerability profile in a rodent AD-associated

model, leaving a significant gap in knowledge with regard to the

therapeutic window for the management of seizures in AD. Thus,

our present study reveals likely mechanism-specific differences in

ASM potency and acute tolerability in the AD-associated PSEN2-

KO mouse that warrant more in-depth clinical study in genetically

confirmed EOAD patients with seizures.

Limited prior clinical studies have investigated ASM use in

older adults with mild-to-moderate AD and reported mixed

therapeutic benefits. While VPA is generally acceptable for use in

older adults with epilepsy (38, 53, 54), it may be contraindicated in

patients with seizures in AD; a small study demonstrated that VPA

administration led to increased brain volume loss and accelerated

decline in MMSE scores (69, 70). Our present study revealed that

MMI was worsened in PSEN2-KO male mice at the highest dose

of VPA tested, but VPA was actually more potent against the 6-

Hz secondarily generalized focal seizures in the PSEN2-KO mice

at low doses. Our findings suggest that the therapeutic window of

VPA may be shifted in this AD-associated model, which warrants

further clinical study. The precise mechanism by which VPA exerts

anticonvulsant effects is unclear, but it has been postulated to

act through a diversity of molecular targets relevant to neuronal

hyperexcitability (60) and AD (71, 72). While our current study

was limited to the acute effects of VPA administration in relatively

young animals, our findings of a shift in the PI of this agent suggest

that perhaps the dose of VPA used in AD patients was higher

than necessary to elicit neuroprotective and anticonvulsant benefits

(69, 70) and thus resulted in the observed higher likelihood of

treatment-related adverse side effects.

Chronic administration of the SV2A modulator, LEV, is both

efficacious and well-tolerated in patients with mild-to-moderate

AD (19, 73). Chronic administration of low-dose LEV may even

improve performance on spatial memory and executive function

tasks in patients with AD and epileptiform activity (22). In line with

this clinical evidence, LEV did not elicit MMI in either genotype at

the highest dose tested in our present study, and it potently blocked

6-Hz seizures at very low doses in the PSEN2-KO mice, suggesting

a widened PI with this agent in PSEN2-KO mice. Our prior study

with 60-Hz corneal-kindled PSEN2-KO mice also pointed to the

increased potency of LEV in the absence of motor-impairing effects

(11). Notably, this present study starkly contrasts with our earlier

findings for reduced potency of LEV (and brivaracetam) in 6-Hz

corneal-kindled mice in APP overexpressing AD models, revealing

potential heterogeneity in ASM activity profiles in the setting of

AD-related genotypes or intrinsic differences in the evoked seizure

paradigms (12, 74). Thus, our current study suggests that the use

of the acute 6-Hz limbic seizure model evoked in PSEN2-KO mice

may beneficially identify both effective and well-tolerated agents

for future clinical investigation to better therapeutically manage

seizures in people with AD.

GBP is a calcium channel modulator that is a commonly

prescribed ASM for older adults with epilepsy because of the

minimal risk for drug–drug interactions and favorable cognitive

side effect profile in this age group (38, 53, 54). However, studies of

the safety and efficacy of GBP in older adults with seizures in AD are

scant (75). GBP was entirely ineffective against 6-Hz focal seizures

in PSEN2-KO mice in our study; whether PSEN2 or other AD-

related variants are associated with altered GBP sensitivity requires
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FIGURE 4

Immunohistochemical detection of the immediate early-gene cFos protein product was assessed in female wild-type (WT) and PSEN2-KO mice

aged 3- to 4-month 90min after sham or a single transcorneal 6-Hz stimulation. Brain regions analyzed for cFos expression by the automated Leica

Thunder software include the following: (A) posterior parietal association cortex (region of cortex overlaying dorsal hippocampus at approximately

Bregma −2.06); (B) piriform cortex; (C) area CA1 of the dorsal hippocampus; (D) area CA3 or dorsal hippocampus; (E) dentate gyrus (DG) of the

dorsal hippocampus. The expression of cFos was analyzed by two-way ANOVA, and significance indicated within respective groups, where present

(**indicates p < 0.01; ***indicates p < 0.001; ****indicates p < 0.0001). Representative photomicrographs (80x final magnification) from regions

(Continued)
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FIGURE 4 (Continued)

where significant di�erences in cFos expression were appreciated in either males or females are included from (F) posterior parietal association

cortex; (G) piriform cortex; and (H) dentate gyrus of the dorsal hippocampus. Representative photomicrographs of non-significant regions (CA1 and

CA3) are included in Supplementary material.

further scrutiny as few preclinical studies have included this ASM

for anticonvulsant testing in AD models. However, the PSEN2

protein is known to play a role inmitochondrial-dependent calcium

homeostasis (76), which underlies normal neuronal signaling

and seizures in epilepsy. Studies also suggest that EOAD-linked

presenilin variants lower the calcium ion content of intracellular

stores. By deleting the PSEN2 gene, it is likely that disrupted

calcium homeostasis negatively influences the anticonvulsant

potential of GBP, a calcium channel modulator, leading to our

observed outcomes; a finding that warrants additional study.

While both LTG and CBZ are sodium channel blockers, the

two ASMs illustrated very different anticonvulsant activity profiles

likely owing to the additional effects of LTG on calcium channels

(60). There were no differences in the potency of LTG between

PSEN2-KO and WT mice of either sex. However, both male and

female PSEN2-KO mice exhibited significant MMI at the highest

dose of LTG tested relative to WT mice, revealing a narrower PI

with LTG in PSEN2-KOmice. In contrast, both sexes of PSEN2-KO

mice were less susceptible to the MMI-inducing effects of a high

dose of CBZ compared with WT mice. PSEN2-KO females were

also less sensitive to the anticonvulsant properties of CBZ thanWT

females in the 6-Hz test, reflective of a widened PI in this sex and

strain. Thus, while the primary mechanism of action of these two

ASMs is similar, differences exist in themetabolism and clearance of

CBZ vs. LTG (77, 78), which may have also influenced our observed

tolerability differences. Our present study did not evaluate plasma

or brain concentrations of the selected ASMs; thus, future studies

are needed to define the pharmacokinetic properties of candidate

ASMs in this model and other AD-associated mouse models with

evoked or spontaneous seizures to better establish the therapeutic

potential of ASM use in people with AD.

AMPA receptor trafficking critically mediates normal synaptic

plasticity and long-term potentiation (79, 80). In AD, AMPA

receptor expression and trafficking are substantially dysregulated

by the presence of amyloid β oligomers (81–84), thereby making

modulation of AMPA receptors a relevant therapeutic target in

AD. The non-competitive AMPA receptor antagonist PER has

been shown to improve cognitive function and mediate psychiatric

symptoms in an AD patient with myoclonic epilepsy due to

its demonstrated anticonvulsant effects in this individual (85).

Considering that PER is generally cognitively neutral in people

with epilepsy (86), including in older adults with epilepsy (38), we

sought to quantify the anticonvulsant potency and tolerability of

PER against acute 6-Hz focal seizures in PSEN2-KOmice to further

define therapeutic potential of this agent for older adults with

seizures and AD. While the potency of PER in PSEN2-KO mice

did not differ from WT animals, PER was much better tolerated

in both male and female PSEN2-KO mice vs. their age-matched

WT counterparts. Our results indicate a widened PI for PER in

the PSEN2-KO genotype; mice were largely unimpaired by the

highest dose of PER tested. These findings suggest that further

detailed studies to assess the clinical benefit of PER use in older

adults with seizures, including people with AD, are necessary.

Given the distinct molecular anticonvulsant mechanism of PER

coupled with the widened PI in ourmousemodel and the absence of

cognitive liability in people with epilepsy, PER may be a reasonable

therapeutic option to manage seizures in AD populations.

cFos is a useful marker of neuronal network activation

following evoked seizures, including in response to a 6-Hz

stimulation (44, 74). We observed that cFos was robustly

upregulated in response to 6-Hz stimulation in the posterior

parietal association cortex overlying dorsal hippocampus, as well

as in the piriform cortex, in WT mice. There was blunted cFos

expression in these regions in PSEN2-KO mice in response to

this stimulation, despite the presentation of evoked seizures.

These findings suggest that stimulation-induced neuronal network

activation in PSEN2-KOmice is disrupted, in particular at the level

of the cortex and piriform cortex. The piriform cortex is responsible

for producing olfactory experiences (87) and memory encoding. It

also frequently shows heavy cFos immunoreactivity in response to

all 6-Hz stimulation currents (44). In fact, animal studies indicate

that the piriform cortex is more prone to electrical stimulation-

induced epileptic seizures than the hippocampus, amygdala, and

entorhinal cortex (88). Moreover, evoked seizure activity tends

to damage piriform cortex neurons (89, 90). While our current

study was not designed to quantify longitudinal changes in piriform

cortex size or volume, piriform cortex volume loss has been shown

to be approximately twice as large as in the hippocampus in

people with mild cognitive impairment (MCI) and AD (91), and

also larger than the loss in the amygdala. Furthermore, piriform

cortex atrophy is similarly apparent in patients with MCI as

in those with AD, suggesting that piriform cortex atrophy may

be a novel biomarker for early AD stages. Considering that we

presently demonstrate reduced piriform cortex activation following

a single 6-Hz electrical stimulation in mice with an AD-related

genotype, further studies to assess the bidirectional relationship

between seizures in AD and involvement of the piriform cortex

are needed.

There is high translational value in this present study to

improve ASM selection in patients with seizures in AD. The

6-Hz evoked seizure model is a well-characterized, frontline

ASM discovery model that is routinely used to identify the

anticonvulsant potential of novel therapeutic agents for epilepsy

(37, 41, 44, 46, 47, 92). Importantly, the acute 6-Hz seizure

model activates limbic structures known to be hyperexcitable

in AD. However, aged rodents and rodent models with AD-

related genotypes are infrequently integrated into initial ASM

efficacy and tolerability studies (6, 37). Based on the bimodal age

distribution of epilepsy prevalence being higher in the very young

and the very old (38), it is necessary to more frequently include

aged rodents or models of aging-related neurological disorders

in ASM discovery practice (6, 93). Exclusively relying on efficacy

studies in young, male, neurologically intact WT rodents will

not adequately address the clinical needs of the world’s rapidly
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increasing population of older adults (93). Consistent with efforts

to increasingly integrate syndrome-specific models of rare pediatric

epilepsies into routine ASM discovery practice (42, 43, 47), a

strategy that also includes aging models or models of aging-

related diseases into the ASM discovery pipeline could substantially

benefit therapeutic innovation for older adults with seizures. Our

present studies provide proof-of-concept demonstration that the

use of mice with AD-associated genetic risk factors can uncover

biologically relevant differences in ASM potency and tolerability.

This study highlights a potential untapped opportunity to apply

precision medicine strategies in the management of seizures in

AD. Furthermore, the characterization of the ASM response of

PSEN2-KO mice in the acute 6-Hz model closely aligns with

NINDS Research Benchmarks for epilepsy to prioritize discovery

for the many forms in which epilepsy presents clinically (39, 40).

Thus, ASM screening in the acute 6-Hz model in PSEN2-KO mice

addresses an urgent need to diversify preclinical research for ASM

discovery so that therapeutic options for people with seizures in

AD can be more rationally discovered and, ultimately, prescribed

to minimize the burden of AD.
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Introduction: Cognitive phenotyping is a widely used approach to characterize 
the heterogeneity of deficits in patients with a range of neurological disorders but 
has only recently been applied to patients with epilepsy. In this study, we identify 
cognitive phenotypes in older adults with late-onset epilepsy (LOE) and examine 
their demographic, clinical, and vascular profiles. Further, we examine whether 
specific phenotypes pose an increased risk for progressive cognitive decline.

Methods: Participants were part of the Atherosclerosis Risk in Communities 
Study (ARIC), a prospective longitudinal community-based cohort study of 15,792 
individuals initially enrolled in 1987–1989. LOE was identified from linked Centers 
for Medicare and Medicaid Services claims data. Ninety-one participants with LOE 
completed comprehensive testing either prior to or after seizure onset as part of 
a larger cohort in the ARIC Neurocognitive Study in either 2011–2013 or 2016–
2017 (follow-up mean = 4.9 years). Cognitive phenotypes in individuals with LOE 
were derived by calculating test-level impairments for each participant (i.e., ≤1 
SD below cognitively normal participants on measures of language, memory, 
and executive function/processing speed); and then assigning participants to 
phenotypes if they were impaired on at least two tests within a domain. The total 
number of impaired domains was used to determine the cognitive phenotypes 
(i.e., Minimal/No Impairment, Single Domain, or Multidomain).

Results: At our baseline (Visit 5), 36.3% met criteria for Minimal/No Impairment, 
35% for Single Domain Impairment (with executive functioning/ processing 
speed impaired in 53.6%), and 28.7% for Multidomain Impairment. The Minimal/
No Impairment group had higher education and occupational complexity. There 
were no differences in clinical or vascular risk factors across phenotypes. Of those 
participants with longitudinal data (Visit 6; n = 24), 62.5% declined (i.e., progressed 
to a more impaired phenotype) and 37.5% remained stable. Those who remained 
stable were more highly educated compared to those that declined.

Discussion: Our results demonstrate the presence of identifiable cognitive 
phenotypes in older adults with LOE. These results also highlight the high 
prevalence of cognitive impairments across domains, with deficits in executive 
function/processing speed the most common isolated impairment. We also 
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demonstrate that higher education was associated with a Minimal/No Impairment 
phenotype and lower risk for cognitive decline over time.

KEYWORDS

epilepsy, phenotypes, cognition, aging, dementia

1. Introduction

Older adults represent the fastest growing population of patients 
with epilepsy (1–4), including those with early-onset, chronic epilepsy, 
and those with late-onset epilepsy (LOE) (3). The incidence of epilepsy 
among adults 65 years and older is approximately 1 per 1,000/year, 
with rates increasing as a function of age (1). As the population age 
continues to increase, the number of older adults with LOE is also 
expected to rise, thus increasing the overall global burden of epilepsy.

There is great heterogeneity in the cognitive impairments observed 
in individuals with LOE, which may reflect heterogeneity in etiologies. 
Stroke is the most common cause of LOE, followed by brain tumor, head 
injury, and neurodegenerative disorders (2–7). However, in approximately 
13%–40% of cases the cause remains unknown. In individuals with 
epilepsy of unknown etiology, occult cerebrovascular disease has been 
proposed as an etiology given the high prevalence of vascular risk factors 
in this population such as hypertension and diabetes (8, 9). Another 
potential etiology is the shared neuropathology with neurodegenerative 
disease, including a bidirectional relationship between epilepsy and 
dementia (3, 4, 10). Specifically, several prospective and retrospective 
studies have reported an increased risk of dementia in individuals with 
epilepsy (11–16) and increased risk of epilepsy in patients with 
Alzheimer’s disease (AD) (17–20). Further, there is evidence of AD-related 
pathology in patients with epilepsy including accumulation of β-amyloid 
(Aβ) (3, 4, 21–23) and tau (3, 4, 23), and the APOE4 genotype has been 
liked to an increased risk of developing epilepsy (24, 25). Together, these 
diverse etiologies may be expected to manifest in different cognitive 
profiles and differential risk for cognitive progression.

Despite increased awareness of the elevated risk of dementia in 
individuals with LOE and identification of risk factors for the 
development of LOE, the nature of cognitive deficits in this clinical 
population has not been fully characterized. Although several studies 
have examined cognitive impairments in older adults with epilepsy 
(25–34), only a few studies have exclusively focused on LOE (22–24, 
35–39), and most of these studies have used neuropsychological 
screening tools with limited sensitivity that do not enable a 
comprehensive analysis of cognitive profiles in this growing population.

In this study, we implement an approach called cognitive phenotyping 
to better characterize the cognitive complications observed in 
LOE. Cognitive phenotyping has been successfully implemented across a 
range of disorders including chronic epilepsy (40), mild cognitive 
impairment (MCI) (41, 42), multiple sclerosis (43, 44), Parkinson’s disease 
(45), autism spectrum disorders (46), and COVID-19 (47, 48) to better 
define the cognitive heterogeneity inherent in a disease. This approach is 
a patient-centered method that considers the pattern of scores within a 
comprehensive battery of tests rather than individual test scores. 
Individuals are aggregated into distinct groups or phenotypes based on 
this pattern and the relationship between disease related features (e.g., 
clinical characteristics, brain pathology, patient outcomes) can then 
be examined within and across phenotypes.

Our group has shown that in young-to-middle aged adults, the 
phenotyping approach better captures the heterogeneity inherent both 
within and across epilepsy syndromes compared to analyzing individual 
scores in isolation (40, 49–55). We have demonstrated that cognitive 
phenotypes are stable and robust across cohorts and are associated with 
distinct patterns of brain imaging abnormalities (49, 51, 56, 57). 
Furthermore, other studies have utilized the phenotype approach to 
examine cognitive progression (56) and postoperative cognitive decline 
(58). Thus, identifying cognitive phenotypes in LOE could help identify 
individuals at increased risk for cognitive progression and development 
of dementia, as well as delineate LOE subtypes that may be associated with 
distinct clinical, vascular, and lifestyle profiles.

In this study, we identify cognitive phenotypes in a group of older 
adults with LOE. We also examine the demographic, clinical, and 
vascular profiles across cognitive phenotypes and examine whether 
specific phenotypes confer increased risk for cognitive decline.

2. Materials and methods

2.1. Participants

The Atherosclerosis Risk in Communities (ARIC) study is a 
community-based, longitudinal cohort study of 15,792 men and 
women recruited from 1987 to 1989 via probability sampling from 
four US communities (Jackson, MS; Forsyth County, North Carolina; 
Washington County, Maryland; and suburbs of Minneapolis, MN) 
(59). Participants have completed 9 in-person visits (1987–2022) as of 
the time of manuscript preparation and are continuing to be followed 
via in-person visits and semi-annual telephone calls. For the purposes 
of this study, data from Visits 1 and 5–6 are included in the analyses 
(Figure 1). We included Black participants recruited in Mississippi and 
North Carolina and White participants recruited in Maryland, 
Minnesota, and North Carolina, and excluded participants of other 
races due to small sample sizes as is standard in ARIC.

2.2. Identification of LOE

Cases of LOE were identified in ARIC using an ICD code screening 
method that has been developed and validated in epilepsy (60) and 
previously used in ARIC (8, 16, 24, 61, 62). LOE was defined as two or 
more seizure-related ICD-9 or ICD-10 primary diagnostic codes (345.00–
345.91: epilepsy; 780.39: seizure/convulsion; G40.0-G40.919: epilepsy; or 
R56.9: seizure/convulsion) identified from Centers for Medicare & 
Medicaid Services (CMS) fee-for-service (FFS) outpatient, inpatient, and 
Carrier claims from 1991 to 2018. To identify incident LOE, we included 
participants with at least 2 years of continuous CMS data prior to the first 
seizure-related code. Due to age at first CMS eligibility for most 
participants, the first seizure-related code had to occur at age 67 or older.
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2.3. Demographic, clinical, and vascular 
risk factors

Demographic variables (i.e., race, sex, education, occupational 
complexity) were obtained at Visit 1. Occupation was categorized into 
high (managerial and professional specialty, technical, sales, and 
administrative support) or low (service, precision production, repair, 
operators, fabricators, laborers, homemakers) occupational 
complexities. APOE genotype was ascertained, and participants were 
classified as having 0, 1, or 2 Apo ε4 alleles (TaqMan assay; Applied 
Biosystems, Foster City, CA). Age at Visit 5 was used in the analyses. 
The following vascular risk factors were also ascertained at Visit 5: 
hypertension, diabetes, hyperlipidemia, body mass index (BMI), and 
alcohol use and smoking. Hypertension was defined as systolic blood 
pressure mean ≥ 140 mmHg (mean of second and third measurement), 
diastolic blood pressure mean ≥ 90 mmHg (mean of second and third 
measurement), or use of an antihypertensive medication. Diabetes was 
defined as fasting blood glucose ≥126 mg/dL, non-fasting blood glucose 
≥200 mg/dL, use of diabetic medications or insulin, HbA1c > 6.5%, or 
self-report of physician-diagnosed diabetes. Hyperlipidemia was 
defined as total cholesterol ≥200 mg/dL. BMI was calculated as weight 
in kilograms divided by height in meters squared. Obesity defined as a 
BMI ≥30 was considered a vascular risk factor. Participants self-
reported smoking and alcohol use (never, former, current). A burden 
of vascular risk score was calculated and defined by the number of 
vascular risk factors present (0, 1, or 2+) which included hypertension, 
diabetes, hyperlipidemia, obesity, and self-reported smoking. ARIC 
collected prevalent stroke data at Visit 1 and performs active death and 
hospital discharge surveillance of all cerebrovascular disease, which is 
adjudicated via computer algorithm and expert review (63).

2.4. Neuropsychological measures

All participants with LOE completed comprehensive 
neuropsychological testing as part of the ARIC Neurocognitive Study 
(ARIC-NCS) at Visit 5 and a subset of these participants completed the 
same battery of tests at a follow-up visit (Visit 6). Although previous 
ARIC studies have included a three-domain structure that includes 
Memory, Language and Verbal Fluency, and Sustained Attention and 
Processing Speed (64), we selected language, learning and memory 
and processing speed and executive function based on our previous 
phenotype study in older adults with epilepsy (33). For the purpose of 
the phenotype approach, processing speed and executive function 
were combined into one domain. Supplementary Table S1 provides full 
description of all the tests. Verbal memory was evaluated with the 
Wechsler Memory Scale-Revised Logical Memory (LM) immediate 
(LM1) and delayed recall (LM2) (65) and with the delayed word recall 
test (DWRT) (66, 67). Language ability was evaluated with the Boston 
Naming Test (BNT) (68), word fluency test (WFT), and animal fluency. 
Processing speed was assessed with the Trail Making Test condition A 
(TMT-A) and digit symbol substitution test (DSST) from the Wechsler 
Adult Intelligence Scale-Revised (69) and mental flexibility/set-shifting 
was measured with the Trail Making Test B (TMT-B).

2.5. ARIC cognitive diagnostic criteria

Mild Cognitive impairment (MCI) and dementia diagnoses in ARIC 
were based on the following criteria described in Knopman et al. (70); 
MCI was defined as at least one domain score worse than −1.5 Z, a 
Clinical Dementia Rating (CDR) sum of boxes >0.5 and ≤3, a Functional 

FIGURE 1

Flowcharts shows (A) Timeline of visits in ARIC. (B) Inclusion/exclusion criteria for participants with late-onset epilepsy (LOE). (C) Inclusion/exclusion 
criteria for participants without LOE and with normal cognition. Visits 2 and 4 include a short battery of cognitive tests, however, these visits were not 
included in the phenotyping classification.
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FIGURE 2

Diagnostic classification of cognitive phenotypes. BNT, Boston Naming Test; WFT, Word Fluency Test; LM1, Logical Memory 1; LM2, Logical Memory 2; 
DWRT, Delayed Word Recall Test; TMT-A, Trail Making Test-A; TMT-B, Trail Making Test-B; DSST, Digit Symbol Substitution Test.

Ability Questionnaire (FAQ) of 5, and decline below the 10 percentile on 
one test or below the 20th percentile on two tests in the serial ARIC-NCS 
cognitive battery. Dementia was defined as >1 cognitive domain worse 
than −1.5 Z, a CDR sum of boxes >3 and FAQ >5, and decline below the 
10 percentile on one test or below the 20th percentile on two tests in the 
serial ARIC-NCS cognitive battery. As described in Knopman et al. (70), 
cognitive normality required that all ARIC-NCS cognitive domain scores 
were better than −1.5 Z and that there was an absence of decline below 
the 10th percentile on one test or below the 20th percentile on two tests 
in the serial ARIC cognitive battery; and the CDR sum of boxes was 
required to be ≤ 0.5 and the FAQ ≤ 5.

2.6. Z-score calculation

Raw scores for all LOE participants were converted into z-scores 
based on data from a normal control sample stratified by race (i.e., Black 
and White) and education (i.e., ≤ high school, college, graduate school). 
The normal control sample for this study consisted of ARIC participants 
that did not meet criteria for LOE, had no history of stroke, and had 
normal cognition based on the ARIC cognitive normality definition 
described above. For measures with significant Shapiro–Wilk test (i.e., 
p < 0.05), extreme outliers defined as observations that fell below Q1–1.5 
interquartile range (IQR) or above Q3 + 1.5 IQR were removed from the 
Non-LOE normal participants. Given the differences in cognitive 
performance (Supplementary Table S2) between the White and Black 
Non-LOE participants, z-scores were calculated separately for each 
racial group.

2.7. Base rates of impairment

Rates of impairment at the individual test level were calculated to 
examine the cognitive processes/tests that were most affected in the 
ARIC LOE sample. Z-scores from Visit 5 were classified as impaired 
or not impaired using a ≤ −1.0 standard deviation (SD) cutoff. The 
−1.0 SD was used as the test-level impairment cut-off because this 
cut-off has been demonstrated to balance sensitivity and stability of 
impairment when examining profiles of scores (i.e., phenotypes) 

rather than scores in isolation (71). Base rates were calculated by 
dividing the number of LOE participants classified as impaired on an 
individual test to the total number of LOE participants.

2.8. Identifying cognitive phenotypes

Cognitive measures were divided into three domains: language, 
memory, and executive function/processing speed. Figure 2 shows the 
phenotype classification. Unlike the ARIC diagnostic classification 
system (described above) which considers change in performance and 
functional decline in MCI classification, the phenotype classification 
system is based on cognitive test performance only to allow for the 
evaluation of profiles and single versus multidomain domain 
involvement. To be impaired in a domain, at least two tests per domain 
had to meet the ≤ −1.0SD cutoff. The total number of impaired 
domains was used to characterize the cognitive phenotypes. 
Participants were classified as having a multidomain phenotype if at 
least two out of the three domains were impaired; Single-Domain 
phenotype was characterized as having one impaired domain; and 
Minimal/No Impairment was characterized as having no 
domains impaired.

2.9. Longitudinal changes in phenotype 
membership

The median follow-up time between Visits 5 and 6 was 4 years. There 
were no differences in the timing of follow up across the cognitive 
phenotypes F (2,22) = 0.282, p = 0.757. Twenty-five of the LOE participants 
with Visit 5 data also had cognitive data at Visit 6 that allowed for 
longitudinal phenotype characterization. Z-scores were also calculated 
based on the data from Non-LOE normal participants from Visit 5 using 
methods described above and the cognitive phenotypes were also derived 
to determine changes in phenotype membership over time. A change in 
classification was defined as progression to a more impaired phenotype 
(e.g., from Minimal/No Impairment to Single Domain or Multidomain) 
or worsening of an already impaired phenotype (e.g., from Single Domain 
to Multidomain); stable was defined as no change in phenotype 
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membership; and revert was defined as a change to a less impaired 
phenotype (e.g., Single Domain to Minimal/No Impairment).

2.10. Statistical analyses

Statistical analyses were performed using IBM SPSS Statistics 
(Version 28). A two-sided corrected value of p of 0.05 was considered 
statistically significant. Analysis of variance (ANOVA), Fisher–Freeman–
Halton exact tests (FE tests), Chi-square tests, and Mann Whitney U tests 
were used to test for differences in clinical and demographic variables and 
neuropsychological performance for continuous and categorical variables. 
When results from the ANOVA were significant, group contrasts were 
assessed using post hoc pairwise tests with Bonferroni correction. Multiple 
comparisons were corrected using Benjamini-Hochberg false discovery 
rate for all other statistical tests. For LOE participants with seizure onset 
prior to cognitive testing, we ran Spearman rho correlations to examine 
the relationship between age of seizure onset and cognitive performance 
at Visit 5. Age at Visit 5 testing was first regressed from the cognitive 
scores and the unstandardized residuals were used in these 
correlation analyses.

3. Results

3.1. Clinical and demographic 
characteristics of LOE participants

Ninety-one LOE participants were included from Visit 5 in the final 
sample. Demographic and clinical characteristics for the LOE and the 

Non-LOE normative samples are presented in Table  1. At Visit 5, 
participants ranged in age from 68 to 88 years, with approximately half of 
the sample being female and having education greater than a high school 
degree. More than half of the sample met ARIC normal diagnostic criteria 
and 95% of the sample had at least one vascular risk factor with 
hypertension being the most common vascular risk factor; 18 participants 
had history of stroke. Approximately 33% (n = 30) completed Visit 5 after 
the onset of seizures, and the remainder 67% (n = 61) before the first 
seizure-related code. The average number of years between first seizure 
and Visit 5 date was 6.44 (SD = 5.22) for those with a seizure onset prior 
to Visit 5, and 4.52 (SD = 1.36) for those with an onset after Visit 5. There 
was no statistical difference in age [t (89) = 1.65, p = 0.102; Onset before 
Visit 5 age mean = 78.9, Onset after Visit 5 age mean = 76.95], sex (FE 
value of p = 0.824; Onset before Visit 5 = 50% female, Onset after Visit 
5 = 54.1%), or education (FE value of p = 0.824; Onset before Visit 
5 = 56.7% education > high school, Onset after Visit 5 = 52.5%) between 
LOE participants with seizure onset prior to Visit 5 testing and those with 
onset after testing.

3.2. Z-score calculation

A total of 2,954 participants were classified as Non-LOE Normal 
Participants (Non-LOE NP; Black = 564; White = 2,391). Given that 
z-scores were calculated separately for each racial group, demographic 
and cognitive data are stratified by race. Supplementary Table S2 shows 
demographic variables and average cognitive scores across the 
neuropsychological measures and Supplementary Table S3 shows 
comparisons of demographic variables between Non-LOE and LOE 
participants. There were differences in age between both sets of groups, 

TABLE 1  Demographics and clinical variables in all LOE sample and normative sample.

All LOE Normative sample Statistic p-value

N 91 2,954

Age 77.59 (5.34) 75.28 (4.98) 4.35 <0.001

Age at first seizure 79.40 (6.59) – – –

LOE diagnosis before V5 30 (33%) – – –

Sex: Female (%) 48 (52.7%) 1767 (59.8%) – 0.193

Race: Black (%) 28 (30.8%) 564 (19.1%) – <0.001

Education: >HS 49 (53.8%) 1,298 (44.1%) 0.068

Occupational attainment: High | Low 45 (57%) | 34 (43%) 1,098 (44.8%) | 1,353 (55.2%) – 0.038

ARIC cognitive diagnosis: Normal | MCI | Dementia 48 (52.7%) | 29 (31.9%) | 14 (15.4%) – – –

Hypertension (Visit 5) 74 (82.2%) 2,155 (73.5%) – 0.091

Diabetes (Visit 5) 36 (39.6%) 731 (25.5%) – 0.002

Hyperlipidemia (Visit 5) 26 (28.6%) 2,924 (99%) – <0.001

BMI ≥ 30 (Visit 5) 20 (22%) 1,015 (34.4%) – 0.013

Stroke* 18 (19.8%) –

Smoking: Current | Former | Never | Not Reported 4 (4.5%) | 48 (54.5%) | 27 (30.7%) | 9 (10.2%) 155 (5.4%) | 1,391 (48.3%) | 1,126 (39.1%) | 207 (7.2%) Χ2 = 3.44 0.329

Alcohol Use: Current | Former | Never 37 (44%) | 30 (35.7%) | 17 (20.2%) 1,534 (54.1%) | 781 (27.6%) | 519 (18.3%) Χ2 = 3.66 0.161

Vascular Risk Burden: 0 factors | 1 factor | 2+ factors 5 (5.6%) | 33 (36.7%) | 52 (57.8%) 2 (<1%)| 504 (17.1%) | 2,448 (82.9%) Χ2 = 140.1 <0.001

APOE4 genotype: 0 allele | 1 allele | 2 alleles 44 (57.9%) | 29 (38.2%) | 3 (3.9%) 2,199 (74.4%) | 39 (1.3%) | 716 (24.2%) Χ2 = 463.2 <0.001

APOE4 genotype: present 32 (42.1%) 755 (25.6%) – <0.001

*Non-LOE normal participants with a history of stroke were excluded in the current study. LOE, late-onset epilepsy; HS, High school; MCI, mild cognitive impairment; BMI, body mass index; 
High occupation complexity: managerial and professional specialty, technical, sales, and administrative support; Low occupation complexity: service, precision production, repair, operators, 
fabricators, laborers, homemakers; Vascular risk burden: number of vascular risk factors present including hypertension, diabetes, hyperlipidemia, obesity, and self-reported smoking. 
Bold values means significant with an False Discovery Rate (FDR) correction.
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FIGURE 3

Relationship between age of first seizure and age regressed z-scores in participants with seizure onset prior to cognitive testing. (A) BNT, Boston 
Naming Test. (B) WFT, Word Fluency Test. (C) Animal Fluency. (D) LM1, Logical Memory 1. (E) LM2, Logical Memory 2. (F) DWRT, Delayed Word Recall 
Test. (G) TMT-A, Trail Making Test-A. (H) TMT-B, Trail Making Test-B. (I) DSST, Digit Symbol Substitution Test.

with the LOE participants being older on average (White LOE = 77.52, 
Black LOE = 78.13 years versus White Non-LOE = 75.47, Black 
Non-LOE: 74.46 years). There were no differences in sex or education 
between the groups.

3.3. Relationship between seizure onset 
and cognitive performance

We observed an inverse relationship between the BNT (rho = −0.596, 
p < 0.001), Animal fluency (rho = −0.378, p = 0.039), LM1 (rho = −0.495, 
p = 0.006), LM2 (r = −0.525, p = 0.004), TMT-A (rho = −0.384, p = 0.048), 
and DSST (rho = −0.452, p = 0.020), with an older age of seizure onset 

associated with worse cognitive performance (Figure 3). There were no 
other significant correlations (WFT rho = −0.346, p = 0.061; DWRT 
rho = −0.047, p = 0.809; TMT-B rho = −0.077, p = 0.739).

3.4. Rates of impairment in LOE

Figure 4 demonstrates the pattern of impairment across individual 
measures at Visit 5 using the ≤ −1.0SD cutoff. Rates of impairment in 
language ranged from 37.6% (BNT) to 46.7% (Animal fluency); 
impairment rates in memory ranged from 27.4% (LM1) to 47.1% 
(DWRT); and impairments rates in executive function/processing speed 
ranged from 44.3% (TMT-A) to 48.5% (TMT-B). At the domain level (i.e., 
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two impaired measures within a domain), 39.8% of the total sample was 
impaired in language, 39.5% in executive function/processing speed, and 
29.3% in memory.

3.5. Differences in cognitive performance 
between participants with seizure onset 
prior to and after cognitive testing

Differences in performance between those with seizure onset prior 
to and after V5 was significant for WFT [t (84)= 3.04, p = 0.003; before 
V5 mean z-score = −1.05; after V5 mean = −0.331], TMT-A [t (77)=2.07, 
p = 0.042; before V5 mean z-score = −3.24; after V5 mean = −1.26], 
TMT-B [t (64)=2.89, p = 0.005; before V5 mean z-score = −2.32; after V5 
mean = −0.976], and Digit Symbol [t (79)=2.23, p = 0.029; before V5 
mean z-score = −1.25; after V5 mean = −0.700] with those with seizure 
onset prior to V5 having lower scores. Rates of impairment between the 
groups differ for TMT-A (p = 0.019; Before V5 63% impaired versus 
34.6%) and TMT-B (p = 0.017; Before V5 71.4% impaired versus 37.8%).

3.6. Cognitive phenotypes in LOE

Of the 91 participants, 80 had complete cognitive data and were 
included in the phenotyping classification. Figure  5A shows the 

distribution of cognitive phenotypes. Twenty-seven and a half percent 
of the final LOE sample demonstrated a Multidomain impaired 
phenotype with impairments in at least two out of three cognitive 
domains. Within the Multidomain phenotype, 65.2% of participants 
had impairment in two domains with 53.3% of these participants 
having impairments in Language and Memory and the remainder 
46.7% impairments in executive function/processing speed plus another 
domain. Thirty-five percent demonstrated a Single-Domain phenotype 
with 53.6% showing deficits in executive function/processing speed, 
35.7% demonstrating language impairments and 10.7% an amnestic 
profile (i.e., isolated impairments in memory) (Figure 5B). Thirty-six 
and three tenths demonstrated a Minimal/No Impairment profile with 
37.9% of the group showing no impairment in any of the tests and the 
remainder of the group having impairment on at least one test (34.5% 
one test, 20.7% two tests, and 6.9% three tests). Figure 6 shows the 
distribution of z-scores at the individual test level for each cognitive 
phenotype. Supplementary Table S4 includes average z-scores for each 
test across the cognitive phenotypes and group comparisons.

The distribution of cognitive phenotypes was different between 
participants that developed seizures prior to and after Visit 5 cognitive 
testing (FE = 6.61, p = 0.037; Onset before Visit 5: Multidomain = 39.3%, 
Single = 42.9%, Minimal/No Impairment = 17.9%; Onset after Visit 5: 
Multidomain = 23.1%, Single = 30.8%, Minimal/No Impairment = 46.2%), 
with participants with onset after Visit 5 having a greater proportion of 
participants with Minimal/No Impairment. The majority of the 

FIGURE 4

Percentage of impairment in LOE across neuropsychological measures based on a  ≤  −1.0SD cutoff. BNT, Boston Naming Test; WFT, Word Fluency Test; 
LM1, Logical Memory 1; LM2, Logical Memory 2; DWRT, Delayed Word Recall Test; TMT-A, Trail Making Test-A; TMT-B, Trail Making Test-B; DSST, Digit 
Symbol Substitution Test.
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FIGURE 6

Distribution of z-scores across phenotypes using the ≤ −1.0SD cutoff. To show the distribution across tests, extreme outliers were removed. BNT, 
Boston Naming Test; WFT, Word Fluency Test; LM1, Logical Memory 1; LM2, Logical Memory 2; DWRT, Delayed Word Recall Test; TMT-A, Trail Making 
Test-A; TMT-B, Trail Making Test-B; DSST, Digit Symbol Substitution Test.

FIGURE 5

(A) Distribution of cognitive phenotypes in LOE based on a  ≤  −1.0SD cutoff. (B) Distribution of domains impaired for the single domain phenotype.
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participants in the Single Domain phenotype had impairments in 
executive function/processing speed for both groups (Onset before Visit 
5: 66.7%; Onset after Visit 5: 43.8%). The distribution of phenotypes 
without participants with dementia based on the ARIC definition were 
as followed: Multidomain = 23.6%, Single = 37.5%, and Minimal/No 
Impairment = 38.9%.

Lastly, we conducted a post-hoc sensitivity analysis to determine 
the rates of impairment within the Non-LOE normal control sample. 
We selected 10% of the normal sample and calculated z-scores based 
on the remainder 90% of the sample. We applied the same phenotype 
classification described above. The majority of this subsample 
demonstrated a Minimal/No Impairment profile (78.3%), followed by 
Single Domain (16.5%) and Multidomain (5.2%). This distribution 
was significantly different from the LOE phenotype distribution 
(χ2 = 54.17, p < 0.001).

3.7. Demographic and clinical variables 
across phenotypes

Table 2 includes demographic and clinical factors across cognitive 
phenotypes. There were differences in age, with the Multidomain 
phenotype being older compared to the Single Domain phenotype 
(81.13 years versus 75.54 years, p < 0.001) and Minimal/No 
Impairment (76 years, p = 0.001). There were differences in age of 
seizure onset, with the Multidomain phenotype having an older age 
of seizure onset compared to the Single Domain phenotype (81.7 years 
versus 75.92, p = 0.005) and there was a trend toward an older age of 
seizure onset compared to the Minimal/No Impairment (79.89 years, 
p = 0.058). There were differences in education with participants with 
the Multidomain phenotype having a lower proportion of older 
adults (26.1%) with an education higher than a high school degree 

compared to the Single Domain (46.4%) and Minimal/No 
Impairment (79.3%). Lastly, there were differences in occupational 
attainment with participants with the Multidomain phenotype having 
lower occupational complexity relative to the other two groups. 
Although there were no differences in vascular risk factors across the 
phenotypes, hypertension was the most common factor with 85.7% 
of the Single Domain, 78.3% of the Multidomain, and 75.9% of the 
Minimal/No Impairment phenotypes having hypertension. There 
were no other differences across phenotype groups.

Seventy-five percent (n = 6) of the participants with an ARIC 
dementia diagnosis demonstrated a Multidomain phenotype, while 
the remainder two participants had Single Domain or Minimal/No 
Impairment phenotype. Of those with MCI, 61.5% had a Single 
phenotype, 26.9% Multidomain, and 11.4% a Minimal/No Impairment 
phenotype. In those with a Normal Cognition diagnosis based on the 
ARIC definition, 54.3% had a Minimal/No Impairment phenotype, 
23.9% Single Domain, and 21.7% a Multidomain phenotype.

3.8. Longitudinal changes in phenotype 
membership

At ARIC-NCS Visit 6, 25 (27.5%) participants completed testing, 
23 (25.3%) were deceased, and the remainder 43 (47.3%) did not 
complete Visit 6. Out of the 25 participants with LOE and longitudinal 
data, 12 had a Minimal/No Impairment and 12 had a Single Domain 
phenotype at Visit 5. The one participant that had a Multidomain 
phenotype at Visit 5, remained stable at Visit 6 and was not included 
in additional analyses. Of these 24 participants, 62.5% declined and 
37.5% remained stable; no participants reverted. Of those that 
declined, 46.7% had a Minimal/No Impairment phenotype at Visit 5. 
Of those that remained stable, 44.4% had a Single Domain and 55.6% 

TABLE 2  Clinical and demographic characteristics across LOE cognitive phenotypes.

Multidomain Single-domain Minimal F p-value

n (%)* 23 (28.7%) 28 (35%) 29 (36.3%)

Age 81.1 (4.76) 75.5 (5.54) 76.0 (4.36) 9.82 <0.001

Age at 1st seizure 81.71 (6.73) 75.92 (5.95) 79.89 (6.22) 5.79 0.005

FE p-value

Sex: Female 14 (60.9%) 13 (46.4%) 16 (55.2%) 1.10 0.59

Race: Black 9 (39.1%) 7 (25%) 7 (24.1%) 1.66 0.45

Education: >HS 6 (26.1%) 13 (46.4%) 23 (79.3%) 15.5 <0.001

Occupational complexity: High 5 (27.8%) 16 (64%) 18 (72%) 8.83 0.008

Antiseizure medications: Yes 1 (4.3%) 0 (0%) 1 (3.4%) – –

Stroke 7 (30.4%) 4 (14.3%) 7 (24.1%) 1.99 0.39

Hypertension 18 (78.3%) 24 (85.7%) 22 (75.9%) 0.980 0.69

Diabetes 10 (43.5%) 13 (46.4%) 10 (34.5%) 0.936 0.66

BMI ≥ 30 5 (21.7%) 10 (35.7%) 10 (34.5%) 1.38 0.52

Hyperlipidemia 5 (21.7%) 6 (21.4%) 8 (27.6%) 0.406 0.85

Vascular burden: 2 or more 13 (56.5%) 19 (67.9%) 16 (55.2%) 1.15 0.60

APOE4 genotype: Present 8 (36.4%) 8 (38.1%) 10 (41.7%) 0.197 0.95

*Based on the total number of participants with complete cognitive data. LOE, late-onset epilepsy; HS, High school; BMI, body mass index; FE, Fisher–Freeman–Halton exact test. High 
occupation attainment: managerial and professional specialty, technical, sales, and administrative support. Low occupation attainment: service, precision production, repair, operators, 
fabricators, laborers, homemakers. Bold: significant with an FDR correction of 0.01.
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a Minimal/No Impairment phenotype. When comparing demographic 
and clinical variables between the participants that declined and those 
that remained stable, the participants that remained stable had higher 
levels of education (Table 3). Out of the 15 individuals that declined, 
3 (20%) met criteria for a new diagnosis of MCI and 3 (20%) a 
diagnosis of dementia based on the ARIC diagnostic definitions. For 
those that decline at Visit 6, executive function (50%) was the most 
commonly impaired domain at Visit 5, followed by language (37.5%), 
and memory (12.5%).

4. Discussion

With a globally aging population and the expected increase in the 
number of individuals with LOE, it is important to fully characterize 
the cognitive profiles of older adults with epilepsy to identify those at 
increased risk for progressive cognitive decline. Here, we show that 
approximately 63% of older adults who developed LOE demonstrate 
an impaired cognitive phenotype (i.e., Multidomain or Single Domain 
phenotype) and that in a sizable subset of individuals, an impaired 
profile is present prior to the onset of recognized seizures. Further, 
executive function/processing speed was the most impaired domain 
in those with isolated impairment and for those patients that declined. 
We also show that more than half of the participants with longitudinal 
cognitive data progressed to a more impaired phenotype. Lastly, 
higher education was associated with minimal or no impairment at 
our baseline visit (Visit 5) and a lower likelihood of declining 
over time.

4.1. Cognitive impairment in LOE

Given that the small number of studies that have exclusively 
focused on LOE have included cognitive screeners or had a limited 
number of neuropsychological tests (22–24, 35–39), the full 
characterization of cognitive profiles in LOE remains to be examined. 
In this study, we show that in a population of older adults with LOE 
who completed a cross-sectional assessment, cognitive impairment is 
common across a comprehensive battery of tests with rates of 
impairment ranging from 27% to 48%, with measures of set-shifting, 
delayed recall, semantic fluency, and processing speed the most 
prevalent. At the domain level, more than a third of the sample was 
impaired on at least one domain despite our rather stringent criteria, 

which required two out of the three measures per domain to 
be impaired; an approach which has been shown to provide a good 
balance between sensitivity and specificity for classifying impairment 
in older adults and which may explain its diagnostic stability across 
cohorts (71).

In our study, participants with impairments included those with 
an onset of seizures either prior to or after Visit 5 cognitive testing, 
and with more than half the sample demonstrating an impaired 
phenotype. Studies in LOE have reported poorer cognitive 
outcomes that in some patients are present before the onset of 
seizures (24, 31, 38). In a larger sample of older adults with LOE 
from the ARIC study (24), we previously showed that a steeper 
longitudinal decline in cognitive function occurred prior to the 
onset of seizures in those who developed LOE versus those who did 
not, and that this decline in LOE became more rapid after the onset 
of seizures. Our results support these earlier findings in that in a 
subset of patients who develop LOE, cognitive dysfunction is 
present before the onset of seizures with some evidence of 
progression over time. Noteworthy, the presence of cognitive 
impairment at the time of an epilepsy diagnosis has been 
documented across several studies (36, 39, 72–75) implying that 
cognitive dysfunction may not always be  solely caused by the 
accumulating effects of seizures or the long-term exposure to 
epilepsy treatment (e.g., antiseizure medications, surgery) but 
rather may be a result of epileptogenesis or other etiological factors 
that contribute to the development of seizures later in life (e.g., 
small vessel disease).

We also show that in those with a seizure onset prior to cognitive 
testing, an older age of seizure onset was associated with poorer 
performance on measures of naming, verbal fluency, learning and 
memory, and processing speed. In contrast, a younger age of seizure 
onset has been linked to an increased risk for cognitive impairment 
in early onset epilepsy (40). Thus, developing seizures in older age 
may accelerate cognitive decline. Interestingly, Liguori and 
colleagues (38) demonstrated that in a group of older adults with 
LOE cognitive progression on a global measure of cognitive ability 
was observed at a 12-month follow-up irrespective of type and 
number of antiseizure medications. Our findings and that of 
previous studies highlight that the relationship between classic 
epilepsy characteristics and cognition may be different for LOE and 
therefore, more studies are needed to better delineate these 
associations given their implications for treatment and long-
term outcomes.

TABLE 3  Clinical and demographic characteristics between stabled and declined participants.

Stabled Decline Comparison

n 9 (37.5%) 15 (62.5%)

Age (V5) 75.56 (3.84) 74.53 (4.88) U = 67, p = 1.00

Age at 1st seizure 75.41 (5.83) 77.53 (4.89) U = 84, p = 0.35

Sex: F (%) 3 (33.3%) 8 (53.3%) U = 0.427, p = 0.69

Race: Black (%) 1 (11.1%) 5 (33.3%) FE = 0.906, p = 0.42

Education: > HS 9 (100%) 6 (40%) FE = 8.64, p = 0.007

Vascular Risk (1+ factors) 9 (100%) 13 (86.7%) FE = 1.31, p = 0.51

APOE4 Present 3 (50%) 3 (25%) FE = 1.25, p = 0.34

HS, high school. Bold: significant at p = 0.05.
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4.2. Cognitive phenotypes in LOE

An important advantage of the phenotyping approach is that it is 
patient-centered and considers the individual variability within 
neurological disorders. Traditional approaches to studying 
neuropsychological syndromes aggregate patients based on the 
neurological condition (e.g., all patients with epilepsy); however, this 
approach may obscure important differences across syndrome/
disorder subtypes. Further, the phenotype classification reflects the 
process that clinicians employ which typically consists of examining 
multiple scores within a domain and base clinical decisions on the 
pattern of scores rather than isolated impaired scores (71). In the MCI 
literature, the prodromal phase of AD, identifying cognitive profiles 
or phenotypes has proven useful for predicting cognitive decline and 
progression to dementia (42, 76). Specifically, an amnestic, dysnomic, 
and dysexecutive/mixed phenotypes have been described with unique 
MRI signatures and differential progression to dementia (41, 42, 76). 
In our study, a majority of the participants with a dementia diagnosis 
based on the ARIC definition had a Multidomain phenotype (75%), 
while those with MCI had a Single Domain (61.5%) phenotype. 
Although for a large proportion of the participants the pattern of 
impairment (i.e., phenotype) matched the severity of the diagnosis 
(e.g., multidomain impairment and a dementia diagnosis), this was 
not the case for all participants. Given that phenotypes are based on 
the pattern of cognitive scores alone and do not take into account 
changes in functional activities of daily living, some individuals may 
demonstrate a less impaired phenotype but greater functional decline 
and therefore may meet criteria for dementia. Thus, cognitive 
phenotypes do not replace diagnostic criteria for MCI and dementia, 
rather, they help characterize the underlying cognitive profiles within 
these diagnostic categories. Specifically, an MCI or dementia diagnosis 
provides information on whether an individual has significant 
cognitive impairments or has declined from a previous level of 
functioning, whereas cognitive phenotypes delineate the different 
patterns of impairment. Therefore, our study provides additional 
information on the cognitive subtypes associated with LOE, which, 
when considered in combination with other disease biomarkers, may 
shed light on differential risk for further cognitive decline.

In our sample, approximately 29% of the older adults 
demonstrated global or Multidomain impairment, which is 
comparable to rates reported in studies of young-to-middle-aged 
adults with temporal (40, 50, 51, 53–55) and frontal lobe epilepsy (52). 
Patients with global impairments are thought to represent a group of 
patients with potential co-morbid non-epilepsy pathology, elevated 
health-related risk factors, or sociodemographic factors that may 
be  resulting in greater cognitive dysfunction than expected. 
Furthermore, these patients demonstrate widespread brain 
abnormalities that extend beyond the seizure focus potentially 
explaining the multidomain (i.e., multi lobar) involvement in this 
impaired profile (40, 49, 51). In our study, individuals with a 
Multidomain phenotype were older, had fewer years of education, and 
lower occupational complexity. Fewer years of education has been a 
consistent finding in patients with epilepsy demonstrating global 
impairment (40). Thus, these factors may be contributing to their 
global impaired profile by further exacerbating the effects of epilepsy 
pathology on cognition. Another possibility is that for some 
individuals these cognitive deficits were longstanding and therefore 
may have led to lower educational and occupational attainment. For 

example, a preexisting learning disability in early childhood may have 
impacted a person’s educational attainment. However, given the nature 
of our data, we did not have information on early history of cognitive 
dysfunction and how that may have impacted education/occupational 
attainment. Although we did not have EEG information on seizure 
localization/lateralization, the Multidomain phenotype in our study 
may represent a phenotype with widespread brain anomalies that may 
be associated with both epilepsy and non-epilepsy pathology.

The Single Domain phenotype was characterized by prominent 
impairments in executive function/processing speed. By contrast, in 
younger adults with frontal lobe epilepsy (52) and temporal lobe 
epilepsy (53), the Single Domain phenotype has been characterized 
by impairments in language with naming and verbal fluency the most 
impaired cognitive processes. In fact, in a sample of 1,409 young-to-
middle aged adults with temporal lobe epilepsy, 49% of the patients 
with a Single Domain phenotype had isolated deficits in language (53). 
In a sample of Spanish-speaking patients with temporal lobe epilepsy, 
memory was the most commonly impaired domain within the Single 
Domain phenotype (55). The differences in the nature of the Single 
Domain phenotype across studies may be due to varying underlying 
epilepsy etiologies, epilepsy-related clinical factors, sociodemographic 
characteristics, or differences in brain abnormalities (e.g., lateral 
versus mesial temporal lobe involvement). Given the nature of 
epilepsy ascertainment in ARIC, we  did not have comprehensive 
clinical information to examine the epilepsy characteristics associated 
with these isolated impairments in executive function/processing 
speed such as brain pathology involving the frontal lobes. However, 
the high vascular burden in our overall sample may be a contributing 
factor. Although there were no differences in the number and type of 
vascular risk factors across the phenotypes, approximately 95% of the 
sample had at least one vascular risk factor with hypertension being 
the most common. Elevated vascular risk factors have been associated 
with the extent of cognitive impairment in patients with epilepsy (77, 
78) and with an increased risk of developing LOE (8). In the general 
population, vascular risk factors, particularly diabetes and 
hypertension are associated with cognitive decline and dementia (79). 
Specifically, the presence of vascular risk factors has been implicated 
in executive dysfunction and slower processing speed given their 
effects on white matter structures involved in these domains (80, 81). 
We previously demonstrated an association between increased white 
matter hyperintensities burden and increased likelihood of developing 
LOE in a larger sample of participants from ARIC which includes the 
sample in the current study (61). Given that LOE may be associated 
with varying etiologies, an executive dysfunction and reduced 
processing speed phenotype/profile may be indicative of the presence 
of occult cerebrovascular disease. Notably, impairments in executive 
function and processing speed (82) may reflect vascular involvement 
and thus it is possible that a subset of older adults with a dysexecutive 
and slowed processing speed profile may be at risk for the development 
of dementia of a mixed or vascular etiology. However, given the small 
number of LOE participants with dementia in our study, we were not 
able to delineate differences in profiles.

Lastly, 36.3% of the sample demonstrated a Minimal/No 
Impairment phenotype which included a subset of participants 
(37.9%) with no impairment in any of the tests and the majority 
demonstrating 1–2 impaired scores. Notably, studies have shown that 
the vast majority of adults demonstrate 1–2 impaired performances 
across a larger neuropsychological battery (83–85). Thus, an advantage 
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of the phenotype approach is reducing the likelihood of false positives 
that may result when examining individual test scores in isolation. The 
Minimal/No Impairment phenotype in our study was characterized 
by higher education with more than 65% of the older adults having an 
advanced degree (i.e., college or graduate degree). Across studies, the 
rates of this phenotype/profile have ranged from 16% to 54% and have 
been associated with less disease burden including shorter disease 
duration, fewer antiseizure medications, and less brain pathology (40). 
Further, higher education in this group has been a consistent finding 
across investigations. Higher levels of education and complex 
occupational attainment have been hypothesized to increase cognitive 
reserve, a protective mechanism that mitigates the effects of brain 
pathology on cognition by increasing the cognitive resources available 
to compensate for cognitive deficiencies. For example, higher levels of 
education have been associated with a lower risk of developing 
dementia and/or a delay in the onset of dementia-related symptoms. 
(86–88). In epilepsy, higher levels of education have been shown to 
protect against the effects of epilepsy related pathology on cognition, 
as patients with higher education demonstrate less cognitive 
impairments despite showing greater disease burden (40, 89). Studies 
with larger samples examining the clinical and demographic profiles 
of patients with minimal impairment can help identify protective 
factors which can inform clinical interventions aimed are reducing 
cognitive decline.

4.3. Cognitive progression

Identifying distinct cognitive phenotypes has been shown to 
be useful in predicting cognitive progression. In the subset of our 
sample with longitudinal data, we show that 62.5% of the older adults 
with either a Single Domain or a Minimal/No phenotype decline (i.e., 
changed to a more impaired phenotype) at a subsequent visit. Fifty 
percent of those that decline demonstrated an executive dysfunction 
profile at baseline and although we were not able to statistically evaluate 
its predicted value, executive function deficits may be associated with 
cognitive progression, potentially due to a vascular underlying etiology. 
Whether epilepsy results in accelerated brain and cognitive aging has 
been an ongoing debate in the literature. Studies have provided 
evidence of brain aging in patients with epilepsy that includes both 
patients with long-standing and newly onset epilepsy (90–92). 
Importantly, there is evidence of cognitive deterioration regardless of 
the age of onset (24, 38, 93, 94). In the MCI/AD literature, phenotypes 
have been shown to have prognostic value improving prediction of 
clinical course (41). Thus, phenotyping may provide a promising 
approach to stratifying risk for decline that considers individual 
variability within patient cohorts and could help identify factors that 
constitute this group and may buffer against decline (e.g., education).

4.4. Limitations

There are several limitations to our study that limit the 
generalizability of the findings. First, the use of ICD codes to diagnose 
epilepsy can potentially lead to misclassification of diagnosis. Inherent 
in this use of code data is the potential to miss cases of childhood 
epilepsy that have resolved, or to misclassify recurrent provoked seizures 
as epilepsy if there were multiple hospitalizations for alcohol withdrawal 

seizures (for example). However, the method (i.e., ≥ 2 ICD codes) used 
has been shown to be robust with high sensitivity and specificity (24, 60). 
Second, our sample size was modest compared to other studies involving 
cognitive phenotypes in epilepsy. Further, the lack of differences in 
vascular risk factors across the phenotypes may be explained by the 
sample size and the fact that most participants in our sample had a high 
vascular burden and therefore there was less heterogeneity. Studies with 
larger samples of older adults with LOE are needed in order to replicate 
our findings and to identify unique vascular and other risk factor profiles 
associated with each phenotype. Third, although we used a normative 
sample to account for the effects of age, education, sex, and race on 
cognitive scores, there were age differences between the normative 
sample size and the LOE participants. Fourth, we  did not have 
comprehensive epilepsy-related clinical data such as seizure frequency 
and number of antiseizure medications and type, and therefore could 
not examine the relationship between phenotype membership and 
classic epilepsy variables (e.g., antiseizure medications, EEG findings, 
seizure frequency, epilepsy etiology); full, optimal workup of new-onset 
epilepsy including lumbar puncture was not available (if performed) 
(95). Importantly, better epilepsy characterization (i.e., seizure 
localization/lateralization based on EEG and imaging findings) can help 
delineate the brain regions associated with different cognitive profiles 
(i.e., executive function/processing speed = frontal lobe abnormalities; 
amnestic profile = mesial temporal lobe abnormalities). Based on 
evidence from several phenotype investigations, two major patterns have 
emerged with global deficits associated with greater disease burden and 
elevated risk factors for cognitive impairment while patients with 
relatively intact profiles demonstrating less disease burden and protective 
factors. However, these findings have been found primarily in patients 
with an earlier age of epilepsy onset that have been fully characterized 
and therefore studies are needed to determine the clinical profiles 
associated with each phenotype in LOE. Fifth, we only had longitudinal 
data in a subset of the sample and therefore, longitudinal studies with 
large samples are needed in order to determine the diagnostic value of 
the phenotype approach in determining risk of cognitive progression in 
LOE. Further, selectivity of attrition (e.g., participants returning for 
cognitive testing due to concerns of decline) could have introduced bias 
in the longitudinal sample. Interestingly, a study examining differences 
in cognitive abilities and personality traits between returning and 
non-returning participants found that returning participants 
demonstrated higher cognitive abilities and personality traits such as 
agreeableness and openness which was more apparent in adults older 
than 50 (96). Thus, it is possible that those participants that returned had 
better insight into their cognitive abilities and were worried about 
decline. Lastly, although we used all participants without epilepsy and 
with normal cognition as our normative sample for determining 
impairment profiles, future studies comparing the rates and patterns of 
cognitive impairment (i.e., phenotypes) between LOE participants and 
Non-LOE participants with other neurological conditions (e.g., MCI, 
TBI or dementia) can elucidate whether epilepsy is associated with 
unique patterns of cognitive impairment and/or confers a differential 
risk for cognitive decline beyond the effects of aging on cognition.

5. Conclusion

This study delineates unique cognitive phenotypes in LOE 
using a large, population-based study cohort. Our findings 
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demonstrate heterogeneity in cognitive impairment within LOE 
that can be appreciated by identifying cognitive phenotypes. Thus, 
the application of this approach may accelerate our understanding 
of the clinical course of LOE, and guide future interventions 
aimed at preventing the onset of cognitive dysfunction or reducing 
the risk of further cognitive decline in older adults.
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Alzheimer’s disease (AD) is the most common type of dementia and remains 
an incurable, progressive disease with limited disease-modifying interventions 
available. In patients with AD, interictal epileptiform discharges (IEDs) have been 
identified in up to 54% of combined cohorts of mild cognitive impairment (MCI) 
or mild dementia and are a marker of a more aggressive disease course. Studies 
assessing the role of IEDs in AD are limited by the lack of standardization in the 
definition of IEDs or the different neurophysiologic techniques used to capture 
them. IEDs are an appealing treatment target given the availability of EEG and 
anti-seizure medications. There remains uncertainty regarding when to treat 
IEDs, the optimal drug and dose for treatment, and the impact of treatment on 
disease course. This review covers the state of knowledge of the field of IEDs in 
AD, and the steps needed to move the field forward.

KEYWORDS

Alzheimer’s disease, dementia, electroencephalography, interictal discharges, 
epileptogenesis

1. Introduction

Alzheimer’s disease (AD) is the most common type of dementia with devastating 
effects on cognition in the setting of disrupted synaptic homeostasis, neuronal loss, and 
impaired neuronal network integrity (1, 2). Clinical studies have suggested a link between 
AD and epilepsy, given the higher rates of clinical and subclinical seizures in patients with 
AD (3) and a more aggressive phenotype (early onset and rapid progression) when both 
disorders are present, or when there is evidence of interictal epileptiform discharges (IEDs) 
on EEG even in the absence of clinical seizures (4). Seizures can also be one of the first 
presenting symptoms of AD (4, 5), and an “epileptic variant” of AD is gaining more 
recognition (6). The accumulation of amyloid-β (a pathogenic hallmark of AD) leads to 
inhibitory interneuron dysfunction creating a state of network hypersynchrony manifesting 
as IEDs, clinical and subclinical seizures (7). This raises the appealing prospect of trying 
to modify the disease course by addressing hypersynchrony with antiseizure 
medications (ASM).

Electroencephalography (EEG) has proven to be the most accessible and cost-efficient 
tool to identify epileptiform abnormalities in patients with mild cognitive impairment 
(MCI) or Alzheimer’s dementia (4, 5). Albeit there may be substantial variability in the 
interpretation and reporting of the data (8). There is a need for clinicians to understand the 
EEG findings in patients with AD, its role in the pathogenesis and progression of the disease, 
and when and whether certain findings should be  treated. This review will highlight 
published data regarding IEDs in AD, and discuss study limitations, and controversies 
regarding treatment.
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2. Illustrative cases

We present 4 cases with different EEG findings in the setting of 
non-lesional MRIs and highlight the range of abnormalities that a 
clinician could face, and the challenge with regards to deciding when 
to initiate treatment.

Case 1 is a 75-year-old male with a history of mild cognitive 
impairment and no history of spells concerning for seizures. He had 
a routine EEG revealing “sharp transients in sleep.” An ambulatory 
EEG showed an isolated left anterior temporal sharp wave in N2 sleep 
(Figure 1A). Case 2 is a 60-year-old female with a strong family history 
of AD who presented to the clinic with short-term memory 
complaints. An ambulatory EEG was obtained revealing occasional 
periodic left temporal sharp waves in N2 sleep (Figure 1B). Case 3 is 
an 85-year-old female with a history of mild AD dementia and 
fluctuating mentation. An ambulatory EEG showed runs of left 
temporal rhythmic delta activity lasting up to 10 s limited to 
wakefulness (Figure 1C). Case 4 is a 70-year-old male with a history 
of mild cognitive impairment and an isolated generalized tonic–clonic 
seizure; he  was maintained on levetiracetam monotherapy. 
A follow-up ambulatory EEG showed bitemporal independent 
frequent spike and slow wave discharges in sleep occurring at a 
frequency of 1/min (Figure 1D).

3. EEG findings in AD

Earlier studies in patients with AD suggested that slowing of the 
occipital peak frequency correlated with the progression of the disease 
(9). Unfortunately, larger cohort studies failed to confirm this finding 
(10). Focal slowing on ambulatory EEG is a common finding in older 
adults in general with a prevalence of up to 63% on ambulatory EEG 
(11). Focal slowing on a routine EEG is relevant because it is one of 
the predictors of finding an IED on an ambulatory EEG (11). In the 
AD literature, the rates of focal slowing range between 44–47% in MCI 
and mild AD (12), while generalized slowing of the background is 
seen in 13–30% (3, 12).

More recent studies have highlighted interictal epileptiform 
discharges (IEDs) as a more relevant electrographic finding in 
patients with AD or MCI (Table 1); as also previously reviewed by 
Csernus and colleagues (20). Most of the study findings are limited 
by the lack of standardization in the definition of IEDs or the 
variability in the type of study used to capture them (routine vs. 
long-term vs. ambulatory EEG). An interictal epileptiform 
abnormality should be  defined by at least 4 out of 6 criteria 
recommended by the international federation for clinical 
neurophysiology to avoid misinterpretation of normal variants on 
EEG (19). Common normal variants in older adults that can 

FIGURE 1

Illustrative cases. (A) Case 1 with an ambulatory EEG showing a bipolar longitudinal montage with a left temporal sharp wave (red arrow) during stage 
N2 sleep. (B) Case 2 with an ambulatory EEG showing a bipolar longitudinal montage with occasional periodic left temporal sharp waves (red arrow) 
during stage N2 sleep. (C) Case 3 with an ambulatory EEG showing a Laplacian montage with runs of left temporal rhythmic delta activity (red arrow) 
lasting up to 10  s. (D) Case 4 with an ambulatory EEG showing an average referential montage with bitemporal independent frequent spike and slow 
wave discharges (red arrows).
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TABLE 1  Characteristics of IEDs in AD.

Modality 
of EEG 
used/ 
EEG 
findings

Incidence; 
Frequency 
of IEDs on 
EEG

AD 
biomarkers 
available

Most 
common 
EEG scalp 
localization 
of IEDs

Most 
common 
EEG state 
for IEDs

Spike 
detection 
software 
used

Inter-rate 
agreement 
among EEG 
raters for 
IEDs

Number 
of 
patients 
studied

Reference

Unclear 

duration of 

EEG/ Spike or 

sharp wave 

discharges

15 patients 

(38%); N/A

N/A Uni or 

bitemporal

N/A N/A N/A 39 patients 

with 

dementia 

from a 

registry 

(74% 

undergo an 

EEG)

(13)

REEG/ IEDs 

as per IFCN 

criteria#

42 patients 

(3%); N/A

N/A Temporal N/A N/A 1 of 3 board-

certified clinical 

neurophysiologists

1,674 

patients 

attending a 

memory 

clinic

(14)

LTM and 

REEG/ Sharp 

waves, 

Generalized 

ED, Focal and 

diffuse 

slowing

aMCI or AD 

evaluated for sz 

vs. no history of 

sz: 62% vs. 6%; 

N/A

6/54 *2 had 

autopsy 

confirmed AD

Temporal (Left) N/A N/A N/A aMCI + 

epilepsy: 

12 AD plus 

epilepsy: 

35 AD plus 

IEDs: 7

(4)

LTM and 

REEG/ 

Epileptiform 

abnormalities, 

focal and 

generalized 

slowing

36% with 

epileptiform 

abnormalities; 

N/A

N/A Frontal or 

temporal

N/A N/A N/A, retrospective 

study

77 patients 

(88% with 

possible/ 

probable/

definite AD)

(5)

REEG/ 

epileptiform 

discharges 

(sharp waves 

or spikes)

23.1% with 

epileptiform 

abnormalities; 

N/A

13/13 Temporal 

(Left>Right)

N/A N/A N/A 13 patients 

with AD 

(MCI) and 

epilepsy

(6)

LTM/ 

Epileptiform 

activity+

21.2% vs. 0%; 

0.03 to 5.18 per 

hour

25/33 Temporal (Left) Sleep (Stage 2) SpikeDensityV101 

Calculation 

Engine in Persyst 

11 EEG software

Two experienced 

epileptologists

33 patients 

with AD; 19 

HC

(3)

AEEG/ 

Epileptiform 

activity+

AD vs. HC: 

54% vs. 25%; 

0.29–6.68 

spikes/h

N/A Temporal (left) Sleep (Stage 3) Micromed System 

PLUS98, 

Compumedics 

NeuroScan Curry

Two independent 

raters

52 patients 

with AD 20 

HC

(15)

Overnight 

EEG + PSG/ 

Epileptiform 

activity*

Probable AD 

vs. MCI vs. 

Controls: 6.38% 

vs. 11.63% vs. 

4.54%; N/A

N/A N/A N/A (RembrandtSleep-

View, Medcare)

Two trained 

neurophysiologists

Probable 

AD: 47 

MCI: 43 

Controls: 44

(16)

(Continued)
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be easily misinterpreted as pathologic include small sharp spikes, 
wicket rhythms, and wicket spikes (8). Yet, even when these criteria 
are applied, there may be  substantial interrater variability; the 
inter-rater reliability regarding IEDs is fair at best even among 
experts (21). This is problematic because AD patients without a 
history of seizures tend to have only a limited number of discharges 
on an ambulatory EEG (12) and can be  easily misclassified as 
having IEDs, as shown in the illustrative cases (Figure 1) where the 
decision to label an EEG as epileptiform or not rests on an 
isolated discharge.

Notably, only one study has used expert consensus to evaluate 
the frequency of IEDs in patients with AD (12), while others 
screened with spike detection software followed by a visual review 
(Table 1). Recent studies have suggested a higher accuracy in the 
identification of IEDs for an ambulatory EEG when compared to 
one or two routine EEGs (22). This could be relevant in the AD 
population since most IEDs are present in stage 2 sleep (Table 1). 
The sensitivity of an EEG is correlated with the length of the 
recording, which explains why a 20–30 min routine EEG may miss 
IEDs (23), and why there was a delay in appreciating the true 
burden of IEDs in AD. Other markers of hyperexcitability such as 
focal rhythmic slowing (24) have only been studied in one cohort 
(12). A benign variant, small sharp spikes (SSS), was seen in a subset 
of patients with AD; some with a high frequency and unilateral 
predominance (12), suggesting that these features may also indicate 
underlying irritability given that they represent outliers and also 
tended to co-occur in EEGs with IEDs. Most of the studies also 
reported the temporal lobe as the most frequent region for IEDs 

(Table 1). The temporal-lobe predominance of IEDs could be due 
to early seeding by amyloid plaques and hyperphosphorylated tau 
in the limbic system (25).

It must be kept in mind that surface EEG as a neurophysiologic 
tool has several limitations including its limited ability to detect deep 
IEDs such as those located in the hippocampus, or IEDs with a 
tangential dipole (26). This limitation was highlighted in a study in 
2016, where 21% out of 42% of the subjects had MEG-only IEDs with 
no IEDs noted on EEG (3). Similarly, in a case series of 2 subjects with 
early onset AD with surface EEG and invasive foramen ovale 
electrodes, 90–100% of the IEDs noted on the invasive electrodes did 
not have a surface EEG correlate (27).

As illustrated in Table 1 the subjects examined per study with 
prolonged EEGs have been limited to date with cohorts often 
including both MCI and mild dementia patients lumped together. 
We need more studies to explore whether IEDs vary in prevalence 
depending on disease stage.

4. IEDs and cognition in the epilepsy 
literature

The association of IEDs on cognition and whether they should 
be  a treatment target has been a matter of debate among 
epileptologists (28). Transient cognitive impairment secondary to 
IEDs gained recognition with the advent of computerized testing 
paradigms. Earlier studies showed that around 50% of subjects with 
epilepsy exhibited transient impairment coinciding with the 

Modality 
of EEG 
used/ 
EEG 
findings

Incidence; 
Frequency 
of IEDs on 
EEG

AD 
biomarkers 
available

Most 
common 
EEG scalp 
localization 
of IEDs

Most 
common 
EEG state 
for IEDs

Spike 
detection 
software 
used

Inter-rate 
agreement 
among EEG 
raters for 
IEDs

Number 
of 
patients 
studied

Reference

AEEG (24 h)/ 

Epileptiform 

discharges

AD-no epilepsy 

vs. AD-epilepsy 

vs. controls: 

22% vs. 53.3% 

vs. 4.7%; 0 to 

0.41/h in AD-

no epilepsy 0 to 

53.3/h in AD-

epilepsy

18/56 1 autopsy 

confirmed

Temporal 

(Left>Right)

Sleep (Stage 2) Manual; Matlab 

for revision

Two trained 

epileptologists 

screen IEDs 

followed by a 

consensus among 

9 epileptologists

AD-no 

epilepsy: 41 

(27 MCI) 

AD-

epilepsy: 15 

(10 MCI) 

Controls: 43

(12)

LTM-EEG 

(24 h)/ 

Epileptiform 

activity+

AD vs. healthy 

controls: 54% 

vs. 25%; 0.29–

6.68 per hour

N/A Temporal (Left) Sleep (stages 2 

and 3)

Micromed System 

PLUS98, 

Compumedics 

NeuroScan Curry

Two independent 

raters

AD: 52; HC: 

20

(17)

Ear-EEG^ 

and 30-min 

REEG/ ED as 

per IFCN 

criteria#

AD vs. HC: 

75% vs. 46.7%; 

mean: 3.03 

spikes per 24 h

20/24 Set up was 

limited to Ear-

EEG.

At night 

(64.8%)

N/A Two experienced 

clinical 

neurophysiologists

AD: 25 HC: 

15

(18)

LTM-EEG, long-term EEG; REEG, routine EEG; AEEG, ambulatory EEG; ED, epileptiform discharges; AD, Alzheimer’s disease; aMCI, amnestic mild cognitive impairment; Sz, seizures; IEDs, 
interictal epileptiform discharges; N/A, not available for review; HC, healthy controls. +, Defined as paroxysmal sharp waveforms 20–200 ms, clearly distinct from ongoing background activity, 
with an associated subsequent slow wave. *, Defined as paroxysmal EEG sharp grapho elements that disrupted background activity lasting from 20 to 200 ms, with an abrupt change in polarity. 
#, as defined by the IFCN (19); notably, Ear-EEG cannot identify slow waves as reported by the authors (18). ^ Ear-EEG, defined as electrodes placed inside the ears.

TABLE 1  (Continued)
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occurrence of an IED, and there was a laterality effect with left-sided 
discharges affecting verbal tasks while right-sided IEDs affecting 
visual ones (29, 30). The dysfunction was specifically attributed to 
the after-going slow wave following the discharge (31). IEDs can also 
affect cognition when occurring in sleep by affecting sleep-
dependent memory consolidation. Sleep is essential in transitioning 
memories from being hippocampal-dependent into more 
consolidated memories in widespread cortical networks (32). This 
process is dependent on NREM sleep with slow oscillations and 
sleep spindles playing a pivotal role (32). In older adults with 
epilepsy, the frequency of scalp-detected IEDs in NREM sleep was 
found to negatively correlate with 24 h recall on a visual memory 
task (33).

Moving on from surface EEG-based studies, a similar theme also 
emerges with invasive EEG studies. Hippocampal IEDs detected on 
depths electrodes were associated with impaired maintenance and 
retrieval but not encoding on a short-term memory task (34), while 
the frequency of IEDs detected during sleep was associated with 
impaired one-week long-term recall (35). IEDs even outside of the 
epileptogenic zone have also been associated with impaired 
cognition (36).

Invasive EEG studies have also shed light on how IEDs can disrupt 
cognitive processes; one mechanism is through a transient decrease in 
global functional connectivity (37), while another is through the 
impairment of spindle generation (38) and the induction of pathologic 
hippocampal-cortical coupling (39). IEDs may also alter the firing of 
hippocampal neurons leading to a state of transient cognitive 
impairment (40, 41).

Other markers of epileptogenicity that can be detected using 
scalp EEG, and have been described in epilepsy patients, include high 
frequency oscillations (HFOs) (42). They are currently divided into 
physiologic and pathologic HFOs. Physiologic HFOs have been 
shown to play a central role in information retrieval and sleep 
dependent memory consolidation (43, 44). On the other hand, one 
of the features of pathologic HFOs is that they tend to coincide with 
IEDs and occur during the earliest stages of non-REM sleep (45). 
HFOs pose methodological challenges in their recording and 
detection (46), thus limiting their widespread clinical use in patients 
with AD; especially since it is difficult to disentangle pathologic from 
physiologic HFOs.

5. IEDs and cognition in the AD 
literature

Cross-sectional studies of IEDs in AD show a trend for lower 
mini-mental status exam (MMSE) scores in those with IEDs (14), 
although this finding was not seen in a study using prolonged 
ear-EEG recordings (18). Longitudinal studies of AD patients with 
IEDs have been limited. In a study of 33 patients with AD, those with 
IEDs had an accelerated decline in their MMSE score and their 
executive function composite Z-score (a combination of design 
fluency, information processing speed, and cognitive control from the 
Stroop test, digit span backward, modified trails and the California 
verbal learning test) (3). Of note, not all participants had data on the 
individual tests, and there was no evidence of a decline in the episodic 
memory, language, or visuospatial function domains (3). The cohort 

studied predominantly consisted of patients with early-onset AD and 
33% with atypical presentations.

In another study, 28 out of 52 AD patients were noted to have 
IEDs (17). The authors used the cognitive assessments consisting of a 
Hungarian version of the Addenbrooke Cognitive Examination 
(ACE); scored from 0–100 and allowing the extraction of MMSE 
scores, and analysis of the following cognitive subdomains: 
orientation, attention, memory, verbal fluency, language, and 
visuospatial ability (17). When compared to AD patients without 
IEDs, those with IEDs exhibited a faster decline in ACE scores over 
3 years (12.15 points per year vs. 8.17 points per year) and on the 
MMSE (2.71 points per year vs. 2.22 points per year). The study also 
found a correlation between IED frequency and the rate of decline in 
the ACE. In comparison, studies evaluating AD patients with 
comorbid epilepsy treated with anti-seizure medications (ASMs) did 
not show a change in MMSE scores over at least a 3-year follow-up (47).

6. To treat or not to treat: 
management of IEDs in AD

Although there is mounting evidence regarding the association 
between IEDs and impaired cognition and accelerated disease 
course, there are currently no guidelines to screen for IEDs in AD 
or to treat IEDs. The goal of the treatment is not seizure prevention 
because there are no currently anti-epileptogenic medications 
available. Instead, the aim would be to prevent the possible impact 
of the IEDs on cognition and memory consolidation. In addition, 
there is also evidence of neuronal hyperactivity (IEDs being one 
manifestation of this) causing accelerated neurodegeneration by 
promoting AD pathology (48). The medication that has garnered 
the most interest has been levetiracetam. Animal AD mouse models 
exposed to levetiracetam show IED suppression and improvement 
in cognition (49). In one of the only randomized trials of the 
treatment of seizures in AD, levetiracetam (dose range 500-2000 mg) 
was better tolerated when compared to phenobarbital (dose range 
50-100 mg) or lamotrigine (dose range 25-100 mg) and was 
correlated with improved MMSE scores after 1 year (50). Studies 
evaluating the IED suppression properties of ASMs in epilepsy also 
show evidence for lamotrigine and topiramate (51). The downside 
of treatment is that ASMs in general, as a drug class, are commonly 
associated with cognitive and fatigue side effects (52). While 
levetiracetam is associated with prominent neuropsychiatric side 
effects (53), lamotrigine and other sodium channel blockers are risk 
factors for falls (54). In addition, benzodiazepines are known to 
increase the risk of cognitive decline and dementia in the 
elderly (55).

A recent study trying to tackle the balance between IED 
suppression and adverse effects of ASMs showed that in children 
undergoing invasive EEG, reaction time improved with IED 
suppression (with oxcarbazepine) and worsened with increased IED 
frequency (56). In this study, levetiracetam did not show a clear 
benefit (56). In a retrospective analysis of older Japanese patients 
with IEDs on EEG, treatment with various ASMs improved serial 7 
scores and MMSE scores in those with IED suppression (57). The 
first randomized trial for levetiracetam in AD was published in 2021 
(58), and several other trials also exploring levetiracetam are 
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pending. In the trial, 34 patients with AD were treated with 
levetiracetam at a low dose of 125 mg twice a day vs. placebo and 
then underwent a washout period and cross-over. Based on 
overnight EEG and then a 1 h MEG, 13 participants were found to 
have IEDs. The cognitive battery consisted of the National Institutes 
of Health Executive Abilities: Measures and Instruments for 
Neurobehavioral Evaluation and Research (NIH-EXAMINER) 
which consists of a test measuring executive functions, Stroop color 
and word test, the Alzheimer’s Disease Assessment Scale—Cognitive 
Subscale (ADAS-Cog), and a virtual route learning test. There was 
no improvement on the primary endpoints with the medication, 
however, a subset analysis of those with IEDs showed that they 
improved on the virtual route learning test and a subscale of the 
Stroop test. Notably, there was no evidence of IED suppression with 
the medications (58).

7. How to deal with IEDs in AD 
patients in the clinical practice

Ultimately, the clinician caring for patients with AD is faced with 
decisions regarding when to order an EEG, how to interpret the data, 
or when to start an ASM. The other challenge is that diagnosis of 
epilepsy in an elderly population is challenging, requiring a detailed 
description of suspected events, consideration of atypical events as 
seizures (i.e., unexplained falls or brief episodes of confusion), and 

the need for an expert evaluation (59) (Figure 2). Until we have more 
evidence from randomized trials that levetiracetam will help AD 
patients, and more so those with IEDs, routine screening of AD 
patients with EEG is not recommended. However, one should have a 
low threshold to screen patients with suspected co-morbid seizures, 
including those with early onset AD because they are at the highest 
risk. If an EEG is ordered, it should at least have N2 sleep captured, 
and that is why 24 h EEGs are preferred over routine EEGs. Interictal 
discharges as exemplified by the illustrative cases lie along a spectrum, 
with seizures (clinical and subclinical) occurring at the end of that 
spectrum and representing the extreme manifestation of network 
hyperexcitability. Features such as a high IED frequency, periodicity, 
duration, and perhaps morphological features (spikiness, amplitude) 
should be  considered more concerning and should tip the scale 
toward treatment (cases 2,3,4). In the absence of more data, isolated 
and equivocal discharges should not be  treated (case 1). When a 
decision is made to treat, the lowest therapeutic dose should be used 
to ensure tolerability.

8. Conclusion

Network hyperexcitability is a feature of AD, and IEDs are a 
marker of this phenomenon. They are highly prevalent in AD, are 
often detected in sleep, and have been linked with deleterious effects 
on cognition and an accelerated disease course. Limited studies to date 

FIGURE 2

Approach to Hyperexcitability in IED. (A) History prompting the need for EEG: fluctuating cognition, stereotyped symptoms, distinct confusional spells, 
(possibly) early-onset AD (B) Concerning EEG features: markers of hyperexcitability such as IEDs with >4 out of 6 criteria of the IFCN, unilateral small 
sharp spikes, temporal rhythmic delta activity. Assess frequency, periodicity, (possibly) amplitude/spikiness. (C) Decision to treat based on A  +  B: 
consider an SV2A inhibitor such as levetiracetam/(possibly) brivaracetam or lamotrigine.
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show some benefit with treatment, however further evidence is needed 
to determine whether this should become the standard of care.
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Accumulating evidence suggests amyloid and tau-related neurodegeneration 
may play a role in development of late-onset epilepsy of unknown etiology 
(LOEU). In this article, we review recent evidence that epilepsy may be an initial 
manifestation of an amyloidopathy or tauopathy that precedes development of 
Alzheimer’s disease (AD). Patients with LOEU demonstrate an increased risk of 
cognitive decline, and patients with AD have increased prevalence of preceding 
epilepsy. Moreover, investigations of LOEU that use CSF biomarkers and imaging 
techniques have identified preclinical neurodegeneration with evidence of 
amyloid and tau deposition. Overall, findings to date suggest a relationship 
between acquired, non-lesional late-onset epilepsy and amyloid and tau-related 
neurodegeneration, which supports that preclinical or prodromal AD is a distinct 
etiology of late-onset epilepsy. We propose criteria for assessing elevated risk of 
developing dementia in patients with late-onset epilepsy utilizing clinical features, 
available imaging techniques, and biomarker measurements. Further research 
is needed to validate these criteria and assess optimal treatment strategies for 
patients with probable epileptic preclinical AD and epileptic prodromal AD.

KEYWORDS

late onset epilepsy of unknown etiology, late onset epilepsy, Alzheimer dementia, 
epileptic prodromal Alzheimer disease, epileptic preclinical Alzheimer disease, late-
onset amyloid Beta-related epilepsy, amyloid, tau

1. Introduction

Epilepsy incidence increases with age, with the highest incidence occurring in older adults 
at almost double the rate observed in young adults (1). A majority of older adults with acquired 
epilepsy have an underlying cerebrovascular, neoplastic, or other cerebral lesion known to 
produce seizures (2). However, 25 to 50% of these patients do not have an identifiable etiology 
of their epilepsy after clinical evaluation and imaging (1, 3–5). This has been named late-onset 
epilepsy of unknown etiology (LOEU) (6).
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Recent research suggests a link between neurodegenerative 
processes and LOEU. Specifically, amyloid-and tau-related 
neurodegeneration may contribute to development of some cases of 
LOEU. Patients with mild cognitive impairment and Alzheimer’s 
disease (AD) have an increased risk of epilepsy, with lifetime seizure 
risk of up to 20–64% in patients with AD (7). Seizures were previously 
thought to primarily occur late in the disease course, but it is now 
recognized that both clinical and subclinical seizures often occur in 
early stages of AD as well (8, 9). Animal models of amyloidopathy also 
consistently demonstrate increased frequency of seizures and 
epileptiform activity (10–12). Similarly, suppression of amyloid-beta 
precursor protein in animal models reduces epileptiform activity (13) 
and reduction in endogenous tau confers resistance to induced 
seizures (14, 15). In addition to direct pro-epileptogenic effects of 
amyloid and tau pathology, astrocyte-mediated neuroinflammation 
has been implicated in both preclinical AD and epilepsy and may be a 
common mechanism of pathogenesis (16, 17). Seizures promoted by 
neurodegeneration may in turn contribute to further aggregation of 
amyloid and tau, leading to further cognitive decline (18–20).

Some instances of LOEU may represent a prodrome of AD, with 
seizures acting as an early marker for impending cognitive decline. 
Accumulating evidence from epidemiological, neuroimaging, and 
biomarker investigations of LOEU strengthens this hypothesis. While 
LOEU likely does not represent a single, homogenous entity, these 
studies suggest that prodromal AD may produce late-onset epilepsy 
and can be identified using clinical and biomarker features. This raises 
the possibility of improving prognostication and providing a potential 

early window for intervention. In this review, we discuss the evidence 
that a subset of patients presenting with late-onset epilepsy have 
prodromal AD, and we propose a classification scheme for use by 
researchers that, following validation, can be  considered for 
clinical use.

2. Evaluation of patients with 
late-onset epilepsy

Standard literature definitions of late-onset epilepsy of unknown 
etiology specifies an age of onset cutoff at age 55 or older, without 
prior history of seizures earlier in life, though some studies use age 
cutoffs ranging between 40 and 65 (21–23). The evaluation of 
new-onset epilepsy includes a thorough clinical assessment with 
detailed neuroimaging, toxic/metabolic laboratory evaluation, and an 
electroencephalogram (EEG) (24). Aside from an age cutoff, LOEU is 
otherwise only defined by absence of a clear etiology for developing 
epilepsy despite completing a standard, comprehensive clinical 
evaluation. Common causes of acquired, late-onset epilepsy that are 
important to exclude include ischemic or hemorrhagic cerebral 
cortical infarction, tumor, post-traumatic encephalomalacia, and 
preexisting neurodegeneration (Figure 1). Less commonly, late-onset 
epilepsy can be caused by prior cerebral infection or autoimmune/
paraneoplastic disease, and evaluation should be tailored to include 
cerebrospinal fluid analysis and autoantibody testing when imaging 
and clinical features suggest an inflammatory process (25).

FIGURE 1

Potential etiologies of late-onset epilepsy. If no etiology can be identified after comprehensive standard clinical evaluation including EEG, epilepsy-
protocol MRI, and detailed clinical assessment, the presentation is consistent with late-onset epilepsy of unknown etiology (LOEU). Management of 
LOEU mirrors general management of epilepsy in older adults, with greater emphasis on monitoring for development of cognitive impairment and 
intervening on comorbid risk factors for cognitive decline.
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Given that patients may have structural lesions that are clinically 
silent aside from producing seizures, high-resolution neuroimaging 
is an essential tool for evaluating presence of possible structural 
etiologies. Determination of LOEU should only be  made after 
careful expert review of an epilepsy protocol MRI, preferably 
obtained using a 3 T MRI machine and including sequences and slice 
thicknesses recommended by the ILAE Neuroimaging task force for 
evaluation of epilepsy (26). A detailed susceptibility weighted 
imaging sequence or gradient echo sequence should also be obtained 
to detect potentially explanatory cortical microhemorrhages. 
Though global or focal atrophy is commonly observed, LOEU is 
defined as “MRI-negative” epilepsy, signifying absence of an 
explanatory lesion while allowing likely incidental findings. Presence 
of a lesion likely to produce epilepsy essentially excludes 
LOEU. However, more reliable determination that a cerebral cortical 
lesion is unrelated would typically require detailed ictal video-EEG 
recordings or intracranial EEG recordings, which is not often 
clinically justifiable, especially when seizure control has 
been achieved.

Currently, it is unclear whether MRI evidence of hippocampal 
sclerosis reliably indicates an underlying etiology in LOEU because 
hippocampal sclerosis is more commonly an etiology of epilepsy with 
onset earlier in life. Hippocampal sclerosis is less clearly a distinct 
etiology in late-onset epilepsy, as hippocampal sclerosis in older adults 
may be produced by multiple pathologic processes, including ischemic 
injury, AD, and other TDP-43 related diseases. Overall, the presence 
of hippocampal sclerosis on imaging in LOEU likely does not shed 
light on a single, unifying etiology (27–29). The difficulty in clinically 
interpreting hippocampal sclerosis in the older adult has complicated 
LOEU research, with some studies of LOEU excluding patients with 
imaging findings of hippocampal sclerosis (30) while others including 
frank atrophy and sclerosis (21, 31). Further work is needed to assess 
temporal evolution of hippocampal atrophy and sclerosis in LOEU or 
if particular imaging or pathologic features of hippocampal sclerosis 
in LOEU can be connected with specific probable etiologies.

3. Common clinical findings in 
patients with late-onset epilepsy of 
unknown etiology

Features of seizures in LOEU are largely consistent and are 
predominantly focal in manifestation. These may be  focal with 
impaired awareness or focal with progression to bilateral tonic–clonic 
seizures. Focal with intact awareness (an aura in isolation) also may 
occur. Usually, 15% or fewer patients with LOEU are described as 
having generalized seizures (32–35). While evaluated as generalized, 
many of these may be  focal onset based on observations that the 
pathophysiological process producing late-onset epilepsy rarely result 
in new onset generalized seizures, which typically have onset in 
childhood to adolescence.

In keeping with a focal onset, the most common EEG 
abnormalities described in LOEU are focal epileptiform discharges 
and focal slowing (22, 33, 35). The typical location for epileptiform 
discharges or slowing is in either unilateral or bilateral temporal lobes. 
EEG recordings without evidence of epileptiform abnormalities or 
focal slowing are common, but this may relate to the EEG recording 
conditions. EEG sensitivity is increased by longer duration of 

recordings, repeated recordings, and recordings that include sleep. 
Older adult patients may undergo a limited duration of EEG recording 
because of lower seizure frequency and rate of medication resistance 
compared to younger patients. Recordings during sleep significantly 
increase yield for epileptic abnormalities in LOEU (21) Publications 
on LOEU rarely describe EEG recording details.

While age 55 is typically used as the age cutoff for categorizing 
LOEU, the average age for onset of LOEU is often reported to 
be between 60 and 70 years (32, 35, 36). Patients with LOEU and 
preexisting mild cognitive impairment (MCI) are older on average 
than patients with LOEU and without preexisting MCI (35). A large 
majority of patients with LOEU are reported to respond to initial 
antiseizure medication treatment and rarely require polytherapy (6, 
32–34). Evaluation for surgical treatment due to lack of medication 
responsiveness is uncommon.

4. Epidemiological evidence of an 
association between LOEU and AD

The most substantial evidence that some cases of LOEU may be a 
manifestation of preclinical or prodromal AD comes from 
retrospective epidemiological studies. Separate epidemiological 
literature on both AD and LOEU support an association (Table 1).

Patients diagnosed with AD have an elevated rate of seizures in 
the years prior to their diagnosis. In an investigation of patients with 
early-onset AD (onset before age 65), Samson et al. (37) found that 7% 
had a history of seizures occurring before AD diagnosis. Similarly, 
DiFrancesco et al. (38) found that patients with AD had a 17-fold 
increased risk of preceding LOEU compared to a reference population. 
AD patients with prior LOEU had onset of epilepsy an average of 
4.5 years before AD diagnosis. Vossel et al. (8) investigated patients 
with diagnosis of AD/aMCI and epilepsy; 83% of patients had onset 
of epilepsy either preceding or occurring near time of diagnosis, and 
in 38%, seizures preceded or coincided with onset of cognitive decline. 
Other studies have confirmed that LOEU may occur before initial 
cognitive decline in patients who develop AD or MCI. Sarkis et al. (39) 
investigated patients with both dementia and MRI-negative epilepsy, 
and found that 8% had onset of epilepsy before documented cognitive 
decline and 25% had onset prior to a diagnosis of dementia. While this 
investigation was not limited to AD and did not include subgroup 
analyses, over 80% of the sample had possible, probable, or autopsy-
proven AD. Cretin et al. (32) retrospectively investigated patients at 
an academic medical center who met criteria for MCI and found that 
3.1% of patients with MCI and 5% of patients with amnestic MCI had 
epilepsy without a defined etiology preceding cognitive complaints. 
All patients with MCI and preceding LOEU had amnestic MCI, which 
is associated with an elevated risk of progression to AD (40). Cretin 
et al. (32) found that these patients developed seizures an average of 
2.7 years before self-reported cognitive decline and 6.9 years before a 
diagnosis of MCI.

Retrospective investigations of LOEU have also identified a 
subsequent increased risk of developing dementia. Ophir et al. (36) 
investigated patients with LOEU initially presenting without 
cognitive symptoms at ages between 55 and 69 found a 10-year 
cumulative incidence of dementia of 22.2%; mortality at 10 years 
in this sample was 31%, potentially preventing additional patients 
from expressing an eventual dementia. Incidence of dementia was 
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higher among patients with LOEU and temporal discharges on 
baseline EEG, with 10 of 17 developing dementia during the 
retrospective study period. Kawakami et  al. (22) found that 
patients with LOEU had a 21% cumulative incidence of dementia 
after 5 years follow-up compared to 4.3% of controls. Utilizing a 
random sample of patients from the Veterans Health Database, 
Keret et al. (41) studied patients with onset of epilepsy at age 55 or 
above who lacked an ICD-9-CM code to explain the cause of their 
epilepsy. After an average 6.1 years of follow-up, these patients had 
a hazard ratio of 1.89 (95% CIL 1.62–2.20) for a diagnosis of 
dementia compared to patients above age 55 who did not develop 
epilepsy. These investigations did not specifically determine if 
patients who developed dementia had probable AD versus 
another etiology.

There are few published prospective studies that follow patients 
with newly diagnosed LOEU to assess the rate of AD diagnosis. Costa 
et al. (33) describes prospective follow up of patients with LOEU who 
were cognitively normal at initial evaluation for up to 5 years. Of these 
patients, 25% developed dementia with 17.5% meeting criteria for AD 
during the follow up period. In a prospective study of patients with 
epilepsy starting at age 67 or later, Johnson et al. (42) found that late-
onset epilepsy was associated with an increased risk of subsequent 
diagnosis of dementia, with an adjusted hazard ratio of 3.05 (95% CI, 
2.65–3.51). Median time from diagnosis of epilepsy to diagnosis of 
dementia was 3.7 years. While this investigation did not solely include 
patients with LOEU, patients without a history of stroke had an even 
greater risk of subsequent dementia, with a hazard ratio of 3.39 (95% 
CI, 2.89–3.97).

Epidemiological associations demonstrate an association between 
LEOU and increased risk of subsequent stroke (43) and vascular risk 
factors increase risk of developing late-onset epilepsy (44). This 
suggests that LOEU is not be a homogenous entity and that previously 
undetected cerebrovascular disease may be an underlying etiology in 
some patients. Alternatively, this may reflect shared underlying 
mechanisms contributing to cerebrovascular disease, AD, and epilepsy.

Existing publications rarely compare risk of cognitive decline in 
LOEU patients with late-onset epilepsy of known etiology or patients 
with early-onset epilepsy. Patients with late-onset epilepsy in general 
demonstrate increased risk of developing dementia (45) potentially 
related to increased risk of developing vascular dementia in patients 
with cerebrovascular disease as a cause of epilepsy (46). Epilepsy itself 
is associated with increased risk of dementia and amyloid pathology 
(47), even when first diagnosed in early life. In addition to direct 
structural and functional effects from seizures themselves, potential 
factors that may impair cognition after development of epilepsy can 
include traumatic brain injuries from seizure-related accidents (48), 
medications used to treat epilepsy (49, 50), and epilepsy surgeries (51). 
Thus, dedicated prospective investigations comparing cognitive 
decline across all etiologies and ages of onset of epilepsy are warranted 
to fully identify which patients are at greatest risk of developing 
AD. As seizure burden is typically low in LOEU and risk of progression 
to AD appears to be higher specifically in LOEU than in patients with 
other forms of epilepsy (33, 36, 52), it is likely that the occurrence of 
seizures in LOEU is reflective of underlying AD pathology, rather than 
seizures being the major driver of AD onset.

5. Quantitative cognitive testing in 
LOEU

In addition to epidemiological associations between LOEU and 
development of AD, quantitative cognitive testing has shown impaired 
cognitive performance in patients with LOEU compared to controls. 
Fernandes et al. (34) studied patients with LOEU with a Mini-Mental 
State Examination (MMSE) score greater than 24 and found that 
patients with LOEU had globally lower cognitive testing performances, 
including on tests of recall (Rey Auditory Verbal Learning Test), 
verbal fluency (Phonological Verbal Fluency test, Semantic verbal 
fluency test), and executive function (Rey–Osterrieth Complex Figure 
Test) compared to controls. After 12 months, patients with LOEU 

TABLE 1  Epidemiological studies describing an association between LOEU and AD/aMCI.

Investigations of LOEU

Authors Year of Publication Research Design Average age of 
epilepsy onset 

(years)

% LOEU developing 
dementia

Ophir et al. 2021 Retrospective 61 22%

Kawakami et al. 2018 Retrospective Not reported 21%

Keret et al. 2020 Retrospective Not reported 8.3%

Costa et al. 2019 Prospective Not reported 25%

Johnson et al. 2020 Prospective Not reported (67 or older) 41.6%

Investigations of AD/aMCI

Authors Year of Publication Research Design

Average age of 
epilepsy onset 

(years)
% AD/aMCI with 

preceding epilepsy

Samson et al. 1996 Retrospective Not reported 7%

DiFrancesco et al. 2017 Retrospective 68 1.7%

Vossel et al. 2013 Retrospective 68 3.1%

Sarkis et al. 2016 Retrospective 74 2.3%

Cretin et al. 2016 Retrospective 63 3.1%
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showed progressive impairment in the memory domain with lower 
RALVT-I scores, while controls showed memory improvement with 
an increase in RAVLT-I scores. Ligori et al. (30) studying patients with 
LOEU with cutoff MMSE scores above 24 found that patients with 
LOEU had a statistically significant decline in MMSE scores and word 
recall at 12 months follow up, though the average decline was small 
(less than 1 point on average for both tests) and scores on phonological 
verbal fluency increased. Differences in cognitive score changes 
between different antiseizure medication regimens were small.

Initial impairment in quantitative cognitive testing is not 
universally seen; Costa et al. (6, 33) investigated patients with LOEU 
without dementia and demonstrated no difference in MMSE scores 
between LOEU and healthy controls at time of enrollment, despite a 
later 20% rate of progression to dementia after 3 years. Similarly, Nardi 
Cesarini et al. (35) did not find differences between cognitively normal 
patients with LOEU and healthy controls. However, patients with 
LOEU and comorbid MCI had lower average MMSE scores, clock 
drawing scores, phonemic/letter fluency, and abstract logical 
reasoning scores than age-matched patients with MCI without epilepsy.

6. Genetic markers that confer 
increased risk of late-onset epilepsy 
and AD

While genetic investigations have not specifically evaluated LOEU, 
recent studies have evaluated shared genetic risk factors between late-
onset epilepsy and AD. APO-ε4 is a known genetic risk factor for 
amyloid pathology and AD (53). As part of a prospective cohort study, 
Johnson et al. (44) found that carrying an APO-ε4 allele was associated 
with increased risk of developing late-onset epilepsy. This also 
demonstrated a dose-dependent relationship, with patients carrying 
two APO-ε4 alleles demonstrating an adjusted hazard ratio of 2.36 
(95% CI: 1.65–3.38) and patients carrying a single APO-ε4 
demonstrating an adjusted hazard ratio of 1.42 (95% CI: 1.19–1.69). 
Results held when excluding patients who were diagnosed with stroke 
or dementia. A subsequent study using the same sample but 
accounting for additional follow-up time again demonstrated an 
increased risk of late-onset epilepsy in patients with two APO-ε4 
alleles (42). Using a mendelian randomization analysis, Fang et al. (54) 
found that a genome-wide genetic predisposition to AD was associated 
with a small but significantly increased risk of both focal epilepsy with 
hippocampal sclerosis (OR 1.01, 95% CI: 1.004–1.022) and generalized 
epilepsy (OR 1.05, 95% CI: 1.003–1.105). Genetic predisposition to 
focal epilepsy with hippocampal sclerosis was also found to 
be associated with increased risk of AD (OR 3.99).

7. Cerebrospinal fluid biomarker 
evidence of AD pathophysiology in 
LOEU

With the advent of precision CSF biomarkers and imaging 
modalities for detecting amyloid and tau pathology, there has been a 
concerted effort to develop a biomarker-based classification 
framework for diagnosis of AD. CSF biomarkers are well validated for 
early, antemortem detection of pathological findings in patients with 
MCI and AD (55). A NINDS-supported biomarker and 

neuroimaging-based diagnostic framework utilizes these biomarkers 
in order to achieve improved diagnostic accuracy, reduce antemortem 
misdiagnoses, and improve prognostic accuracy of cognitive trajectory 
(56). This framework is termed the AT(N) classification system, 
referring to the presence of amyloid, tau, and neurodegeneration in 
pathologically definite AD. Reduced levels of CSF Aβ1-42 or reduced 
ratio of Aβ1-42 to Aβ1-40 are indicative of amyloid pathology, including 
amyloid plaques (56). Increased levels of CSF phosphorylated tau 
(p-tau) indicate presence of pathologic tau neurofibrillary tangles and 
increased levels of CSF total tau (t-tau) are correlated with greater 
neuronal loss and neurodegeneration.

Investigations of patients with LOEU using Aβ1-42 and p-tau CSF 
biomarkers suggest that some patients have a previously unrecognized 
amyloidopathy and/or tauopathy. Cretin et al. (32) reported a series of 
patients with MCI and preceding LOEU. All 13 patients demonstrated 
either low CSF Aβ1-42 (53.8%) or low CSF Aβ1-42/Aβ1-40 ratio (46.2%) 
by the time of MCI diagnosis. Average p-tau levels were found to 
be elevated. Costa et al. (6, 33) investigated patients with LOEU with 
MMSE scores greater than 24 and found that 37.5% of patients with 
LOEU had CSF Aβ1-42 below cutoff pathological levels. As a group, 
patients with LOEU had lower CSF Aβ1-42 compared to healthy 
controls, despite similar cognitive performance on tests of recall, 
attention, and executive function. Patients with LOEU also had 
significantly greater t-tau levels in CSF, though p-tau levels were not 
significantly different compared to controls. Importantly, 6 of the 15 
patients with LOEU and positive Aβ1-42 biomarker levels developed a 
clinical dementia and 5 met clinical criteria for AD during an average 
3 year follow up period. In contrast, 4 out of 25 patients with LOEU 
without positive Aβ1-42 biomarker levels developed dementia during 
the follow up period, 2 of whom met criteria for AD. Fernandes et al. 
(34) also studied LOEU patients without preexisting diagnosis of MCI 
and with MMSE greater than 24. Investigators found lower CSF Aβ1-42 
and both higher CSF p-tau and t-tau levels compared to controls. Of 
the sample of 55 patients, 16.4% met cutoff levels of pathologically low 
CSF Aβ1-42.

Decreased Aβ1-42 is not uniformly observed in LOEU without 
preexisting MCI. In an investigation by Nardi Cesarini et al. (35) of 
patients with LOEU with or without comorbid MCI, patients with 
LOEU without comorbid MCI did not have a significant difference in 
Aβ1-42 levels compared to controls. Patients with both LOEU and MCI 
had lower average CSF Aβ1-42 and Aβ1-42/p-tau compared to LOEU 
without MCI, with 41% demonstrating pathologically low levels. 
22.7% of MCI-LOEU had both pathologically decreased amyloid and 
increased p-tau, meeting both (A+/T+) classification. None of the 
cognitively normal LOEU patients had positive CSF (A) or (T) 
classification.

8. Imaging findings suggestive of AD 
pathophysiology in LOEU

By definition, patients with LOEU lack visible structural 
abnormalities on imaging that are known to produce epilepsy, but 
visual assessment and volumetric analyses often demonstrate 
findings suggestive of imaging abnormalities seen in both early AD 
and occult cerebrovascular disease. Using visual inspection, Nagino 
et al. (57) found that 58% of patients with LOEU had global atrophy 
on MRI and 48% had unilateral or bilateral hippocampal atrophy. 
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The most common imaging abnormality was white matter 
hyperintensities (a feature of cerebrovascular disease), which was 
present in 81% of the sample. In a sample of 66 patients with LOEU, 
Sarkis et al. (21) found that 81% had evidence of temporal atrophy 
and 21% had moderate or severe hippocampal volume loss assessed 
using a visual inspection scale validated to predict progression to 
MCI and AD. In this sample, 34.8% had small-to-large confluent 
white matter hyperintensities based on visual inspection. In Cretin 
et al.’s32 investigation of patients with MCI with preceding LOEU, 12 
out of 13 patients demonstrated mild bilateral hippocampal atrophy 
on visual inspection. In the same study, over two-thirds also had 
cerebrovascular white matter lesions and over one-third had 
subcortical lacunes or non-cortical microhemorrhages.

Using quantitative analyses, Hanby et  al. (23) also found that 
patients with LOEU had lower global cortical volume than 
age-matched controls and had increased burden of white matter 
hyperintensities. Johnson et al. (58) found that lower total cortical 
volume was associated with increased likelihood of late-onset epilepsy; 
while this investigation did not specifically identify patients with 
LOEU, results held when excluding patients with a diagnosis of stroke 
or pre-existing dementia. Kaestner et al. (31) performed a detailed 
investigation of quantitative MRI measures in 23 patients with late-
onset TLE, defined in this investigation as patients with onset of TLE 
after age 50. Compared to healthy controls, patients with late-onset 
TLE had prominent cortical thinning in mesial temporal lobes, lateral 
temporal lobes, prefrontal, precentral, and paracentral regions. 
Directly comparing patients with late-onset TLE to patients with 
early-onset TLE, patients with LO-TLE had thinner cortex in bilateral 
fusiform gyri. Of note, this difference in cortical thickness was found 
even though patients with EO-TLE had approximately 30 years greater 
duration of epilepsy compared to patients with LO-TLE. Patients with 
EO-TLE were more likely to have hippocampal sclerosis (58% versus 
26%) as assessed by visual inspection.

In addition to MRI evidence of neurodegeneration, FDG-PET 
also demonstrates evidence of changes suggestive of AD. Using 
FDG-PET scans, Fernandes et al. (34) found that patients with LOEU 
had significantly reduced glucose metabolism in the right posterior 
cingulate cortex and left precuneus compared to controls. Decreased 
glucose in these regions was correlated with worse recall on both the 
immediate and delayed Rey Auditory Verbal Learning Test. 
DiFrancesco et  al. (59) also investigated patients using cerebral 
FDG-PET, revealing temporal lobe hypometabolism in 87% of 
patients with LOEU. While five patients had multifocal decreased 
metabolism in temporal lobe structures, the other 15 patients had 
focal locations of temporal hypometabolism, most commonly in the 
anterior temporal lobe. Cases without hypometabolism in the 
temporal lobe had focal hypometabolism in the caudate nucleus. 
Nearly all patients with lateralized focal slowing or epileptiform 
discharges on EEG had congruent laterality of hypometabolism.

There have been few investigations using of amyloid or tau 
specific PET scans to study presence of amyloidopathy and tauopathy 
in patients with LOEU. Sarkis et al. (60) investigated six patients, 
ages 69–83, with history of nonlesional epilepsy and cognitive 
decline consistent with MCI or early dementia using F-18 
florbetaben amyloid PET scans. Five of the six patients had seizures 
preceding cognitive decline; the sixth patient had onset of seizures 
2 years following onset of cognitive decline. Four of the six patients 
had positive amyloid scans assessed by visual inspection. These 

results and results from CSF studies suggest that amyloid and 
tau-specific PET scans may be a useful method for assessing patterns 
of amyloid and tau deposition in patients with LOEU 
progressing to AD.

9. Directions for pathologic studies in 
LOEU

Despite an existing literature on amyloid and tau pathology in a 
broad array of patients with epilepsy, there is an absence of 
publications on pathologic analysis of brain tissue from patients 
specifically with LOEU. This may be  due to both low rates of 
pharmacoresistant seizures, which obviates a need for surgical 
resection and therefore reduces the possibility for histopathological 
review. Enrolling patients into longitudinal studies that include 
eventual cerebral pathological review after death may reveal distinct 
patterns of neurodegeneration. In particular, tissue comparisons 
between patients with LOEU who progress to AD and patients who 
do not, combined with antemortem EEG or MEG-based localizations 
of seizure onset zones, may demonstrate molecular and histological 
findings to explain why some patients demonstrate progressive 
cognitive decline while others do not. Existing AD tissue banks that 
include patients who had onset of epilepsy prior to cognitive 
degeneration may demonstrate distinct patterns of neurodegeneration 
compared to patients with AD who did not have seizures. Patterns of 
mesial temporal lobe neurodegeneration may be  particularly 
significant to assess in LOEU given early involvement of the temporal 
lobe in AD and frequency of temporal EEG and mesial temporal 
imaging abnormalities in LOEU. TDP-43 protein deposition is often 
observed in AD with prominent hippocampal sclerosis (28); as CSF 
biomarker measurement of TDP-43 has limited utility, pathological 
assessment of TDP-43  in addition to amyloid plaques and tau 
neurofibrillary tangles should be included in LOEU cases.

As animal models of epilepsy suggest that seizures themselves may 
induce increased amyloid and tau depositions, pathologic comparisons 
between patients with LOEU and patients with early onset of epilepsy 
are also needed to further discern what findings may be a driving 
factor in producing seizures and what findings are expected as a result 
of seizures. Existing literature on amyloid and tau pathology in early-
onset temporal lobe epilepsy has demonstrated inconsistent results. 
Resected temporal lobe tissue in a study of patients with 
pharmacoresistant TLE has demonstrated higher rates of amyloid 
plaques compared to age-matched autopsy controls (61). In another 
study, resected tissue demonstrated increased neuronal 
immunoreactivity for amyloid precursor protein, but did not show 
higher rates of plaques (62). Tai et  al. (63) investigated resected 
temporal lobe tissue from patients with temporal lobe epilepsy. Typical 
age of onset of epilepsy occurred in the second decade of life with 
resections occurring between ages 50–65. 94% of the sample 
demonstrated evidence of tau neuropathology visualized as neuropil 
threads, neurofibrillary tangles, or pre-tangles, but prevalence of 
increased Braak stages (limited to temporal lobe assessment) was not 
significantly higher in TLE patients than age-match controls. In 
contrast, in a study of post-mortem pathologic analyses from patients 
with chronic epilepsy showed increased Braak stages in patients aged 
40–65 compared to controls in the same age group, with higher 
average Braak stages noted in patients with focal onset epilepsy 
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compared to generalized onset (64). Braak staging did not correlate 
with presence of hippocampal sclerosis.

10. Classification of LOEU as 
demonstrating epileptic prodromal 
AD, epileptic preclinical AD, or 
late-onset Aβ-related epilepsy

In the AT(N) classification scheme, patients with positive amyloid 
biomarkers are considered to fall on the AD continuum; the presence 
of a positive amyloid biomarker study alone confers increased risk of 
cognitive decline in cognitively normal adults (65). It is currently 
unclear if, given enough time and absence of other causes of mortality, 
what percentage of patients with positive amyloid biomarkers would 
eventually develop AD. Presence of both positive amyloid and tau 
biomarkers establishes particularly elevated risk of progression to AD 
in MCI and is termed preclinical AD in cognitively normal 
individuals (66).

Given established epidemiological associations between LOEU 
and AD, imaging abnormalities in LOEU suggestive of 
neurodegenerative processes, and results of biomarker testing in 
LOEU, we propose that amyloid and tau biomarkers can be used to 

further classify patients with LOEU (Figure  2). Presence of both 
positive amyloid and tau biomarkers in a patient with late-onset 
epilepsy with otherwise unknown etiology may be  sufficient to 
categorize patients as demonstrating epileptic preclinical AD or 
epileptic prodromal AD. In cases without MCI and both positive 
amyloid and tau neurofibrillary tangle biomarkers, we  propose 
categorizing patients as demonstrating “epileptic preclinical AD,” 
corresponding with terminology proposed for biopathologic 
preclinical AD (56). In patients with documented MCI, positive 
amyloid biomarker testing, and positive tau neurofibrillary tangle 
biomarker testing, we suggest categorization as “epileptic prodromal 
AD,” a term previously proposed by Cretin et  al. (32) and again 
corresponding with existing biopatholic research terminology. While 
further prospective studies are needed, the presence of LOEU, positive 
amyloid biomarker testing, and positive tau biomarker testing may 
each signify independent risk factors for progressive AD-related 
cognitive decline leading to dementia. A categorization of epileptic 
preclinical or prodromal AD is significant as it implies that the 
etiology of epilepsy is no longer unknown but is strongly suspected to 
be a result of AD pathology.

As patients with LOEU prior to development of MCI/dementia 
inconsistently demonstrate positive tau biomarkers, but frequently 
show positive amyloid biomarkers, an additional classification 

FIGURE 2

Evaluation of late-onset epilepsy of unknown etiology (LOEU) and classification based upon results of biomarker testing and imaging. The 
AT(N) classification system for AD can be used to classify patients with late-onset epilepsy. “A” refers to amyloid biomarkers; “T” refers to tau biomarkers 
indicative of neurofibrillary tangles; “N” refers to evidence of neurodegeneration assessed by neuroimaging or biomarkers. PART, Primary Age-Related 
Tauopathy.
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category is needed for patients with positive amyloid but with negative 
tau markers. These patients may be considered to demonstrate late-
onset Aβ-related epilepsy (LAβE), as previously proposed by Romoli 
et al. (67) This terminology implies that there is some uncertainty 
regarding eventual development of frank AD and that underlying 
etiology of epilepsy is not definite, but with suspicion that an 
amyloidopathy is playing a contributing role.

Studies of biomarkers in LOEU note infrequent instances of 
patients with pathologic levels of p-tau in CSF, but non-pathologic 
Aβ1-42 levels (35). CSF biomarker measurements positive for tau 
pathology but negative for amyloid pathology may seem suggestive of 
primary age-related tauopathy (PART) (68), but recent research 
suggests increased soluble CSF p-tau is more closely correlated with 
amyloid deposition than tau neurofibrillary tangles as measured 
through PET imaging (69, 70). It is unclear how to classify LOEU with 
(A−/T+) biomarker profiles at this time. Pathological tau depositions 
may be a primary driver of seizure activity, occur as a result of seizures 
stemming from another etiology, or represent an incidental 
co-occurring process such as from PART. Thus, assessment of patients 
with LOEU using amyloid and tau PET imaging may clarify (A) and 
(T) status in patients who demonstrate CSF biomarkers suggestive of 
(A−/T+). Further research on occurrence rates of preceding seizures 
in PART may help elucidate a possible relationship between tauopathic 
processes and epilepsy.

Presence of neurodegeneration on neuroimaging (N+) may 
be considered supportive of but not necessary for classification of 
epileptic prodromal AD, epileptic preclinical AD, or LAβE. Supportive 
patterns of neurodegeneration on MRI or FDG-PET mirror those 
observed in AD, with features of atrophy or hypometabolism in 
temporal or parietal structures. It is unclear if substantial burden of 
white matter disease in LOEU suggests that underlying AD pathology 
is less likely, or if it reflects common shared factors between AD and 
cerebrovascular disease. Stratification of patients using novel serum 
biomarkers of cerebrovascular disease and vascular cognitive 
impairment may clarify this (71).

The bulk of evidence for proposing these criteria comes from 
results from CSF amyloid and tau biomarkers in patients with LOEU 
and from studies of cognitively intact individuals without epilepsy 
who demonstrate positive biomarkers. Investigations that replicate 
existing biomarker findings in LOEU and evaluate patients with 
LOEU longitudinally are needed. While the AT(N) classification 
scheme for AD also incorporates amyloid and tau PET imaging, there 
have been few studies utilizing amyloid and tau PET imaging in 
LOEU. Distinct patterns of deposition may be seen in patients with 
epileptic preclinical and epileptic prodromal AD that could further 
understanding why some patients with AD develop seizures at earlier 
stages of the disease compared to others. Likewise, investigations 
using plasma-based amyloid and tau biomarkers compared to CSF 
biomarkers in LOEU have not been systematically performed and are 
also needed. Normalizing Aβ1-42 levels in comparison to Aβ1-40 
(determined through calculating an Aβ1-42/Aβ1-40 ratio) has been found 
to increase sensitivity and specificity for discriminating AD from 
other dementias (72), and this may be useful for assessing for epileptic 
preclinical or prodromal AD as well. Neurofilament light chain (NFL) 
may also prove to be  elevated in neurodegenerative processes 
producing LOEU, though this biomarker may have limited specificity 
for AD (73) and may be  impacted by frequency and duration of 
seizures (74, 75). Other biomarkers undergoing investigation for 

detecting early preclinical stages of AD, such as the shedded form of 
platelet-derived growth factor receptor-b and plasma glial fibrillary 
acidic protein, may supplement existing biomarkers in detecting 
epileptic preclinical or prodromal AD (16, 76). Particular seizure 
types, such as temporal lobe seizures, may occur more frequently in 
epilepsy occurring from early stages of AD and also warrant 
further study.

Further research may also elucidate important comorbidities that 
contribute to the observed relationship between LOEU and AD. In 
addition to both demonstrating increased small vessel cerebrovascular 
disease, cerebral amyloid angiopathy may contribute to cortical injury 
and seizures; serial MRI imaging including GRE or SWI may elucidate 
if suggestive cortical microhemorrhages or siderosis develop over time 
in LOEU (77). Subclinical seizures and epileptiform activity during 
sleep may compromise healthy sleep and may play a role in impaired 
Aβ processing and clearance (78). Traumatic brain injuries occur at 
an elevated rate in patients with epilepsy and may contribute to 
development of AD pathology and increased risk of AD (79, 80). AD 
and epilepsy may both lead to impairments in the blood–brain barrier, 
contributing to further neuronal dysfunction (81). Lastly, as 
neurodegenerative processes frequently co-occur, it will be important 
to continue investigating if co-occurring TDP-43 and alpha-synuclein 
deposits impact seizure expression.

Currently, categorizing patients as demonstrating epileptic 
prodromal AD, epileptic preclinical AD, and LAβE is important to 
recognize clinically, but requires further research to determine an 
optimal management approach. With further research, these 
categorizations will be useful for clinicians when counseling patients 
about prognosis and assessing eligibility for therapies or clinical trials. 
Phase 3 studies of amyloid lowering antibody therapies excluded 
patients with recent history of seizures (82, 83). Thus, patients with 
LOEU may currently have reduced access to anti-amyloid therapies. 
As the safety of amyloid lowering therapies has not been well 
investigated in patients with epilepsy, further clinical trials should 
be performed, including investigating impact on cognitive symptoms, 
seizure frequency, and development of amyloid related imaging 
abnormalities. Given recent trial results that found treatment with 
donanemab had greater benefit when used in early stages of AD (84), 
it is possible that patients with epileptic preclinical AD without frank 
cognitive symptoms may be optimal candidates for treatment with 
anti-amyloid therapies.

At this time, management of epileptic prodromal AD, epileptic 
preclinical AD, and LAβE should mirror existing strategies for 
management of late-onset epilepsy and epilepsy in older adults 
(Figure 1). Avoidance of antiseizure medications with greater cognitive 
side effects, such as topiramate, zonisamide, and phenobarbital, may 
be  prudent (85). Divalproex sodium has been associated with 
accelerated cognitive decline and cerebral atrophy in AD; thus 
treatment with divalproex and other formulations of valproate may 
not be preferred (86). As levetiracetam has few drug–drug interactions 
and treatment with low-dose levetiracetam in patients with detectible 
epileptiform activity has been found to improve spatial memory and 
executive function (87), levetiracetam or brivaracetam may 
be preferred initial treatments. Lamotrigine and lacosamide are also 
well tolerated in older adults, but evidence that these medications and 
other sodium channel inhibitors slow cardiac conduction is a 
consideration in patients with existing cardiac comorbidities (88). As 
causes of dementia are commonly multifactorial, optimization of 
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cerebrovascular risk factors including hypertension, hyperlipidemia, 
and diabetes mellitus may slow rates of cognitive decline. Annual or 
biennial cognitive screening may allow for early detection of 
progression. Upon meeting criteria for AD, early treatment with 
anticholinesterase inhibitors may reduce cognitive symptoms. Patients 
meeting criteria for epileptic prodromal AD, epileptic preclinical AD, 
or LAβE may eventually be  offered enrollment in targeted 
clinical trials.

11. Conclusion

Evidence from recent investigations suggests that LOEU can serve 
as an early sign of AD. Epidemiological data establish a significant 
association between LOEU and AD, indicating that individuals with 
LOEU are at an increased risk of developing AD within years of 
epilepsy onset. Furthermore, biomarker investigations focusing on 
amyloid and tau show that biomarker profiles may improve prediction 
of progression to AD in LOEU patients. Based on this evidence, any 
older adult presenting with LOEU should have a thorough evaluation 
for preclinical or prodromal AD. The established relationship between 
LOEU and AD suggests that patients with LOEU and consistent 
amyloid and tau biomarkers should be  considered for epileptic 
preclinical or prodromal AD evaluation. To fully understand 
progression in LOEU, prospective studies that assess changes in 
imaging features and biomarkers over time are needed. Such studies 
will not only enhance our understanding of the underlying 
mechanisms but also improve accuracy in identifying of subgroups of 
LOEU at the greatest risk of AD.

Future research efforts should explore efficacy of amyloid lowering 
therapies or other targeted therapeutics in modifying the disease 
progression of both epilepsy and cognitive dysfunction in LOEU 
patients. By continuing to elucidate the interplay between LOEU and 

AD, potential treatment regimens may emerge that address both 
seizures and cognitive decline, thereby improving overall quality of life 
for individuals affected by LOEU.
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Alzheimer’s disease and epilepsy: 
shared neuropathology guides 
current and future treatment 
strategies
Olivia Lu 1, Taimur Kouser 2 and Irina A. Skylar-Scott 3*
1 Stanford Neuroscience Clinical Research Group, Department of Neurology and Neurological Sciences, 
Stanford University School of Medicine, Palo Alto, CA, United States, 2 Stanford University School of 
Medicine, Palo Alto, CA, United States, 3 Memory Disorders Division, Department of Neurology and 
Neurological Sciences, Stanford University School of Medicine, Palo Alto, CA, United States

Epilepsy is a cause of profound disability in patients with Alzheimer’s disease (AD). 
The risk of being diagnosed with AD increases the risk for epilepsy, and in parallel, 
a history of epilepsy increases the likelihood of the development of AD. This 
bi-directional relationship may be  due to underlying shared pathophysiologic 
hallmarks, including decreased cerebrospinal fluid amyloid beta 42 (Aβ42), 
increased hyperphosphorylated tau protein, and hippocampal hyperexcitability. 
Additionally, there are practical treatment considerations in patients with co-
morbid AD and epilepsy—namely, there is a higher risk of seizures associated 
with medications commonly prescribed for Alzheimer’s disease patients, 
including antidepressants and antipsychotics such as trazodone, serotonin 
norepinephrine reuptake inhibitors (SNRIs), and first-generation neuroleptics. 
Anti-amyloid antibodies like aducanumab and lecanemab present new and 
unique considerations in patients with co-morbid AD and epilepsy given the risk 
of seizures associated with amyloid-related imaging abnormalities (ARIA) seen 
with this drug class. Finally, we  identify and detail five active studies, including 
two clinical trials of levetiracetam in the respective treatment of cognition and 
neuropsychiatric features of AD, a study characterizing the prevalence of epilepsy 
in AD via prolonged EEG monitoring, a study characterizing AD biomarkers in 
late-onset epilepsy, and a study evaluating hyperexcitability in AD. These ongoing 
trials may guide future clinical decision-making and the development of novel 
therapeutics.

KEYWORDS

Alzheimer’s disease, epilepsy, seizures, cortical irritability, epileptiform discharges, 
management, treatment, therapeutic pipeline

Introduction

Alzheimer’s disease (AD) and epilepsy exact a profound mental, emotional, and physical toll 
on patients and caregivers. AD and epilepsy affect 24 million and 50 million people worldwide, 
respectively (1). As many as 10–22% of patients living with AD will have at least one seizure, and 
about two-thirds of those patients will have recurrent seizures without a clear acute cause 24 or 
more hours apart, or epilepsy (2–4). The International League Against Epilepsy (ILAE) includes 
two other presentations under the umbrella of epilepsy: an unprovoked seizure and a probability of 
≥60% of a recurrent seizure or an epilepsy syndrome. The ILAE also has an operational definition 
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of an epileptic seizure, used in this review, which is a transient 
manifestation of signs and/or symptoms due to abnormal excessive or 
synchronous activity of neurons in the brain (5). The National Institute 
of Aging-Alzheimer’s Association workgroups have developed consensus 
criteria for probable AD dementia with an amnestic presentation, and it 
is diagnosed when patients: (1) meet criteria for dementia; (2) exhibit 
insidious onset; (3) have a clear-cut history of declining cognition; and 
(4) the initial and most prominent cognitive deficit is impairment in 
learning and recall of information that has been recently learned as well 
as cognitive dysfunction in one other cognitive domain, and this criteria 
is used herein. There are also non-amnestic presentations of atypical AD 
where other cognitive domains are impaired early and prominently (6).

The association between epilepsy and AD appears to 
be bi-directional, wherein a diagnosis of epilepsy is associated with 
approximately 2-fold greater odds of both subsequent all-cause 
dementia and AD based on a systematic review of 20 longitudinal 
studies (7). Additionally, in the same systematic review, both all-cause 
dementia and AD were associated with 3-fold greater odds of 
developing epilepsy (7). Vascular risk factors may modulate this effect; 
they may slightly decrease the risk of dementia in those with 
pre-existing seizures and, conversely, increase the risk of the 
development of seizures in those with a diagnosis of dementia (8). 
These neurologic conditions have shared pathophysiological features 
which may underlie this bi-directional association. Additionally, when 
they occur in concert, there are unique clinical and treatment 
considerations in these patients that providers need to consider and 
researchers continue to explore (Table 1).

Methods

The authors completed a literature review of publications 
describing the relevant epidemiology, pathophysiology, semiology, 
and treatment considerations for patients with AD and epilepsy. 
Research studies were carefully reviewed and selected on the basis of 
their relevance to this topic (including seizures and Alzheimer’s 
disease, epilepsy and Alzheimer’s disease, epileptiform discharges and 
AD, epileptiform activity and AD, these syndromes and epidemiology, 
these syndromes and pathophysiology, and these syndromes and 
treatment). The search was completed using PubMed and Google 
Scholar with a particular emphasis on articles from the last 5 years and 
inclusion of older, important studies as well. A search of clinicaltrials.
gov for clinical trials in the pipeline was also completed.

Shared pathology of Alzheimer’s 
disease and epilepsy

Amyloid

Emerging evidence indicates that AD and epilepsy have shared 
neuropathological hallmarks. In one study, for example, 40 individuals 
with a mean age of 70 with late-onset epilepsy of unknown origin 
(LOEU), which is defined as epilepsy onset over the age of 65 without 
a clear secondary cause, had significantly lower levels of cerebrospinal 
fluid amyloid beta 42 (CSF Aβ42) compared to healthy age-matched 
controls (703.9 ± 388.3 pg./mL in LOEU vs. 975 ± 275 pg./mL in 
controls, expressed as mean ± standard deviation) (18, 19). Alzheimer’s 

disease is similarly characterized by low levels of Aβ42  in the CSF, 
which is thought to reflect Aβ42 aggregation in amyloid plaques in the 
brain (20). In this study, Aβ42 levels lower than 500 pg./mL was 
considered pathologic (i.e., in the Alzheimer’s range), so both those 
with epilepsy and those without remained, on average, in the normal 
range (19).

Tau

In a clinicopathological study, researchers found that 
hyperphosphorylated tau pathology, as identified by 
immunohistochemical stains of tissue from temporal lobe 
resections, was associated with cognitive decline in 31 of 33 
individuals with temporal lobe epilepsy (TLE). 
Hyperphosphorylated tau is the pathological isoform of tau protein 
that accumulates in the form of neurofibrillary tangles (NFTs) in 
AD. The participants, all of whom were between ages 50 and 65, 
underwent temporal lobe resection for refractory TLE. A heavier 
burden of tau pathology in tissue was associated with a greater 
decline in verbal learning, verbal recall, and naming, when 
comparing pre- and post-temporal lobe resection cognitive 
evaluations 1 year apart. Additionally, higher tau levels in tissue 
were also associated with a greater likelihood of secondary 
generalization prior to resection (21, 22). The fact that these 
individuals had lifelong epilepsy and temporal lobe resections may 
mean that these results do not generalize to most patients with AD 
who develop seizures, but the identification of phosphorylated tau 
in the brain tissue of patients with chronic epilepsy does underscore 
the potential shared neuropathology between patients with chronic 
epilepsy and those with AD. Indeed, several studies now suggest 
that epilepsy in AD and TLE share common neuropathological 
pathways (23).

In the largest database study to date of biochemical markers of AD 
and epilepsy, 17,901 patients with CSF tau and a diagnosis of 
Alzheimer’s disease were identified; of these, 851 were also diagnosed 
with epilepsy. Patients in this study with both epilepsy and AD had 
higher levels of both total tau and phosphorylated tau in CSF 
compared with patients with AD who did not have co-morbid 
epilepsy. Additionally, CSF Aβ42 levels were lower in patients with 
both diagnoses compared with those with AD alone. These findings 
strongly suggest that a higher burden of AD pathology is associated 
with a higher risk of epilepsy and Alzheimer’s disease dual 
diagnoses (24).

In a cohort study of 292 patients with AD and CSF testing who 
were followed for a mean of 5 years, almost 18% had a first-time 
seizure. In a univariate analysis, the development of seizures was 
associated with CSF total tau levels but not with CSF 
hyperphosphorylated tau or amyloid-β, unlike the database study 
detailed above. This may suggest greater cortical structural damage in 
patients with both AD and seizures compared with patients with AD 
who remain seizure-free. In a Cox regression, the probability of a 
seizure was associated with CSF total tau but not CSF 
hyperphosphorylated tau or amyloid-β, which may suggest 
tau-induced cortical irritability. Of note, this study was completed in 
a relatively young cohort for typical AD; the mean age of AD onset 
was 59 in the patients with seizures and almost 65 in those without 
seizures (25).
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TABLE 1  Summary of high-quality studies related to therapeutic considerations in patients with Alzheimer’s disease and co-morbid seizures or 
epileptiform activity.

Study Study type N Age N (%) 
epileptiform 
activity

N (%) 
seizures

Risks and outcomes

Vossel et al. 

(9)

Phase 2a crossover RCT for 

levetiracetam

34 62.3 ± 7.7 Crossover trial: Placebo-

levetiracetam: 4 (26.7) 

Levetiracetam-placebo: 7 

(41.2)

0 Levetiracetam treatment did not result 

in improvement in its primary outcome 

measure (test of executive function). 

Improved accuracy in exploratory 

analyses (spatial memory and executive 

functioning tasks) among participants 

with epileptiform activity

Meador et al. 

(10)

An RCT assessing the 

neurocognitive effects of 

brivaracetam, levetiracetam, and 

lorazepam in healthy volunteers

16 18–50 N/A N/A Lorazepam adversely affected the CNT 

score, a composite of EEG, evoked 

potentials and cognitive tests

Taipale et al. 

(11)

Case-control study to evaluate the 

association between regular ASM 

use and incident dementia

20,325 

(dementia 

of any type) 

70,718 (AD)

75.7 ± 6.7 

(dementia 

of any type) 

78.1 ± 7.1 

(AD)

N/A N/A Regular use of phenobarbital, 

carbamazepine, phenytoin, valproate, 

primidone, barbexaclone, 

ethosuximide, clonazepam, 

zonisamide, and topiramate was 

associated with a greater risk of 

incident dementia and AD, 28 and 

15%, respectively compared with 

controls not on AEDs

Cumbo and 

Ligori (12)

A prospective, randomized, three-

arm parallel-group, case–control 

study for levetiracetam, 

phenobarbital, and lamotrigine

95 60–90 N/A (Average N 

per month) 

LEV: 

5.52 PB: 

5.71 LTG 

5.65

Levetiracetam group exhibited 

increased MMSE scores and 

lamotrigine improved mood (Cornell 

scale for depression)

Hill et al. (13) Cohort study to assess associations 

between antidepressant and 

seizures

238,963 20–64 N/A 3,325 (1.39) HR for seizures significantly increased 

for all antidepressant classes (highest 

risk: trazodone, lofepramine, and 

venlafaxine)

Chu et al. 

(14)

A case-control study to investigate 

the association between exposure 

to antidepressants and risk of 

epilepsy

863 48.12 

(18.56) 

(with 

epilepsy)

N/A N/A Patients with depression using SSRIs or 

SNRIs were two times more likely to 

develop first-time seizures compared 

with non-users. Risk of epilepsy 

increases with longer antidepressant 

treatment duration

Bloechliger 

et al. (15)

A nested case-control analysis of 

the association between 

antipsychotic drug use and the 

development of first-time seizures 

in patients with schizophrenia, 

affective disorders, or dementia

60,121 Unknown N/A N/A Patients with dementia had 

significantly higher incidence rates of 

first-time seizures, compared with 

patients with other affective disorders. 

Drugs such as olanzapine or quetiapine 

increased risk of seizures

Hamberger 

et al. (16)

An RCT of donepezil to improve 

memory in epilepsy

23 (with 

subjective 

memory 

concerns)

18–55 N/A (Average N 

per month 

for 

donepezil) 

2.6 (5.7)

Donepezil treatment did not result in 

improvement in seizure frequency or 

severity. Treatment also had no 

significant effect on cognitive scores

Ha et al. (17) A population-based study for 

incident seizure in dementia (AD 

or vascular dementia)

13,767 65–95 N/A N/A A slight increase in seizure risk for 

patients receiving donepezil for 1 year 

compared to memantine

RCT, randomized controlled trial; CNT, cognitive neuropsychological test; ASM, antiseizure medication; MMSE, Mini-Mental State Examination; HR, hazard ratio; AD, Alzheimer’s disease.
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Brain atrophy

In terms of morphology, a study of 73 participants over the age of 
55 with TLE demonstrated a analogous pattern and degree of atrophy 
of the medial temporal lobes compared to individuals with amnestic 
mild cognitive impairment (aMCI), an at risk stage for AD dementia 
(23). Both TLE and aMCI groups showed significant impairment in 
memory encoding, naming, and category fluency relative to healthy 
controls (26). These morphologic changes in patients with TLE may 
lower cognitive reserve and partially explain the increased 
predisposition of patients with epilepsy to get AD.

Thus, epilepsy, particularly in late life, and AD may share common 
underlying neuropathology which can serve as a target for therapeutic 
approaches for both diseases, as detailed in the sections on 
management below.

Epileptiform discharges and high 
frequency oscillations in Alzheimer’s 
disease

Epileptiform discharges

Subclinical epileptiform activity (SEA) refers to the presence of 
epileptiform discharges, specifically spikes or sharp waves, in patients 
without known seizures (27). There is substantial variability in the 
published prevalence rates of patients living with AD who have SEA 
(between 3 and 54%) (28). In one study, SEA was assessed in 19 
cognitively normal controls and 33 age-matched participants with a 
mean age of 62 years who met criteria for AD and did not have a history 
of seizures. SEA was detected in 42% of participants with AD, which 
was more than four times the detection rate in controls. Of note, 90% 
of epileptiform discharges in individuals with AD were detected during 
EEG recordings of sleep. Over an average of 3.3 years, participants with 
SEA declined significantly on the Mini-Mental State Examination 
(MMSE) by 3.9 points per year (vs. 1.6 points/year in patients with AD 
who did not have SEA) and on an executive function composite (29).

A growing body of literature has also evaluated interictal 
epileptiform activity (IEA), which refers to epileptiform discharges 
between seizures, and its prevalence in AD. In one study evaluating 
IEA prevalence, 10 of 48 patients with AD evaluated with 24-h EEG 
were diagnosed with seizures, and 80% of those patients had IEA (30). 
In a small case series of two patients with AD who wore foramen ovale 
electrodes near the temporal lobes, the electrodes detected 
epileptiform discharges and silent hippocampal seizures during sleep. 
These patients did not have a clinical history of seizures, and sleep is 
considered a critical period for memory consolidation. The authors 
suggest that hippocampal hyperexcitability may contribute to the 
pathophysiology of AD, but this remains to be proven (31).

It remains unclear whether addressing IEA or SEA may help in the 
treatment or prevention of cognitive decline in AD, but like the authors 
of the case series above, some advocate for considering IEA and SEA 
part of the pathophysiological influences that drive cognitive impairment 
in AD. Hypothesized mechanisms include a compromised glutamatergic 
system, excitotoxicity-induced neurodegeneration, accelerated amyloid 
and tau deposition driven by epileptiform discharges, remodeling due 
to hyperexcitability resulting in disconnection of functional networks, 
and alteration of sleep structure, among others (32). Because patients 

with AD who have SEA experience faster worsening of executive 
function and global measures of cognition than those without, one 
phase 2a trial looked at the effect of levetiracetam on 34 participants 
with probable AD. The study, known as the Levetiracetam for 
Alzheimer’s Disease–Associated Network Hyperexcitability (LEV-AD) 
trial, failed to meet its primary and secondary endpoints; the former was 
a test of executive function and the latter were tests of cognition and 
function. However, in a prespecified exploratory analysis of participants 
with seizures or SEA, they found that treatment improved two of seven 
measures tested—a test of executive function (among 9 participants 
tested) and one of spatial memory (5 participants) (9). Moreover, recent 
findings indicate that neuronal hyperexcitability in patients with AD 
may be  initiated by suppression of glutamate reuptake, which may 
suggest a novel therapeutic pathway for SEA in AD (33).

High frequency oscillations

In addition to SEA and seizures, high frequency oscillations 
(HFOs) may also be seen on EEG in AD. Most EEG activity falls below 
a frequency of 30 Hz, but “fast ripples” between 250 and 500 Hz 
generally only occur at the time of seizure onset in patients with 
epilepsy—these are termed HFOs (34). In a recent study exploring these 
phenomena in AD, HFOs were detected in the hippocampi of all 3 AD 
mouse models evaluated but not in age-matched controls. Although 
human studies are needed, this novel EEG abnormality in AD may 
serve as a spatial biomarker for epileptogenicity in patients with AD and 
may suggest risk of AD development in patients with epilepsy (35).

Seizure semiology and clinical course 
in Alzheimer’s disease

The predominant seizure type in patients with AD is focal 
non-motor onset seizures with impaired awareness (29, 36). These 
seizures may be characterized by an aura (e.g., déjà vu, unexplained 
emotions, and/or sensory phenomena), impairment in consciousness, 
and other common seizure semiology (e.g., staring, speech arrest, or 
memory loss). Patients with AD can also have generalized tonic–
clonic seizures, as well. In 10 early onset Alzheimer’s disease (EOAD) 
patients with epilepsy, seizure types included generalized onset tonic-
clonic seizures (25%), temporal lobe seizures (25%), myoclonus 
(25%), focal onset extra-temporal seizures (8%), and other types 
(17%) (37).

In a study that evaluated National Alzheimer’s Coordinating 
Center (NACC) data to determine the clinical course of seizures in 
patients with AD, the authors identified a 70% seizure recurrence rate 
within an average of 8 months of follow-up. Patients with AD and 
seizures had an earlier onset of cognitive impairment (mean age 65) 
compared to patients with AD who did not have concomitant seizures 
(mean age 70). The risk of seizures among patients with AD increased 
by an average of 0.64% per year (38). A comprehensive review of 
medical records that identified 1,320 patients with concomitant AD 
and unprovoked seizures similarly identified an increased seizure risk 
in patients with an early age of onset of AD and identified this 
relationship with myoclonus as well. Additionally, the probability of 
myoclonus increased gradually over time in individuals with 
AD. Seizures and myoclonus often co-occurred, and the authors 
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suggest that the presence of myoclonus can guide earlier detection of 
seizures (39).

Cognitive impairment due to epilepsy

Cognitive impairment associated with epilepsy can occur 
independently of AD. This has implications for providers monitoring 
for cognitive decline in patients with AD who develop epilepsy and in 
patients with AD where cognitive decline is progressing more steeply 
than anticipated. Studies show that cognitive scores for 257 
participants aged 12–62 years with epilepsy for an average of 7 years 
were lower for the Montreal Cognitive Assessment (MoCA) and the 
Clinical Memory Scale compared to healthy controls (40, 41). In a 
study examining the association between late-onset epilepsy (LOE) 
and changes in cognitive performance over 25 years, 585 participants 
(average age 59.4 years) with LOE showed significant cognitive decline 
in global cognition, verbal memory, executive function, and word 
fluency compared with healthy non-LOE participants (42). 
Unsurprisingly, adult patients with temporal lobe epilepsy have more 
impaired episodic memory compared with those with other regional 
epilepsy syndromes (43). On the other hand, frontal lobe epilepsy 
often affects executive function and working memory long-term; 
additionally, in a systematic review of 35 studies, there was an 
association between cognitive changes and psychiatric symptoms in 
nearly 35% of participants with frontal lobe epilepsy (44, 45).

Use of antiseizure medications in 
patients with comorbid Alzheimer’s 
disease and epilepsy

Lamotrigine and levetiracetam are both in common use for the 
treatment of seizures in patients with Alzheimer’s disease (46–48). 
Given promising results in preclinical rodent models, levetiracetam 
has also been evaluated as a treatment for cognitive impairment in 
participants with AD in the LEV-AD study detailed above. The study 
included participants with and without seizures and/or epileptiform 
discharges. As mentioned, there was no difference between treatment 
and placebo groups on the primary or secondary outcome measures 
of cognition and function. Treatment did appear to improve executive 
function and spatial memory, however, in an exploratory subgroup 
analysis of those with epileptiform discharges or seizures (9).

Of note, a randomized, double-blind, placebo-controlled study of 
16 healthy participants aged 18–50 comparing acute dosing of 
brivaracetam 10 mg, levetiracetam 500 mg, lorazepam 2 mg, and 
placebo determined that lorazepam adversely affected the cognitive 
neurophysiologic test (CNT) score, which is a combination of EEG 
monitoring, evoked potential recordings, and cognitive performance 
measures. Brivaracetam did not differ from placebo or levetiracetam 
on any cognitive measures (10). An important association has been 
identified in Finnish and German registries between regular use of 
certain antiseizure medications (ASMs), namely phenobarbital, 
carbamazepine, phenytoin, valproate, primidone, barbexaclone, 
ethosuximide, clonazepam, zonisamide, and topiramate, and a greater 
risk of incident all-cause dementia (28%) and AD (15%). This analysis 
was adjusted for multiple confounders including a history of epilepsy. 
When the above medications were compared with a separate set of 

ASMs, including levetiracetam, oxcarbazepine, lamotrigine, 
gabapentin, vigabatrin, pregabalin, tiagabine, and lacosamide, the risk 
of dementia and AD was higher in the former group (11). Additional 
studies are needed to determine whether a causal inference can 
be made. In a study of 95 patients with AD and epilepsy, levetiracetam 
had fewer adverse effects than lamotrigine or phenobarbital. Of note, 
levetiracetam surprisingly increased MMSE scores (albeit by a modest 
0.23 points), and lamotrigine improved mood (12). However, results 
have varied. A recent retrospective study compared 19 patients with 
epilepsy and mild cognitive impairment due to AD to 16 patients with 
MCI due to AD who did not have epilepsy. Nearly 90% of the patients 
with epilepsy were well-controlled with monotherapy, with seizure 
control defined as >50% seizure reduction. However, patients required 
an average of 2 lines of therapy due to adverse events or lack of seizure 
control. The top two main ASMs based on tolerability and efficacy 
were lamotrigine in 9 patients and lacosamide in 3 patients. In contrast 
to the above referenced study, levetiracetam was discontinued in 5 of 
5 patients in this group due to adverse events including mood changes, 
mental slowing, asthenia, apathy, and aggressiveness (49).

Effect of commonly used treatments 
in Alzheimer’s disease on seizure 
threshold

Antidepressants

The prevalence of depression in AD approaches 15%, and 
antidepressants are commonly prescribed (50). The use of 
antidepressant drugs may increase risk of epilepsy, and there are 
unique treatment considerations in patients with co-morbid AD and 
epilepsy. In a study of 238,963 patients with a diagnosis of depression 
(age 20–64) taking antidepressants, the hazard ratio for seizures for all 
antidepressant drug classes significantly increased. Trazodone, 
lofepramine, and venlafaxine carried the highest risk compared to no 
treatment (13). A case-control study of 151,005 patients with 
depression who were prescribed selective serotonin reuptake 
inhibitors (SSRIs) or selective norepinephrine reuptake inhibitors 
(SNRIs) were two times more likely to be diagnosed with first-time 
seizures compared with non-users. Use of low-dose tricyclic 
antidepressants was not associated with seizures (14). However, 
tricyclics are often avoided in patients with AD due to their 
anticholinergic properties. Longer treatment duration with 
antidepressants is also associated with higher epilepsy risk (14). Thus, 
in patients with AD, epilepsy, and depression, an SSRI may be the 
safest pharmacologic option for treatment of depression with careful 
reassessment of the need for ongoing treatment at regular intervals.

Antipsychotics

Although there is an FDA black box warning for the use of 
antipsychotics in patients with AD dementia, they are sometimes 
necessary when verbal and physical agitation or delusions cannot 
be redirected, do not respond to alternate therapies, and present a 
safety concern. Patients with dementia using olanzapine, quetiapine, 
low-to-medium potency first-generation antipsychotics, and medium-
to-high potency first-generation antipsychotics have a higher risk of 
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seizures compared to their counterparts who are not on these 
medications. In contrast, the use of amisulpride, aripiprazole, 
risperidone, or sulpiride does not have an association with increased 
seizure risk (15). In patients who co-morbid AD and epilepsy who 
require a medication in the antipsychotic class, these latter options 
may be  optimal; however, the presence of parkinsonism may 
nonetheless prompt consideration of medications like quetiapine to 
lower the risk of extrapyramidal side effects.

Acetylcholinesterase inhibitors

Acetycholinesterase inhibitors, including donepezil, rivastigmine, 
and galantamine, are commonly prescribed for the treatment of 
cognitive impairment in mild to severe dementia due to AD. There is a 
loss of cholinergic innervation from the basal forebrain to the cortex in 
patients with AD, and this forms the basis of the “cholinergic hypothesis” 
that some of the cognitive and behavioral symptoms in patients with 
AD are due to loss of cholinergic inputs that can be ameliorated with 
acetylcholinesterase inhibitors (51, 52). In a randomized, double-blind, 
placebo-controlled trial of donepezil to improve memory in epilepsy, 
23 patients with epilepsy (ages 18–55) with subjective cognitive 
impairment were randomized to 3 months of donepezil (10 mg/day) or 
3 months of placebo treatment. Each arm then crossed over to the other 
treatment group. The inclusion criteria included patients with definite 
epilepsy, the use of ASMs for epilepsy, and reports of memory concerns 
at the time of enrollment. Donepezil treatment did not result in a 
change in seizure frequency or severity. Additionally, treatment did not 
result in any significant changes in memory scores or other cognitive 
scores (16). In a separate population-based study, 13,767 participants 
aged 65–95 years who experienced incident seizures with dementia 
(Alzheimer’s dementia or vascular dementia) and prescribed donepezil, 
rivastigmine, galantamine, or memantine, there was a slight increase in 
seizure risk for patients receiving donepezil for 1 year compared to 
memantine. The mechanism is unclear, but off-target reductions in 
cortical dopamine and serotonin have been proposed (17).

N-methyl-D-aspartate receptor 
antagonists

Memantine, an N-methyl-D-aspartate (NMDA) receptor antagonist 
commonly used in the treatment of moderate to severe dementia due to 
AD, has previously been shown to reduce seizure severity and duration 
at certain doses in rodents while inducing seizures in rats with kindled 
amygdalae at higher doses. As mentioned above, memantine seems to 
have a better profile in terms of seizure risk compared with donepezil (17).

Anti-amyloid antibodies

Aducanumab and lecanemab are anti-amyloid antibodies that 
have both been granted FDA approval for the treatment of Alzheimer’s 
disease; the former was granted accelerated approval, and the latter 
was granted full approval. In the phase 3 clinical trials EMERGE and 
ENGAGE for aducanumab, 10.6% of patients who received the high 
10 mg/kg dose had recurrent amyloid-related imaging abnormalities 
(ARIA) most of whom were asymptomatic. Seizures attributed to 

ARIA were reported in 0.4% of patients treated with the high dose. The 
overall incidence of seizures was balanced between the aducanumab 
and placebo groups (53, 54). In a phase 2 study of lecanemab, there 
was a single case of ARIA with edema (ARIA-E) associated with 
seizure (55). The phase 3 CLARITY AD trial for lecanemab did not 
mention seizures (56). Appropriate use recommendations for 
lecanemab mention that this drug should not be prescribed in patients 
with seizures since Clarity AD excluded patients who had seizures 
within the 12 months prior to screening (57). Another anti-amyloid 
antibody, donanemab, has demonstrated clinical efficacy in AD but is 
not yet FDA approved. Like aducanemab and lecanemab, donanemab 
carries the risk of ARIA, which can lead to seizures (58).

Anti-tau antibodies

Since epileptogenesis in AD is hypothesized to be at least partly 
tau-mediated, anti-tau monoclonal antibodies hold theoretical 
promise as a treatment for co-morbid AD and epilepsy. Currently, 
there are no FDA approved anti-tau antibodies for AD. To date, 
monoclonal antibodies targeting tau in individuals with AD, including 
semorinemab, gosuranemab, tilavonemab, and zagotenemab, have 
failed in major clinical trials (59). In a mouse model of genetic tau 
reduction in aged mice, tau reduction increased resistance to seizure 
(60). This work suggests that treatments targeting tau present a critical 
future direction for research focusing on treatments that dampen 
hyperexcitability in AD.

Active clinical studies and future 
directions

Ongoing trials aim to further explore the effects of levetiracetam 
on seizures and abnormal discharges in AD. Levetiracetam for 
Alzheimer’s Disease Neuropsychiatric Symptoms Related to Epilepsy 
Trial (LAPSE) is a phase 2 study wherein investigators intend to 
recruit 65 participants with probable AD and epileptiform activity 
identified on EEG and exclude participants previously diagnosed with 
epilepsy. Participants will take 500 mg twice a day for 1 year and will 
complete up to 3 serial EEGs. The primary outcome measure for this 
study is change in the Neuropsychiatric Inventory Score, or NPI 
(NCT04004702). Another clinical trial in the pipeline is an 
Investigation of Levetiracetam in Alzheimer’s Disease (ILiAD), and 
the primary outcome is a computerized hippocampus-dependent 
memory-binding test. This study will randomize 30 participants 
50 years and older diagnosed with mild to moderate AD and will 
exclude participants with a diagnosis of epilepsy. The treatment arm 
consists of uptitrating levetiracetam by 250 mg at one-week intervals 
to 1 g twice daily for 4 weeks followed by downtitration over 4 weeks 
(NCT03489044).

There are a few additional proposed prospective studies that aim 
to characterize patients with both Alzheimer’s disease and epilepsy. 
The Prevalence of Epilepsy and Sleep Wake Disorders in Alzheimer 
Disease (PESAD) study aims to perform 48-h ambulatory scalp EEGs 
and polysomnograms in 100 individuals with AD and 30 gender- and 
age-matched healthy individuals for early detection of epilepsy and 
sleep–wake disturbances. Fifteen participants with AD who have 
epileptic spikes or sleep–wake disorders will undergo invasive EEG 
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monitoring to evaluate for the presence of hippocampal seizures. 
Current and future findings may support whether early development 
of hippocampal hyperexcitability is a precursor to cognitive decline in 
AD (NCT03617497).

Since there is overlap in AD and epilepsy pathogenesis, studies are 
also examining the predictive value of biomarkers. One trial 
examining the profile of CSF biomarkers in AD, which is called the 
Predictive Value of Biomarkers of Alzheimer’s Disease in Elderly 
Patients with New-onset Epilepsy (BIOMALEPSIE) study, aims to 
recruit 35 cognitively normal patients older than 60 years with 
new-onset epilepsy. Investigators hypothesize that elderly participants 
with new epilepsy diagnoses will have more amyloid pathology than 
their healthy counterparts (NCT02861846). A final upcoming study 
aims to explore the prevalence of SEA in the hippocampus in patients 
with CSF-proven MCI due to AD compared to healthy controls and 
track its role in clinical progression over 2 years (EADP study, 
NCT04131491).

Discussion

Patients diagnosed with AD have a higher risk of seizures 
compared with counterparts without AD, and patients diagnosed with 
epilepsy are at increased risk of AD. This bi-directional relationship 
may be explained by the shared neuropathology of AD and epilepsy, 
including a decrease in Aβ42  in CSF and an increase in 
hyperphosphorylated tau protein (19, 21, 22). There is also limited 
evidence for hippocampal hyperactivity in AD, which may negatively 
affect memory consolidation (31, 61). Epilepsy is associated with 
cognitive impairment on its own, and the dual diagnoses of AD and 
epilepsy may compound the cognitive decline characteristic of 
AD. Researchers have considered whether cognitive impairment in 
AD could be treated with ASMs, but a small study of levetiracetam in 
participants did not result in a cognitive benefit unless participants 
had epileptiform activity (9). Nonetheless, that study may have been 
limited by its small size, difficulties with recruitment, and 
heterogenous patient population in terms of the presence or absence 
of epileptiform activity. Given these limitations, the door remains 
open for an antiseizure drug to provide meaningful clinical benefit in 
patients with AD, and there are currently two active trials examining 
the effects of levetiracetam on neuropsychiatric features and cognitive 
impairment in AD via the LAPSE and ILiAD trials (NCT04004702, 
NCT03489044).

Several medications that are frequently prescribed for patients 
with Alzheimer’s disease can affect seizure threshold, and thus, there 
are unique treatment considerations in patients with co-morbid 
epilepsy and AD. Among antidepressants, trazodone, lofepramine, 
and venlafaxine may be most likely to lower seizure threshold. Among 
neuroleptics, olanzapine, quetiapine, and first-generation 

antipsychotic drugs are most likely to increase seizure risk and may 
need to be avoided in patients with both AD and epilepsy. Also, there 
is some limited evidence that the rapid withdrawal of 
acetylcholinesterase inhibitors may lower seizure threshold. 
Understanding the impact of these commonly used medications on 
seizure risk can guide clinical decisions for patients with co-morbid 
AD and epilepsy. Anti-amyloid monoclonal antibodies are not 
recommended for use in patients with seizure activity, particularly in 
patients with seizures within the year prior to initiation of therapy, 
given the risk of seizures associated with ARIA in drugs in this class. 
However, the study of anti-amyloid antibodies in combination with 
ASMs represents a potential, as yet unexplored direction for AD with 
co-morbid epilepsy. Anti-tau antibodies also hold theoretical promise 
in this patient population.

The ongoing PESAD study seeks to identify the prevalence of 
epileptiform discharges and seizures in AD via prolonged EEG 
monitoring, the BIOMALEPSIE trial aims to understand the AD 
biomarker profile of patients with late-onset epilepsy (NCT03617497, 
NCT04131491), and the EADP study will characterize SEA in patients 
with MCI due to AD. These studies are essential given that a better 
understanding of the underlying shared mechanisms of AD and 
epilepsy can be used to guide the development of novel therapies in 
the clinical pipeline.
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Traumatic brain injury (TBI), Alzheimer’s disease (AD), and epilepsy share 
proposed mechanisms of injury, including neuronal excitotoxicity, cascade 
signaling, and activation of protein biomarkers such as tau. Although tau 
is typically present intracellularly, in tauopathies, phosphorylated (p-) 
and hyper-phosphorylated (hp-) tau are released extracellularly, the 
latter leading to decreased neuronal stability and neurofibrillary tangles 
(NFTs). Tau cleavage at particular sites increases susceptibility to hyper-
phosphorylation, NFT formation, and eventual cell death. The relationship 
between tau and inflammation, however, is unknown. In this review, 
we present evidence for an imbalanced endoplasmic reticulum (ER) stress 
response and inflammatory signaling pathways resulting in atypical p-tau, 
hp-tau and NFT formation. Further, we  propose tau as a biomarker for 
neuronal injury severity in TBI, AD, and epilepsy. We present a hypothesis 
of tau phosphorylation as an initial acute neuroprotective response to 
seizures/TBI. However, if the underlying seizure pathology or TBI recurrence 
is not effectively treated, and the pathway becomes chronically activated, 
we  propose a “tipping point” hypothesis that identifies a transition of tau 
phosphorylation from neuroprotective to injurious. We outline the role of 
amyloid beta (Aβ) as a “last ditch effort” to revert the cell to programmed 
death signaling, that, when fails, transitions the mechanism from injurious 
to neurodegenerative. Lastly, we discuss targets along these pathways for 
therapeutic intervention in AD, TBI, and epilepsy.

KEYWORDS

epilepsy, Alzheimer’s disease, tau phosphorylation, amyloid-beta, TBI, 
endoplasmic reticulum stress

1 Introduction

TBI and CTE are characterized by abnormal tau deposition in brain tissue. Epilepsy 
can also represent a form of tauopathy, as a result of cellular injury due to repetitive seizures. 
Seizure-induced injury responses include neuronal excitotoxicity and inflammatory 
cascades, which can lead to tau deposition and cell death (1–3). Tau is crucial for neuronal 
structural integrity and intracellular axonal transport (4, 5). Although tau is most commonly 
present intracellularly, p-tau is also found in the synaptic cleft (6, 7). Hp-tau leads to 
decreased neuronal stability and extracellular NFT formation, seen in neurodegenerative 
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disorders including AD, CTE, TBI, and epilepsy. Tau cleaved by 
caspases, a family of enzymes involved in programmed cell death, is 
also present in NFTs (8, 9). Tau cleavage at specific sites by caspases 
increases susceptibility to hyper-phosphorylation and NFT formation, 
suggesting that cell death pathways contribute to the pathology of 
tauopathies (9).

The role of inflammation in this cascade, however, is unknown. 
We briefly outline key inflammatory proteins involved in molecular 
signaling in TBI, AD, and epilepsy; discuss ER stress and its differing 
roles in TBI, AD, and epilepsy; and summarize how inflammatory 
signaling imbalances the ER stress response post-injury. We propose 
that, in response to acute moderate–severe TBI or single seizures, both 
inflammatory signaling and an overwhelmed ER stress response 
activate tau-induced signaling pathways to prevent further cellular 
dysfunction and restore intracellular homeostasis. Furthermore, 
we  propose that in response to repeated injury, there is chronic 
activation of pro-inflammatory pathways and continual imbalance of 
the ER stress response, along with chronic activation of tau-induced 
signaling pathways.

We discuss three distinct processes, neuroprotection, injury, and 
degeneration, where injury is potentially reversible, and degeneration 
represents the spread of toxic effects to neighboring neurons and a 
lower likelihood of reversibility. We propose pathways by which the 
neuroinflammatory response to injury (seizures or TBI) contributes 
to tau hyper-phosphorylation and NFT formation, ultimately 
presenting our final hypothesis: tau phosphorylation plays a key role 
in neuroprotection, responding to recurrent seizures/injury, but 
there is a “tipping point” from neuroprotective to injurious effects 
– the repeated or sustained induction of an imbalanced ER stress 
response (specifically, the unfolded protein response [UPR]) and tau 
phosphorylation/hyper-phosphorylation. The ER stress response 
stimulates tau phosphorylation and continued tau cleavage; further 
phosphorylation/hyper-phosphorylation of tau promotes a 
continued UPR response and promotes neurodegeneration. This 
chronic dysregulation results in a shift from a tau-induced signaling 
pathway as a compensatory, neuroprotective response – which once 
reduced cellular dysfunction and attempted to restore apoptotic-
necrotic dynamics and cellular homeostasis – to an injurious 
mechanism that is unable to maintain intracellular homeostasis, nor 
dynamically revert to mechanisms of programmed cell death 
(apoptosis).

Lastly, we propose a role for Aβ and outline its “last ditch effort” 
to mediate the injurious effects of excitotoxicity and chronic tau 
pathway activation, reverting the cell to pro-death signaling. However, 
due to (1) sustained UPR signaling interacting with tau and Aβ (2) the 
inability of reactive astrocytes and microglia to successfully break 
down toxic tau and Aβ aggregates, this leads to further tau hyper-
phosphorylation resulting in NFT formation, as well as Aβ plaque 
accumulation – the hallmarks of neurodegeneration seen in 
AD pathology.

2 Injury response: molecular signaling

Inflammatory signaling, excitotoxic propagation, and ER stress 
play key roles in the atypical activation of cell death cascades and 
excessive phosphorylation of tau, resulting in downstream toxic tau 
aggregates and eventual neurodegeneration.

2.1 Inflammatory proteins and 
neurotransmission

Inflammatory proteins, including receptor-interacting kinases 
(e.g., RIP1/RIP3) and cytokines (e.g., interleukin-1 [IL-1], caspases), 
modulate inflammatory function and regulate forms of cell death such 
as necroptosis and apoptosis (10–12). Effects of inflammatory 
mediators are complex, in that they differ based on injury type, 
location, and chronicity. Even a single, acute TBI can cause sustained 
inflammatory signaling, measured by interleukin (IL) protein levels 
(13). A continued inflammatory response may lead to secondary 
neuronal injury and a decreased likelihood of spontaneous recovery 
over time, with persistent neuropsychological deficits. Additional 
injuries may contribute to chronic functional deficits, due to shortened 
recovery time between injuries and long-term neurodegeneration.

Neurotransmitters can modulate inflammatory responses in brain 
injury by disrupting pro-inflammatory cytokines, microglial production, 
and calcium signaling (14). Glutamate and γ-aminobutyric acid (GABA) 
are the major excitatory and inhibitory neurotransmitters, respectively. 
Glutamate release into the synaptic cleft occurs via calcium influx and 
intracellular calcium-dependent signaling (15). Once glutamate acts 
upon post-synaptic neurons, astrocytes collect and convert it to 
glutamine which is transported back to pre-synaptic neurons (16). 
Neuronal excitotoxicity due to altered glutamate and GABA receptor 
expression and function is evident in models of TBI (17, 18).

N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) are glutamate receptors 
responsible for neuronal influx of calcium in post-synaptic neurons. 
Table  1 summarizes NMDA and AMPA functions during typical 
neuronal depolarization and action potential propagation. The net 
effect of selectively activating these receptors and regulating their 
post-synaptic densities is to potentiate a non-toxic glutamate response, 
which promotes synaptic plasticity, long-term potentiation, and 
learning and memory (17, 19, 20). However, if these receptors are 
unselectively trafficked to/from key synaptic regions in brain injury, 
the result is an acute disruption of these signaling processes. In 
mechanical models of injury, down-regulation of the AMPA GluR2 
and NMDA N2A receptors, along with up-regulation of the NMDA 
N2B receptor, lead to atypical calcium influx resulting in acute 
excitotoxic cell death (21–23).

2.2 Molecular signaling in TBI

Although TBI primarily leads to neocortical cell death, 
hippocampal vulnerability is also apparent. In a controlled cortical 
impact (CCI) mouse model of moderate TBI, apoptosis of immature 
hippocampal neurons was observed 24–72 h after injury (24). Limited 
inflammatory markers may be observed up to 7 days post-CCI, and 
necrosis of immature hippocampal neurons was evident for at least 
14 days post-injury (25, 26). These results demonstrate hippocampal 
vulnerability in response to TBI that may clinically present as 
memory complaints.

Both altered excitatory glutamate signaling and reduced GABA-
mediated inhibition contribute to excitotoxicity in brain injury (27). 
In a mouse CCI model, glutamate expression correlated with 
epileptiform activity within injured and adjacent cortex in the setting 
of decreased GABAergic interneurons. Further, there was significant 
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reduction of the GABAA γ2-subunit in CCI-injured rats with post-
traumatic epilepsy (18). In a mouse CCI model of severe TBI, GABAA 
δ and GABAB B2 receptor subunit expression in dentate gyrus granule 
cells was reduced by 40–43% (24). In contrast, human studies of 
chronic, repetitive injuries in athletes (closed head injury [CHI] 
model) found a compensatory increase in GABAB receptor expression 
(28). Decreased GABAA receptor expression disrupts the inhibitory 
response (29), while increased GABAB receptor expression, 
responsible for membrane hyperpolarization, may serve to avoid 
further depolarization and excitotoxic effects.

2.3 Molecular signaling in AD

AD pathology includes Aβ plaque accumulation and NFT 
formation, with tau aggregation and hyper-phosphorylation 
contributing to dysregulated microtubule dynamics and neuronal 
functioning (30). Necroptosis activation by RIP1/RIP3 kinases was 
found in postmortem AD brains (31). Elevated levels of inflammatory 
markers IL-1β, IL-6, and tumor necrosis factor-alpha (TNF-α) were 
found in postmortem AD and transgenic animal brains, and 
microglial and astrocytic activation was observed in response to 
neurotoxic cytokine expression (32–36).

Excitotoxicity due to dysregulated Ca2+-mediated NMDA receptor 
functioning decreases cell survival (37, 38). Aβ regulates synaptic 
vesicle release and affects NMDA receptor structure, density, and 
electrophysiology – ultimately affecting glutamate transmission and 
resulting in cognitive changes (39–43). In AD patients with severe 
cognitive deterioration, decreased glutamate and GABA levels were 
noted in temporal cortex and CSF compared to AD patients with mild 
cognitive deterioration and age-matched controls (44, 45), and 
decreased concentrations of GABAergic terminals in cortical neurons 
adjacent to Aβ plaques were found in AD patients and transgenic AD 
mouse models (46, 47). These findings suggest impaired receptor 
function and neurotransmission and an imbalance between excitatory 
and inhibitory activity in AD.

2.4 Molecular signaling in epilepsy

Inflammatory responses in epilepsy can contribute to recurrent 
seizures, secondary neuronal injury, and chronic neurodegeneration (2). 
During focal to bilateral tonic–clonic seizures, cytokines exert effects 
through increased AMPA receptor density, NMDA-dependent calcium 
influx, and reduction of GABAA receptor density, resulting in greater 
synaptic glutamate and decreased synaptic GABA concentrations (48–
51). Excess glutamate increases the likelihood of neuronal depolarization, 
excitotoxicity, and eventual cell death (52–54), particularly in models of 
temporal lobe epilepsy (55). Glia rapidly produce interleukins, 
particularly interleukin-1 beta (IL-1β), postictally. IL-1β enhances 
neuronal excitability and sustains inflammatory responses (56, 57). 
Increased IL-1β activity leads to neuronal degeneration in epileptogenic 
regions, while astrocytes that express its receptor have neuroprotective 
functions (1, 58). Astrocytes can mediate the effect of IL-1β on 
hippocampal neurons, contributing to their likelihood of survival. The 
presence of astrocytes in epileptogenic regions is a compensatory 
response to excess synaptic glutamate (59, 60). Increased astrocytes in 
regions of post-ictal neuronal injury suggest IL-1β involvement in the 
initiation and continuation of local seizure activity (59).

We propose that during a single seizure and mild TBI (Figure 1), 
excitotoxic depolarization enhances IL-1β signaling and increases 
NMDA receptor activity, leading to local propagation of excitotoxic 
depolarization and extracellular glutamate accumulation. This 
process, along with increased Aβ and cytokine secretion, recruits 
astrocytes into the synapse (61) to collect glutamate post-seizure. 
Excess glutamate also recruits microglia to clear cellular debris, 
remove excess Aβ, and return to neuronal homeostasis (60, 62, 63). If 
neuronal homeostasis is not achieved, further excitotoxic injury and 
cell death signaling can occur.

Neuronal damage in TBI, AD, and epilepsy can result from 
secondary inflammatory responses and neuronal excitotoxicity. 
Interleukins, particularly IL-1β, are key modulators of pro-inflammatory 
responses and apoptosis. Additionally, dysregulation of the glutamate-
GABA/excitation-inhibition balance leads to excitotoxic injury and 
neuronal death.

2.5 ER stress and its role in TBI, AD, and 
epilepsy

ER stress occurs when there is an imbalance between the ability 
of the ER to fold proteins and the cellular demand for protein folding 
(64). In response to ER stress, the UPR signals to either (1) protect the 
cell by correcting the imbalance between folding ability and demand 
(65) via the protein kinase R-like ER kinase (PERK) pathway or (2) 
promote programmed cell death. Cell death occurs via C/EBP 
homologous protein (CHOP) and Apaf-1-dependent apoptosis or via 
necroptosis involving RIP1/RIP3-activation and rapid ATP depletion 
(66–68). Acute UPRs are protective to the cell. Sustained UPRs, 
however, induce caspase-dependent apoptosis (69), deplete 
intracellular ATP (70), and induce necrosis (70).

ER stress contributes to neuronal loss in TBI (26, 71, 72), AD (73), 
and epilepsy (74) and correlates with tau phosphorylation in TBI and 
AD (75, 76). In a CCI rat model, markers of reactive ER stress were 
associated with increased tau oligomers and tau kinase (GSK-3β) 
activation (77). To study the relationship between tau phosphorylation 

TABLE 1  Typical functionality (during selective activation) of glutamate 
and GABA receptors.

Receptor Subtype Typical functionality (during 
selective activation)

NMDA NR1 Glycine-dependent receptor deactivation

Localizes with NR2

NMDA NR2A Enhancement of excitatory synapses

Localizes with NR1

Responds and initiates LTP

NMDA NR2B Ca2+ influx mediation

Prolongs Ca2+ influx

Responds and initiates LTD

AMPA GluR1 Upregulated density in LTP

Phosphorylates in LTP

Permits Na+ and Ca2+ permeability

AMPA GluR2 Restricts Ca2+ permeability

GABA A-δ Inhibition of potentiated response

Responds to changes in GABA concentrations

LTP, long-term potentiation; Ca2+, calcium; LTD, long-term depression; Na+, sodium.
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and ER-stress in promoting AD-like pathogenesis, tau phosphorylation 
was induced in rat cortical neurons, resulting in a UPR response with 
elevation of p-PERK and other modulator proteins. In the same study, 
an ER stress inducer enhanced tau phosphorylation at specific sites (75).

In human AD autopsy material, PERK correlated with atypical tau 
phosphorylation (78), and tau interacted with ER proteins leading to 
neuronal dysfunction and neurotoxicity (79). In epilepsy, the relationship 
between ER stress and tau phosphorylation is unknown, although 
relationships between epilepsy and unfolded proteins have been 
established. A mouse model of epilepsy suggested that acute, reactive ER 
stress responses may reduce seizure recurrence or severity (80). In 
resected tissue from patients with epilepsy due to focal cortical dysplasia, 
however, there were greater accumulations of unfolded proteins and 
increased levels of CHOP in patients who were not rendered seizure-free 
(81). Hence, acute, reactive stress responses may be protective, while 
chronically increased ER stress may contribute to seizure recurrence.

Aβ can trigger ER stress, just as ER stress can promote Aβ 
formation, leading to excitotoxicity and apoptosis (82–84). While 
amyloid precursor protein (APP) increases resistance to ER stress-
induced apoptosis in specific cell cultures (85), intracellular Aβ 
counteracts APP by activating ER stress and pre-disposing cells to 
other pathways of programmed cell death (86). In brain endothelial 
cells, Aβ increased concentrations of UPR signaling mediators, 
increased intracellular Ca2+, and upregulated pro-apoptotic 
transcription factors (87). The relationship between Aβ and 
excitotoxicity is complex, however, in that Aβ also acts directly on the 
ER stress response protein XBP1 to reduce intracellular Ca2+ 
concentrations and limit excitotoxic injury (88).

Data suggest initial neuroprotective effects of reactive ER stress, 
activation of the PERK pathway, and APP (89). However, we postulate 
that sustained, repeated, or anticipatory (i.e., in the face of chronic 
injury) induction of the ER stress response may increase atypical tau 
phosphorylation and Aβ concentrations, with deleterious effects. Aβ 
has both pro-apoptotic and excitotoxic effects, but to limit neural 
injury, it acts feeds back on the ER stress response to interrupt it. If 
Aβ fails to halt its excitotoxic effects, and microglia and reactive 
astrocytes cannot successfully clear toxic tau and Aβ aggregates, 
neurodegeneration follows.

3 Injury response: the role of tau

Tau plays a key role in ER stress and Aβ pathways. Tau is a 
neuronal protein that supports axonal transport and microtubule 
dynamics (4). In neurodegenerative diseases, tau is abnormally 
present within subcortical neurons, including the hippocampus. Tau 
hyper-phosphorylation results in deposits of neurofibrillary tangles 
(NFTs), corresponding with diminished neuronal stability and 
subsequent aberrant neuronal communication (4, 5). These structural 
abnormalities lead to cognitive deficits, including memory loss (90–
93). Elevated levels of total- (t-), phosphorylated- (p-), and 
hyperphosphorylated- (hp-) tau are detected in CSF at various time 
points post-TBI/seizure (91, 94–98). Accumulation and spread of tau 
aggregates occurs in various cortical and subcortical areas post-injury/
seizure and in AD (93, 94, 99–101).

To explain the role of tau in brain injury and its relationship to the 
above inflammatory and excitotoxic processes, we posit two distinct 
signaling mechanisms, combining components of various pathways 
described in the literature: (1) an acute injury response (AIR; Figure 2), 
and (2) a recurrent injury response (RIR; Figure  3). AIR and RIR 
propose varying degrees of interleukin, NMDA/AMPA receptor, and 
Ca2+/calmodulin-dependent protein kinase (CaMK) involvement. 
We  also propose a slower neuroprotective tau (NPT) response 
mechanism shared by acute seizures and TBI. However, with repeated 
seizures/TBI leading to chronically activated/sustained ER stress 
responses, the NPT pathway will become dysregulated, resulting in 
neural injury (Figure 4).

3.1 Acute injury response (AIR)

The AIR pathway is a pro-inflammatory mechanism that 
minimizes the likelihood of acute excitotoxic effects and cell 
death. In the AIR pathway, an acute TBI or brief seizure leads to 
IL-1β formation (108–110, 122), which has multiple effects on 
NMDA and AMPA receptors (Figure 2), including downregulation 
of NMDA receptors NR1 and NR2B. Unselective CAMK-II 

FIGURE 1

Our proposed contributory mechanism of IL-1β signaling during a single, brief seizure or mild TBI. Enhanced IL-1β signaling from excitotoxic 
depolarization results in increased glutamate receptor activity and further propagation of excitotoxic signaling, resulting in an accumulation of post-
synaptic glutamate. Increased neuroinflammatory signaling, including upregulated cytokine and Aβ secretion and increased concentrations of 
extracellular glutamate, recruit microglia and reactive astrocytes to the post-synaptic cleft. Unsuccessful clearance of extracellular glutamate, cellular 
debris, and Aβ from the synaptic cleft by reactive astrocytes and microglia leads to further excitotoxic propagation and places the cell at risk for 
excitotoxic injury. Successful clearance, however, reduces the risk of excitotoxic injury, as it attempts to revert the cell to neuronal homeostasis.

83

https://doi.org/10.3389/fneur.2023.1287545
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Martin and Leeman-Markowski� 10.3389/fneur.2023.1287545

Frontiers in Neurology 05 frontiersin.org

FIGURE 2

Our proposed acute injury response (AIR) mechanism outlining reactive signaling to an acute, brief seizure or acute, mild TBI. This mechanism shunts 
cellular signaling away from pro-death response pathways and toward cellular protection, with the goals of restoring the balance between glutamate 
release and reuptake, intracellular Ca2+-driven ER stress responses, and apoptotic-necrotic dynamics. In response to acute injury, caspase-1 cleaves 
IL-1 precursors, resulting in IL-1β formation. IL-1β unselectively up-or down-regulates glutamate receptor subunit densities, resulting in an acute 
disruption of balanced glutamate release and reuptake. There is increased CaMK-II activation that promotes increased glutamate release (102, 103). 
Unselective CaMK-II phosphorylation and autophosphorylation occurs at upregulated AMPA-GluR1 (104) but not at down-regulated NMDA-R2B (105), 
resulting in increased AMPA-GluR1 Ca2+ influx/channel conductance and decreased NMDA-NR2B Ca2+ influx/channel conductance, respectively. 
However, CaMK-II also recruits astrocytes into the affected region (59, 60, 106, 107). Increased astrocytes/IL-1 receptor density aid in clearing excess 
glutamate and ILs, inhibiting further glutamate release, thereby limiting excitotoxic propagation. (1)  =  Neuronal membrane, (2)  =  Synaptic cleft, 
(3)  =  CaMK-II autophosphorylation, (4)  =  CaMK-II-Glutamate receptor phosphorylation. Red  =  Excitotoxic signaling, Green  =  Neuroprotective signaling. 
X  =  response reduction/down-regulation.

FIGURE 3

Our proposed recurrent injury response (RIR) mechanism outlining reactive signaling to chronic and/or moderate–severe TBI and chronic and/or 
prolonged seizures. This mechanism shunts cellular signaling toward pro-death response pathways of apoptosis and necrosis due to imbalanced 
glutamate release and reuptake, Ca2+-driven ER stress responses, and apoptotic-necrotic dynamics. In response to chronic injury, caspase-1 cleaves 
IL-1 precursors, resulting in IL-1β formation, and TNF-α downregulates GABAA receptors (18, 108–113). However, unlike the AIR mechanism, IL-1β 
increases NMDA receptor activity via GluNR2B phosphorylation (112). Increased NMDA receptor densities contribute to atypical Ca2+ influx and 
prolonged excitotoxic signaling. Concurrently, AMPA-GluR1 and-GluR2 receptors are down-regulated in response to chronic injury, resulting in 
dysregulated CaMK-II autophosphorylation and AMPA-GluR1 site phosphorylation (21–23, 49, 114–116). Due to disrupted CaMK-II phosphorylation and 
autophosphorylation, reactive astrocytes cannot be successfully recruited to the synapse to clear excess glutamate and proteasome recruitment into 
dendritic spines is impaired, respectively (117). The result is neuronal excitotoxic depolarization and propagation, neurotoxic release of ATP, and 
preferential apoptotic signaling (118). (1)  =  Neuronal membrane, (2)  =  Synaptic cleft, (3)  =  IL-1β-activated NMDA-NR2B phosphorylation, (4) CaMK-II 
autophosphorylation, (5) CaMK-II-AMPA-GluR1 phosphorylation. Red  =  Excitotoxic signaling, Green  =  Neuroprotective signaling. X  =  response 
reduction/down-regulation.
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activation, coupled with the IL-1β signaling, promotes atypical 
calcium influx and excitotoxic glutamate release. As a result, there 
is an increased probability of cell death unless excess glutamate 
can be cleared from the synapse. CAMK, however, also recruits 
astrocytes into the affected region, evidenced by reactive 
astrocytes and phosphorylated CAMK-II in the hippocampal CA3 
region of a kainic acid mouse model (106). The inflow of reactive 
astrocytes, coupled with increased IL-1 receptor density, clears 
excess synaptic glutamate (59, 60, 107).

3.2 Recurrent injury response (RIR)

The RIR pathway results in excitotoxity and apoptosis (Figure 3). 
Recurrent TBI activates -IL-1 precursors, which are cleaved into 
IL-1β by proteases such as caspase-1 (108–110). Similarly, recurrent 
seizures, through excitotoxic neuronal depolarization, activate 
caspase-1 and lead to IL-1β signaling (108–111). IL-1β, however, does 
not down-regulate NMDA receptors as in AIR. Instead, IL-1β hyper-
activates NMDA receptors via GluNR2B subunit phosphorylation in 

FIGURE 4

Our proposed neuroprotective response mechanism involving tau (NPT). Neuronal excitotoxicity imbalances the ER stress response, which 
activates two pathways: the PERK pathway, responsible for reverting the cell to homeostasis and preserving its integrity, and pro-cell death 
signaling cascades via CHOP and rapid mitochondrial depolarization, such as apoptosis. In typical apoptotic signaling, mitochondrial 
depolarization initiates Apaf-1 and releases cyt-c. Cyt-c, with Apaf-1 and dATP, assembles into an apoptosome complex (119–121). The 
apoptosome complex recruits caspase-9, caspase-9 cleaves caspase-3, and caspase-3 activates apoptosis (122, 123). Tau preserves cellular 
integrity and reverts cellular signaling away from pro-cell death signaling cascades. Although reduction of caspase-3 cleavage of tau reverts 
the cell away from apoptotic signaling, tau is cleaved by additional caspases such as caspase-6, resulting in tau phosphorylation (124–128). 
The increased presence of p-tau decreases the concentration of cyt-c and caspase-3, thereby further inhibiting apoptotic signaling (122, 
129, 130). To avoid additional cell death pathways (i.e., necrosis), increases in cytokine expression, TNF-α, and tau concentrations recruit 
reactive astrocytes and microglia to break down excess tau into non-toxic components (131–136). Successful breakdown of accumulated 
tau by microglia and reactive astrocytes downregulates pro-death signaling pathways and restores cellular homeostasis. PERK, protein 
kinase R-like ER kinase; TNF, tumor necrosis factor; IL, interleukin; Co-stim, co-stimulatory (molecules); cyt-c, cytochrome-c; Apaf-1, 
apoptotic peptidase activating factor-1; dATP, deoxyadenosine triphosphate; NFTs, neurofibrillary tangles; Red, Pro-death signaling; Green, 
Neuroprotective signaling; o-tau, tau oligomers; t-tau, total tau; p-tau, phosphorylated tau; ***, O-tau, t-tau, p-tau; X, response reduction/
down-regulation.
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response to chronic injury (112). The resultant increase in NMDA 
receptor density contributes to atypical calcium influx, prolongs 
excitatory synaptic enhancement, and propagates pathologic 
signaling from excess glutamate.

Further, there is decreased GABAA receptor density (50) and 
downregulation of the GABAA receptor δ-subunit (18, 113), 
contributing to extracellular glutamate accumulation and excitotoxicity 
(18, 113). AMPA-GluR1 and GluR2 receptors are also down-regulated 
in response to injury (21–23, 49, 114–116). As a result of AMPA 
dysregulation, CAMK-II autophosphorylation is impaired and 
recruitment of proteasomes – highly active enzyme complexes that play 
a role in cell-cycle progression – into dendritic spines is blocked, 
resulting in apoptosis (117). Additionally, subsequent phosphorylation 
at AMPA receptors also indirectly decreases astrocytic recruitment and 
clearance of excess glutamate (118).

If the AIR pathway (Figure  2) is unsuccessful in mediating 
excitotoxicity or if the RIR pathway is activated in chronic injury/seizures 
(Figure  3), apoptosis (acute programmed cell death) and necrosis 
(passive cellular degradation and death) result (142). Oxygen free radical 
production, caspase activation (e.g., caspase-3 and caspase-6), 
mitochondrial membrane depolarization, and further neurotoxicity 
occur (143–145). To minimize the possibility of cell death and preserve 
structural and functional integrity of surrounding neurons, an additional 
neuro-protective response is needed. We  posit that tau signaling 
pathways first respond to recurrent seizures/injury in attempt to preserve 
cellular integrity; however, there is a “tipping point” that transitions the 
mechanism from neuroprotective to injurious – the repeated or sustained 
induction of an imbalanced ER stress response (specifically, the unfolded 
protein response [UPR]) and resultant aberrant tau phosphorylation. 
The ER stress response stimulates tau phosphorylation and continued 
tau cleavage; further phosphorylation/hyper-phosphorylation of tau 
promotes a continued UPR response and promotes neurodegeneration. 
This chronic dysregulation results in a shift from a tau-induced signaling 
pathway as a compensatory, neuroprotective response – which once 
reduced cellular dysfunction and restored apoptotic-necrotic dynamics 
and cellular homeostasis – to an injurious mechanism that is unable to 
maintain intracellular homeostasis, nor revert to mechanisms of 
programmed cell death.

3.3 Neuroprotective response (NPT): the 
expression and consumption of tau

In apoptosis, caspase-3 is activated by multiple mechanisms, 
including inflammatory responses, mitochondrial-based pathways, and 
an imbalanced ER stress response (119–123) (Figure 4). To divert the cell 
away from this apoptotic pathway and attempt to restore cellular 
homeostasis while maintaining structural integrity, caspases and ATP 
processes that induce apoptosis must be  downregulated, TNF-α 
expression must be promoted, and tau phosphorylation must be induced, 
in conjunction with ER stress-induced PERK-pathway activation. 
Decreasing available caspases and apoptotic signaling reduces the 
likelihood of further neurotoxic depolarization and cell death, while 
increasing the likelihood that cellular homeostasis is restored (146). 
Induction of tau phosphorylation via caspase-6 cleavage indirectly 
reduces apoptotic signaling while preserving cellular integrity; tau also 
indirectly activates microglia, which are responsible for tau degradation 
to its non-toxic components.

Both caspase-3 and caspase-6 cleave tau (124–126) at multiple 
sites, which increases the susceptibility of tau to phosphorylation (9, 
126–128). However, increased tau phosphorylation will also decrease 
caspase-3 activation in a negative feedback loop (122, 129, 130, 147). 
We posit that although the imbalanced ER stress response induces 
atypical tau phosphorylation (75), its acute effect is minimal due to 
this reduction in caspase-3 activation. As caspase-3 activation is 
required by apoptosis (119–121, 148), we posit that there is a transition 
from apoptosis to cellular preservation. However, with a halt of 
apoptotic signaling in the setting of increased tau concentrations, 
microglial and reactive astrocyte activation via upregulation of TNF-α, 
pro-inflammatory cytokines (IL-1β, IL-6, IL-12) and enzymes, and 
co-stimulatory molecules (131, 132) is required to break down tau. 
Additionally, tau oligomers (o-tau) and aggregates activate microglia 
to phagocytize tau and process its isoforms into non-toxic components 
(133–136). The ER stress response also upregulates Ca2+-ATPases in 
microglia, enhancing their capacity for phagocytosis and tau 
breakdown (149). Tau clearance is crucial to reestablishing cellular 
homeostasis and re-balancing the ER stress response post-
seizure/injury.

3.4 Neuro-injurious tau response (NIT): 
transitioning from neuroprotection to 
injury

We posit that in an acute, mild TBI or brief seizure, tau will 
assist the cell in reverting to balanced ER stress response signaling 
and intracellular homeostasis. However, chronic or sustained 
activation of tau signaling cascades due to severe and/or recurrent 
injury will eventually transition this mechanism from 
neuroprotective to injurious (Figure  5). While tau expression 
benefits microtubule dynamics, overexpression of phosphorylated, 
cleaved isoforms disrupts microtubule transport and increases the 
risk of toxic tau aggregates (150). The overexpression of tau, 
atypical accumulation of p-tau and hp-tau from caspase-3 cleavage 
and apoptosis inhibition, and tau deposition due to the inability of 
microglia to successfully break down toxic tau aggregates, could 
be  a result of the cell’s failed attempt to maintain homeostatic 
microtubule dynamics.

The NPT process depends upon the ability of the cell to revert to 
balanced ER stress responses, balanced apoptotic-necrotic dynamics, 
and intracellular homeostasis. Successful reactive astrocytic 
phagocytosis of tau and microglial clearance of tau play key roles in 
restoring intracellular dynamics. We  posit that in the setting of 
sustained or recurrent injury, however, the ability of reactive astrocytes 
and microglia to break down tau becomes dysregulated. A resultant 
buildup of intra-microglial toxic tau occurs (99), which inhibits 
microglial and reactive astrocytic phagocytosis, threatens neuronal 
integrity, and drives expulsion of toxic tau aggregates from the cell via 
exosomal packaging and secretion. However, these secreted toxic tau 
aggregates are misfolded (151) and therefore more resistant to 
microglial break down. These exosomal tau aggregates have injurious 
effects (99) due to increased likelihood of exosomal leakage and 
surrounding neuronal uptake (152, 153). Further, the recurrent or 
sustained activation of the ER stress response reinforces microglial 
migration and dysregulation and limits the ability of microglia to 
actively break down tau. The inter-neuronal spread of toxic tau may 
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mark the initial transition from a neuroprotective to a more 
widespread injurious process.

The NPT response may be an attempt to preserve cellular integrity, 
by avoiding further injury from apoptosis through tau phosphorylation 
and limiting effects of necrosis through astrocytic and microglial 
involvement. Over time, however, the NPT mechanism will still result 
in cell death if the underlying chronic pathology remains untreated. 

Further, with recurrent injury (e.g., repetitive seizures, repeated head 
trauma), the NPT response will become overwhelmed, and an 
aberrant, injurious process will ensue. Over time, repeated activation 
of injurious pathways will require a “last ditch effort” to revert the cell 
to pro-apoptotic signaling cascades and avoid further transition to a 
widespread neurodegenerative process, which leaves the question – 
what is the role of Aβ?

FIGURE 5

Our proposed injurious response mechanism involving tau (NIT) outlining injurious tau signaling and the resulting imbalance in apoptotic-
necrotic signaling due to a chronic or sustained injury response from TBI or seizures. Similar to the NPT response, neuronal excitotoxicity 
imbalances the ER stress response, which activates two pathways: the PERK pathway and pro-cell death signaling pathway. Increased 
presence of p-tau decreases the concentration of cyt-c and caspase-3, inhibiting apoptotic signaling; although downregulated, caspase-3 
still cleaves tau and contributes to tau’s toxic effects, which further reverts the cell away from apoptotic signaling toward necrosis (119–
121). To compensate for this shift, increased cytokine expression, increased TNF-α, and increased tau concentrations recruit reactive 
astrocytes and microglia to break down excess tau into non-toxic components (107, 131, 132). However, unsuccessful breakdown of tau by 
microglia and reactive astrocytes results in a build-up of toxic tau aggregates that are secreted extracellularly (137, 138). Adjacent cells 
attempt to break down the toxic tau into non-toxic components (99), but chronic activation of the NIT pathway due to recurrent or 
sustained injury dysregulates this response, resulting in an injurious build-up of toxic levels of tau, hp-tau, and NFTs, which reinforce 
necrotic signaling (139–141). PERK, protein kinase R-like ER kinase; TNF, tumor necrosis factor; IL, interleukin; Co-stim, co-stimulatory 
(molecules); cyt-c, cytochrome-c; Apaf-1, apoptotic peptidase activating factor-1; dATP, deoxyadenosine triphosphate; NFTs, neurofibrillary 
tangles; Red, Pro-death signaling; Green, Neuroprotective signaling; o-tau, tau oligomers; t-tau, total tau; p-tau, phosphorylated tau; ***, 
O-tau, t-tau, p-tau; X, response reduction/down-regulation.
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4 The role of amyloid-β in the 
transition from neuroprotection to 
tauopathy

With chronic pathology, Aβ concentrations are also increased by 
caspase-3-mediated APP cleavage and an imbalanced ER stress response 
(88, 154, 155). We posit that, in response to recurrent or severe injury, 
sustained Aβ signaling is a “last ditch effort” by the cell to restore cell 
death signaling and reduce the injurious effects of an imbalanced ER 
stress response and atypical tau (Figures 6, 7). Although Aβ induction 
increases plaque formation, it also has neuroprotective effects, recruiting 
additional reactive astrocytes and microglia for toxic aggregate 
breakdown (157, 167, 168, 170). However, if the cell cannot degrade toxic 
tau and Aβ aggregates and restore cell death signaling, Aβ’s relationship 
with tau further transitions the NPT response to a neurodegenerative 
process because it prevents tau from appropriately binding to 
microtubules and induces atypical tau phosphorylation (154, 156, 171, 
172) (Figures 8, 9).

In both typical functioning and in response to acute neuronal 
injury, we  postulate that tau and Aβ signaling processes occur in 
parallel. In acute neuronal injury, however, we propose greater initial 
reliance on tau signaling in comparison to Aβ signaling, in avoidance 
of necrotic processes and reorientation toward cellular preservation 
and stabilization. With recurrent or severe neuronal injury, 
we postulate that the “last ditch effort” of Aβ indicates a “cellular 
switch” to greater reliance on Aβ signaling, for the purpose of 
activating apoptotic signaling and limiting neurotoxic spread. If the 
underlying injurious pathology is not reduced/halted, the result is a 
transition of the “at risk” neuroprotective response to one 
of neurodegeneration.

The ER stress response can induce apoptotic signaling cascades 
(169) in addition to promoting Aβ formation. Aβ formation comes 
with several costs, in that Aβ will activate pro-inflammatory responses 
and caspase-3 activity, in attempts to revert the cell to pro-apoptotic 
signaling; however, increased caspase-3-selective tau cleavage by Aβ 
and dysregulated mitochondrial production and recruitment results 
in further tau-related toxicity and an imbalanced intracellular 
dynamic (156, 157). While caspase-3 typically promotes tau cleavage 
and phosphorylation during apoptotic signaling, Aβ increases 
aberrant caspase-3 activity during necrosis (Figures 6, 7) (155). Hence, 
Aβ initiates atypical tau cleavage. It renders tau increasingly 
susceptible to hyperphosphorylation and toxic aggregates, because it 
atypically alters tau at specific phosphorylation sites (154), ultimately 
leading to microglial injury and neurotoxicity (Figure 8) (156). In AD, 
soluble Aβ induces tau hyperphosphorylation in hippocampal 
neurons, disrupting microtubule stability. De-phosphorylation of 
Aβ-induced p-tau results in the restoration of tau microtubule binding 
capacity (154), suggesting that the process is at least partially 
reversible, and suggests some initial benefit of Aβ formation.

Extracellular insoluble Aβ aggregates, however, are associated 
with neurotoxicity and degeneration (155). Both soluble and insoluble 
Aβ1-40 and Aβ1-42 levels are elevated in patients with AD compared to 
typical aging brains (174). The soluble forms comprise the greatest 
proportion of total Aβ in typical aging brains but the lowest in AD 
brains (174). Acute cell death is highly dependent upon the 
relationship between soluble Aβ and soluble cytoplasmic tau, which 
can propagate extracellularly (175). The relationship between Aβ and 
tau suggests that each can act on the other in a negative feedback loop, 

triggering the transition from non-toxic to toxic aggregates (175). 
Therefore, it is possible that soluble Aβ reflects typical brain 
functioning, but with neuronal injury, neurons are “at-risk” for soluble 
toxic tau formation and toxic tau/Aβ aggregate propagation 
extracellularly, resulting in an eventual transition to an insoluble state. 
This, in turn, reduces the proportion of soluble to insoluble Aβ and 
soluble phosphorylated to abnormally phosphorylated tau, further 
transitioning the mechanism to one of eventual degeneration (176).

Toxic Aβ accumulation results from several mechanisms, with 
prominent roles of microglia and astrocytes. Similar to tau, Aβ 
clearance requires microglial and reactive astrocytic degradation 
(Figure 6) (157). Aβ plaques can result from microglial dysregulation 
and increased Aβ-induced caspase-3 activity, as caspase-3 cleaves 
APP-β (177). Aβ also activates reactive astrocytes, which cluster 
around Aβ plaques (Figure  6) (167, 168). The astrocytes secrete 
interleukins and TNF-α, promoting further inflammation to break 
down Aβ (167, 168), however, these pro-inflammatory proteins also 
induce APP-β (178, 179), resulting in increased Aβ concentrations. 
Further neurodegeneration can also occur due to astrocytic secretion 
of Aβ (Figure 9) (180). Aβ deposits were found in the hippocampus 
with progression to the cortex prior to the formation of NFTs in a 
transgenic AD model, supporting neurodegenerative signaling 
cascades outlined in Figure 5 (181). Aβ deposits were also found in 
~30% of severe TBI cases postmortem (182, 183). This, coupled with 
Aβ-promoted tau cleavage (9), indicates a relationship between 
amyloid-β, tau, and NFTs.

In vitro and in vivo, microglia clear soluble extracellular Aβ via 
micropinocytosis, in which successful uptake and degradation 
depends on actin and tubulin dynamics (184). Inflammatory processes 
promote signaling cascades and the recruitment of microglia to 
initiate soluble Aβ uptake and degradation (157). In an acute injury 
model, this process is postulated to be neuroprotective. However, with 
recurrent or sustained injury, this process may be dysregulated due to 
unstable actin/tubulin dynamics and imbalanced ATP involvement, 
leading to further neural injury. The transition from soluble to 
insoluble Aβ has yet to be fully understood. However, data suggest that 
a progressive Aβ transition from soluble to insoluble takes place in the 
ER/intermediate compartment pathway, and that the degree of 
insolubility correlates with overexpressed APP-β concentration (185). 
The uptake and degradation of insoluble Aβ, comprised of neurotoxic, 
soluble Aβ oligomers, occur through different endocytic mechanisms 
that are microglia and astrocytic receptor mediated (186–188). 
Further, simultaneous intra-astrocytic accumulation of soluble and 
neurotoxic Aβ for degradation promotes vesicle-induced neuronal 
apoptosis (189). Resulting from cell death, cellular contents, including 
neurotoxic Aβ, are released into cytoplasm and quickly 
re-phagocytosed by surrounding neurons. In acute injury, this process 
would be neuroprotective for the prevention of necrosis; however, 
with recurrent injury, it is a mechanism for further neurotoxic 
propagation and eventual systemic degradation.

Aβ activity disrupts cellular integrity, but we  posit that Aβ 
attempts to minimize neurodegenerative damage by targeting NMDA/
AMPA receptors and mitochondrial membrane potential (MMP) as 
part of a “last ditch effort” to reactivate apoptotic signaling 
(Figures  6, 7). Aβ recruits reactive astrocytes to compensate for 
microglial dysregulation and clear toxic Aβ (Figure  6). However, 
because shared biochemical mechanisms associated with neuronal 
homeostasis and cell death are dysregulated, and neuroprotective 
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mechanisms such as reactive astrocytic phagocytosis of Aβ are 
functioning abnormally (180), these pathways promote further 
excitotoxic signaling and neurodegeneration (Figures 8, 9). If Aβ is not 
properly cleared, it can cause further atypical tau 
hyperphosphorylation, microtubule destabilization, and assembly of 
tau into filament structures seen in AD (190).

Aβ oligomers preferentially activate NMDA NR1/NR2A receptor 
subunits, which initiate LTP and regulate NMDA NR2B-mediated 
calcium influx (191). Aβ oligomers can induce a rapid increase in 
intracellular Ca2+ via NR2B influx and cause mitochondrial damage 
leading to hippocampal cell death (191). Aβ peptides interfere with 
CaMK-II activity and decrease AMPA receptor trafficking, leading to 
atypical synaptic distribution and LTP/LTD disruption (171, 172). The 

Aβ and NMDA relationships may explain a sustained excitotoxic 
response seen post-TBI/post-seizure. Due to sustained NR1/NR2A 
responses to high frequency stimulation, disrupted NR2B-mediated 
calcium influx, and diminished AMPA receptor activity (171, 172), 
downstream effects of RIR continue, along with a failure to clear 
excess synaptic glutamate (Figure 3). AMPA receptors are crucial for 
synaptic plasticity, learning, and memory (192, 193). Loss of AMPA 
receptors results in diminished synaptic transmission, long-term 
depression, and difficulties with learning and memory (193). In both 
brain tissue from AD patients and Aβ-treated neurons, there are 
significant decreases in AMPA receptor densities, with higher receptor 
turnover (194). In the presence of Aβ, decreased AMPA receptor 
expression and greater receptor turnover may be early indicators of 

FIGURE 6

The neuroprotective response of Aβ, aka the “last ditch effort” to revert the cell to programmed death signaling and rebalance the apoptotic-necrotic 
signaling dynamic. In response to a recurrent or sustained ER stress response, imbalanced apoptotic-necrotic signaling dynamic, and atypical tau 
phosphorylation, Aβ activation both induces the ER stress response and increases caspase-3 cleavage of Aβ precursor protein (155). However, Aβ also 
recruits microglia and reactive astrocytes in response to excitotoxic signaling and increased tau concentrations (156). Breakdown of toxic tau aggregates 
and Aβ by microglia and reactive astrocytes mitigates the effect of Aβ-associated tau seeding and propagation (133, 157). As increased microglial trafficking 
is indirectly induced by the presence of Aβ, this mechanism also has detrimental effects due to shared apolipoprotein E (APOE), amyloidosis, and microglial 
transcript pathways and sustained neuroinflammation (158). Due to microglial inflammation and activation, reactive astrocytes are upregulated and 
recruited in attempts to clear toxic tau and Aβ and further orient the cell toward apoptotic signaling (159–162). Ultimately, a reduction in both inflammatory 
signaling and tau phosphorylation are needed once apoptotic-necrotic signaling dynamics have been reestablished, to prevent transition to an irreversible, 
degenerative pathway. PERK, protein kinase R-like ER kinase; Aβ, amyloid beta; XBP1, X-box binding protein 1; TNF, tumor necrosis factor; IL, interleukin; 
Co-stim, co-stimulatory (molecules); Cyt-c, cytochrome-c; Apaf-1, apoptotic peptidase activating factor-1; dATP, deoxyadenosine triphosphate; NFTs, 
neurofibrillary tangles; Red = Pro-death signaling, Green = Neuroprotective signaling, Orange = Aβ-involved signaling; o-tau, tau oligomers; t-tau, total tau; 
p-tau, phosphorylated tau; ***  = O-tau, t-tau, p-tau. X = reduction/down-regulation. Solid line = signaling cascade induced/propagated by the ER stress 
response and tau; dashed line = signaling cascades resulting from Aβ involvement.

89

https://doi.org/10.3389/fneur.2023.1287545
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Martin and Leeman-Markowski� 10.3389/fneur.2023.1287545

Frontiers in Neurology 11 frontiersin.org

atypical mechanistic changes associated with AD and resultant 
cognitive decline. If Aβ is acutely activated, we posit that the cell 
reorients to apoptotic signaling, minimizing injurious effects of Aβ; 
however, chronic Aβ activation further imbalances apoptotic-necrotic 
signaling and initiates a transition of this “last ditch effort” from 
injurious to neurodegenerative.

Several mechanisms act in concert to increase phosphorylation 
of tau in the setting of repeated injuries. (1) Aβ induces caspase-3 
activation (195) (Figure  5). (2) Aβ-42 reduces MMP in cortical 
neurons (122, 146, 196), thereby increasing ATP production and 
cyt-c release. Cyt-c mediates caspase-3 activation that leads to tau 
cleavage and phosphorylation (197). (3) Endogenous tau interacts 
with the PSD95-NMDA receptor complex, which selectively 
phosphorylates tau (198). To efficiently kill the cell via apoptosis, Aβ 
must activate alternative apoptotic pathways while reducing the tau 
response. (1) Caspase-8 recruitment by Aβ mediates the relationship 
between Aβ and caspase-3, resulting in decreased synaptic 
excitotoxicity and a reorientation toward apoptotic signaling (163). 
(2) NMDA NR1/NR2A receptor activity affects downstream ROS 

production resulting in apoptosis (163, 198). (3) Aβ downregulates 
the PSD95-NMDA receptor complex, decreasing tau 
phosphorylation. In cultured cells, Aβ-induced apoptosis increased 
reactive oxygen species (ROS) production but not hp-tau (165). 
While ROS-produced apoptosis has detrimental effects, as a “last 
ditch” neuroprotective effort of Aβ, it limits further hp-tau and NFT 
formation. Limiting the effects of tau and Aβ toxicity is predicated 
on the acute nature of this response and treatment of the underlying 
pathology to avoid long-term neurodegeneration.

4.1 Summary of NPT, NIT, and Aβ 
hypotheses

Tau phosphorylation antagonizes apoptotic processes in response 
to increased ER stress and imbalanced homeostatic dynamics (147). 
Tau hyperphosphorylation is a reactive response activated when faced 
with apoptotic cell death (120, 129). The build-up of hp-tau, therefore, 
could represent a failed neuroprotective mechanism. NFTs, a hallmark 

FIGURE 7

The neuroprotective response of Aβ, aka the “last ditch effort” to revert the cell to pro-apoptotic signaling and reduce tau and Aβ toxicity. 
Selective NMDA regulation, downregulating scaffolding protein PSD-95, and activating caspase-8 reduce the excitotoxic effects of Aβ and 
atypical tau phosphorylation (154). PSD-95 receptor downregulation results in reduced tau phosphorylation and protection of synapses 
from the effects of Aβ, while caspase-8 activation indirectly reduces synaptotoxicity by mediating the relationship between Aβ and 
caspase-3 (163, 164). Aβ also reduces mitochrondrial membrane potential and directly induces the ER stress response, resulting in 
apoptosome complex formation and eventual ROS-induced apoptosis (165). Reactive astrocytes are recruited to break down Aβ and clear 
tau aggregates. However, Aβ also has injurious effects, as it increases intracellular Ca2+ and ROS production, while also acting directly on tau 
(154). Therefore, this mechanism is considered a “last ditch effort” to acutely kill the cell via apoptotic signaling to minimize the negative 
effects from toxic tau, Aβ accumulation, and necrotic signaling. We posit that limiting the effects of tau and Aβ toxicity is predicated on the 
acute nature of this response and treatment of the underlying pathology to avoid irreversible injury and/or a transition to a more widespread 
neurodegenerative process. XBP1, X-box binding protein 1; Cyt-c, cytochrome-c; ROS, reactive oxygen species; Red = Pro-death signaling, 
Green = Neuroprotective signaling, Orange = Aβ-involved signaling; X = reduction/down-regulation. Solid line = signaling cascade induced/
propagated by the ER stress response and tau; dashed line = signaling cascades resulting from Aβ involvement. (1) = Neuronal membrane, 
(2) = Synaptic cleft, (3) = CaMK-II-autophosphorylation, (4) = CaMK-II-Glutamate receptor phosphorylation, (5) = CaMK-II-tau-phosphorylation, 
(6) = PSD95-NMDA receptor complex-tau phosphorylation.
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FIGURE 8

The injurious response of Aβ, aka its failed “last ditch effort” to downregulate propagation of toxic tau and rebalance apoptotic-necrotic 
signaling dynamics. Due to accumulated toxic tau aggregates and dysregulated tau clearance by reactive astrocytes and microglia, pro-
death signaling mechanisms become favored over cellular preservation signaling. However, a recurrent, reactive ER stress response leads to 
an imbalance of apoptotic-necrotic signaling and enhances atypical tau phosphorylation. Further, Aβ precursor protein is cleaved by 
caspase-3, and Aβ concentrations increase, further propagating the ER stress response (88, 154, 155). Due to the Aβ precursor 
overexpression and increased Aβ production, defective mitochondria are produced, mitochondrial dynamics are altered, and their trafficking 
is reduced, leading to further intracellular Ca2+ influx and apoptotic-necrotic imbalance (166). However, the ER stress response also has 
neuroprotective effects, inducing selective transcription factor XBP1, which mediates Aβ plaque formation (88). Simultaneously, Aβ directly 
recruits reactive astrocytes and indirectly recruits microglia, through TNF-α and pro-inflammatory signaling, which cluster around Aβ 
plaques to clear them (157, 167, 168). Yet, the induction of pro-inflammatory signaling from astrocytic recruitment further induces Aβ 
precursor protein; increased Aβ concentrations result in increased atypical tau phosphorylation/hyper-phosphorylation and further ER stress 
response induction (169). Thus, reactive astrocytes have both neuroprotective and injurious effects (170). Continued apoptotic-necrotic 
signaling imbalance, degradation in cell structure, and NFT formation results from atypical activation of these pathways. PERK, protein 
kinase R-like ER kinase; Aβ, amyloid beta; XBP1, X-box binding protein 1; TNF, tumor necrosis factor; IL, interleukin; Co-stim, co-stimulatory 
(molecules); Cyt-c, cytochrome-c; Apaf-1, apoptotic peptidase activating factor-1; dATP, deoxyadenosine triphosphate; NFTs, neurofibrillary 
tangles; Red = Pro-death signaling, Green = Neuroprotective signaling, Orange = Aβ-involved signaling; o-tau, tau oligomers; t-tau, total tau; 
p-tau, phosphorylated tau; ***  = O-tau, t-tau, p-tau. X = reduction/down-regulation. Solid line = signaling cascade induced/propagated by the 
ER stress response and tau; dashed line = signaling cascades resulting from Aβ involvement.
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of tauopathies, form as a downstream result of the RIR and NPT 
pathways. In addition to containing hp-tau, NFTs contain active 
caspase-6, caspase-6-cleaved tau, and Aβ, further supporting that 
NFTs are the end result of a neuronal degradation pathway – one that 
initially includes a neuroprotective pathway preferred by the cell over 
acute apoptotic death (9), but over time, becomes overwhelmed by the 
accumulation of repeated injuries.

The NPT response suggests that excess tau is phosphorylated in 
attempts to preserve cellular integrity in the short-term. In response, 
microglia and reactive astrocytes are triggered to reinstate homeostasis 
and break down intracellular tau into non-toxic isoforms. However, 
in the setting of repeated injury, when excess tau phosphorylation 
exceeds microglial and astrocytic capacity for tau degradation, toxic 
tau accumulates. This, along with aberrant tau cleavage, aggregation, 
and hyper-phosphorylation, propagates a dysregulated microglial 
response. To combat this, the toxic tau must be expelled from the cell 
and is done so through exosomal packaging and secretion.

We posit that the response mechanism is neuroprotective to the 
point of halting apoptosis, phosphorylating tau, and clearing tau via 
microglia and reactive astrocytes, and that it would continue to 
be neuroprotective if repetitive seizures or head injuries did not (1) 

lead to Aβ accumulation and its production of toxic tau and (2) 
outpace the ability to clear tau. Because epilepsy and repeated TBIs 
are plagued with recurrent cellular injury and ER response 
activation, however, a buildup of cleaved, phosphorylated, and 
hyperphosphorylated tau results in toxic tau aggregates. These toxic 
aggregates are then propagated to surrounding neurons, adversely 
affecting these neighboring neurons and increasing the likelihood 
for localized neuronal degeneration. The extracellular leakage of 
toxic tau also contributes to NFT formation and induces tauopathy-
related necrosis, transitioning the mechanism over time from 
neuroprotective to neurodegenerative.

The role of Aβ is pivotal in the development of 
neurodegeneration. Aβ induces tau phosphorylation, contributing 
to toxic tau aggregates that cannot be  cleared by microglia and 
reactive astrocytes. Additionally, microglia cannot clear the excess 
Aβ, leading to inflammatory signaling, excitotoxicity, and Aβ 
plaque accumulation. Microglial and reactive astrocytic 
dysregulation results in further tau and Aβ leakage that contributes 
to injury. We posit that, although increased Aβ concentration has a 
deleterious effect on cellular integrity and microglial functioning, 
increased Aβ also reactivates preferential apoptotic signaling by 

FIGURE 9

The injurious response of Aβ, aka the failed “last ditch effort” to revert the cell to pro-apoptotic signaling and rebalance apoptosis-necrosis, 
due to recurrent or sustained Aβ signaling. Unlike neuroprotective Aβ responses, preferential activation of NMDA-R1 and-2A/B receptor 
subunits by Aβ (171, 172), and their increased surface expression regulated by PSD-95, adversely affects channel assembly and conductance 
(173), promoting further neuroexcitotoxicity, atypical tau phosphorylation, and increased susceptibility to Aβ (164). Unsuccessful toxic tau 
aggregate and Aβ breakdown by microglia [seen in (A)] propagates the injurious effects of Aβ-associated tau seeding and propagation (133). 
In the presence of dysregulated tau and Aβ mechanisms, as well as dysregulated microglial and reactive astrocytic clearance, the failure to 
reduce neuroinflammation and excitotoxic propagation results in a transition from neuroprotection to neurodegeneration. We posit that this 
point marks the transition from a injurious mechanism to a more widespread neurodegenerative process. XBP1, X-box binding protein 1; 
Cyt-c, cytochrome-c; ROS, reactive oxygen species; Red = Pro-death signaling, Green = Neuroprotective signaling, Orange = Aβ-involved 
signaling; X = reduction/down-regulation. Solid line = signaling cascade induced/propagated by the ER stress response and tau; dashed 
line = signaling cascades resulting from Aβ involvement. (1) = Neuronal membrane, (2) = Synaptic cleft, (3) = CaMK-II-autophosphorylation, 
(4) = CaMK-II-Glutamate receptor phosphorylation, (5) = CaMK-II-tau-phosphorylation, (6) = PSD95-NMDA receptor complex-tau 
phosphorylation.

92

https://doi.org/10.3389/fneur.2023.1287545
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Martin and Leeman-Markowski� 10.3389/fneur.2023.1287545

Frontiers in Neurology 14 frontiersin.org

targeting NMDA/AMPA receptor functioning, CaMK-II 
phosphorylation, astrocytic recruitment, and mitochondrial 
membrane permeability (Figure 6). Because glutamate transmission, 
apoptosis, and necrotic signaling share related pathways, this Aβ 
compensatory mechanism cannot differentiate between typical and 
atypical activation, such that excitotoxicity continues. Recurrent or 
sustained activation of these mechanisms results in the necrotic cell 
death seen in tauopathies.

5 Clinical correlations: tau and TBI

Early studies lacked an association between TBI and 
cerebrospinal fluid (CSF) p-tau levels, likely because of insufficient 
sensitivity of the assay, requiring development of novel techniques 
(92, 199). An enhanced immunoassay using multi-arrayed fiber 
optics (EIMAF) detected acutely increased t-tau and p-tau levels in 
brain and blood following CCI in rodents and in CSF following 
severe TBI in humans. T-tau and p-tau levels remained significantly 
elevated during the chronic stage of CCI in rodents. While t-tau and 
p-tau levels decreased during the chronic stage of severe TBI in 
humans, elevated levels were still detected in subsequent months 
post-injury. T-tau levels approached normal limits approximately 
one-month post-injury, while p-tau levels remained elevated six 
months post-injury (200). EIMAF also demonstrated increased 
p-tau levels, t-tau levels, and p-tau/t-tau ratios in individuals with 
acute or chronic TBI compared to healthy controls (201). Using a 
single-molecule enzyme-linked immunosorbent assay (SIMOA), 
blood t-tau levels were greater in professional hockey players across 
multiple time points post-head injury (from one to 48 h) compared 
to preseason (pre-injury) (91). Recent studies have also measured 
tau within exosomes isolated from plasma (202, 203). This technique 
has been applied in remote repetitive TBI, with elevated exosomal 
t-tau and p-tau levels negatively correlating with neuropsychological 
measures (202, 203).

Tau levels correlate with clinical recovery, with a negative 
association between CSF tau and clinical improvement (204). 
Ventricular CSF t-tau concentrations in the setting of severe TBI 
negatively correlated with clinical improvement over one year (205). 
Plasma p-and t-tau levels measured in patients ~24-h post-acute head 
injury were associated with short-and long-term outcomes; p-tau and 
p-tau/t-tau ratios in blood negatively correlated with recovery in 
participants with chronic TBI (201). Human data concur with a rat 
model, in which serum and CSF tau levels positively correlated with 
traumatic spinal cord injury severity and negatively correlated with 
locomotor function (206). These results support p-tau as a biomarker 
that reflects a broad picture of axonal injury, TBI severity, cognitive 
functioning, and long-term outcomes.

6 Clinical correlations: tau and AD

Pathological p-tau aggregation is a biomarker of 
neurodegeneration in AD. In a transgenic mouse model of AD, 
microglial activation occurs in a progressive fashion, correlating with 
increased tau hyper-phosphorylation and Aβ plaque accumulation 
(207). Human and animal models of AD and other dementias 
identify atypical tau processes that contribute to increased 

hyper-phosphorylation, microglial activation, NFT formation, and 
neurodegeneration (208), including genetic mutations and post-
translational modifications (209–214). Atypical tau phosphorylation 
and APP mutations correlate with NFT formation in animal models 
and human AD (215, 216). In human AD brain tissue, tau pathology 
was divided into early and late stages, with tau deposition first 
observed in entorhinal cortex and hippocampus. Later tau aggregates 
correlated with cognitive decline (217). In human lateral temporal 
cortex obtained from late-stage AD brains, increased markers of the 
ER stress response correlated with decreased post-synaptic PSD-95 
markers and increased tau (218).

Increased CSF t-tau levels were also found in patients with AD 
(219). Elevated CSF tau levels demonstrated a strong association 
with AD and improved discrimination of AD from other dementias, 
while Aβ levels failed to improve diagnostic accuracy (220). CSF 
p-tau181, 217, and 231 concentrations accurately predicted cognitive 
impairment in patients with AD, but not in patients with other 
dementias or controls (221). P-tau231 was the earliest detector of 
increased Aβ in AD pathology, preceding Aβ identification by 
position emission tomography (PET) (221). Further, increased levels 
of tau and decreased levels of Aβ1-42 in CSF were reported (222–226), 
highlighting their contrasting CSF profiles as biomarkers for AD. In 
plasma, tau levels were significantly higher in patients with AD 
compared to MCI patients and controls, however, use of plasma tau 
as a diagnostic test is not yet validated (227).

7 Clinical correlations: tau and 
epilepsy

A link between AD and temporal lobe epilepsy (TLE) is 
demonstrated by a bidirectional increase in risk, hippocampal 
damage (228), and cognitive deficits in both disorders, in part 
due to shared cortical networks, tau deposition, and amyloid 
pathology. Current research explores the influence of seizure 
activity on tau levels in brain, CSF, and blood, proposing that 
epilepsy is a tauopathy like AD and CTE – with proposed 
mechanisms of tau deposition including production during ictal 
and interictal activity, axonal sprouting and formation of aberrant 
connections in response to injury, cell death, physical injury 
during seizures, and decreased clearance (94). Studying the 
relationship between tau and epilepsy may address how seizure 
activity results in neuronal injury.

Limited data are available regarding tau levels in people with 
epilepsy. Hp-tau deposits were identified in resected temporal 
lobe tissue from patients with hippocampal sclerosis, evident in 
nearly 94% of cases and correlating with post-operative declines 
in verbal memory and naming, though this finding was not seen 
in all resection studies (94). In late-onset epilepsy of unknown 
origin, CSF t-tau levels were increased in comparison to controls, 
with t-tau and p-tau levels predicting onset of dementia (229). 
Elevated CSF t-tau and p-tau levels were detected in patients with 
status epilepticus when tested at a median of 72 h from admission 
(95). In the setting of status, t-tau levels positively correlated with 
medication resistance, status duration, disability, and development 
of chronic epilepsy (95). While a transient increase of CSF t-tau 
was reported within four days of a single, new-onset generalized 
convulsion, tau elevations in isolated or repeated seizures that 
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respond promptly to medications are controversial (96, 97). 
Increased CSF t-tau levels were seen with symptomatic 
convulsions (of acute or remote etiology), but not in subjects with 
seizures of idiopathic or cryptogenic cause when levels were 
obtained within 48 h (98). CSF t-tau levels were decreased, and 
p-tau unchanged, when CSF was collected at least seven days after 
the last seizure, but seizure frequency was unknown (230). Blood–
brain barrier disruption during seizures may release tau to the 
periphery, suggested by small, transient elevations of serum T-tau 
following convulsions (231). Studies of peripheral p-tau and 
exosomal analyses have not yet been applied to people with 
epilepsy, and the impact of epilepsy-related factors (e.g., seizure 
type, epilepsy duration) on peripheral tau levels is unknown.

The relationship between epilepsy and p-tau levels should 
be  explored as a potential marker of neural injury severity and 
predictor of cognitive function and seizure control. Given the above 
similarities in injury pathophysiology between AD, TBI, and epilepsy, 
AD and TBI may serve as guides to identifying overlapping markers 
of neuronal damage and cognition.

8 Treating AD, TBI, and epilepsy: 
pharmacological interventions

8.1 Cytokine targets

A better understanding of tau deposition lends insight into AD, TBI, 
and epilepsy pathophysiology and presents possible targets for 
intervention. Potential approaches include neuroprotection, inhibition 
of inflammatory processes, and disruption of excitotoxic mechanisms. 
Trials focused on various portions of these pathways. In animal models 
of TBI, minocycline and statins demonstrate beneficial anti-
inflammatory and neuroprotective properties, limit the expression of 
pro-inflammatory cytokines, and render cell death-associated astrocytes 
and microglia inactive (232–234). In vitro and in vivo rat brain TBI and 
immune system studies identified human-cultured mesenchymal stem 
cells coupled with purified immune cells as a promising treatment that 
increases production of anti-inflammatory ILs, while decreasing TNF-α 
(235–237). IL-34 selectively enhances microglial neuroprotective effects, 
homeostasis, and neuronal survival by promoting Aβ oligomeric 
clearance and inducing microglial enzymatic activity. These effects 
reduce oxidative stress without promoting neurotoxicity (61). Promotion 
of IL-34 receptor binding or activity may benefit those with recurrent 
seizures/TBI by enhancing microglial function.

8.2 NMDA receptor antagonists

Data regarding NMDA antagonists are mixed. Drugs like 
amantadine, a weak NMDA antagonist, are commonly used in 
acute brain injury rehabilitation, although supporting data are 
limited (238). In some TBI studies, NMDA receptor antagonists 
lacked efficacy and raised safety concerns (239). A trial of the 
competitive NMDA antagonist D-CCP-ene for the treatment of 
intractable focal-onset seizures led to severe adverse events in all 
eight subjects, including sedation, ataxia, depression, amnesia, 
and poor concentration (240). Seizure frequency worsened in 
three subjects and remained unchanged in four subjects; one 

participant demonstrated improved seizure frequency, yet 
experienced status epilepticus upon D-CCP-ene withdrawal 
(240). All subjects withdrew from participation, leading to 
premature termination of the study. However, in a large, 
randomized, double-blind, placebo-controlled trial of 
traxoprodil, an NMDA NR2B subunit antagonist, was found to 
be well-tolerated in adults with severe TBI; they demonstrated 
improved Glasgow Coma Scale outcomes 6-months post-injury 
compared to placebo (241).

In an animal model of hippocampal seizures, MK-801 decreased 
seizure severity at low doses (242). In 68 patients with super-refractory 
status epilepticus, ketamine infusions administered for a length of one to 
four days reduced seizure burden by 50% (243). Upregulated NMDA 
receptor trafficking in the post-synaptic membrane contributes to super-
refractory status epilepticus; NMDA receptor antagonists like MK-801 
and ketamine may be effective due to improved penetration of the blood 
brain barrier and maintain their function even in the presence of 
increased concentrations of intra-and extra-cellular glutamate (244–246).

Memantine, a low-affinity voltage-dependent uncompetitive 
NMDA antagonist, approved for use in AD, reduced tau 
phosphorylation and improved functional outcomes after repetitive 
mild TBI in adult mice (247). In patients with TLE, memantine 
improved cognition compared to donepezil (248). In a double-blinded, 
placebo-controlled trial, once-daily memantine significantly improved 
episodic memory and quality of life in patients with epilepsy, although 
confounded by reduced seizure frequency (248, 249). In contrast, in 
subjects with focal-onset seizures of unchanged frequency, memantine 
yielded no significant improvement in cognition compared to placebo 
(250). However, in an open-label extension phase, there were 
improvements in verbal memory, memory-related quality of life, and 
executive functioning (250). Overall, NMDA antagonists deserve 
further study in TBI, AD, and epilepsy (238, 241).

8.3 AMPA receptor antagonists

Alternatively, perampanel is highly selective for AMPA receptors and 
inhibits AMPA-induced calcium influx in rat cortical neurons (251). 
Pharmacological dampening of AMPA receptor function eliminated 
interictal-like activity in human lateral amygdala in vivo, without 
reducing AMPA receptor densities observed in vitro (252). It is efficacious 
for treatment of focal-onset seizures with a neutral cognitive profile in 
adult, geriatric, and pediatric patients (253–255). In a rat CCI model, 
perampanel preserved neurological function, inhibited apoptosis and 
microglial activation, reduced brain edema, and preserved blood–brain-
barrier functioning post-injury, thereby protecting neuro-vasculature 
(256). It also reduced brain contusion volume and decreased expression 
of pro-inflammatory TNF-α and IL-1β (257).

The effects of perampanel on neurological functioning, 
inflammatory markers, and cognition in patients with AD has yet 
to be comprehensively studied, outside of isolated case reports. In 
a case study of an 89 year old woman with severe AD, intractable 
myoclonic epilepsy, and psychiatric symptoms of circadian rhythm 
disorder and irritability, perampanel improved both myoclonus 
and psychiatric symptoms (258). An additional case report 
demonstrated improved cognitive functioning in a patient with 
non-convulsive seizures and AD, supporting the case for early 
administration (259). In transgenic AD mice, inhibition of AMPA 

94

https://doi.org/10.3389/fneur.2023.1287545
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Martin and Leeman-Markowski� 10.3389/fneur.2023.1287545

Frontiers in Neurology 16 frontiersin.org

receptors by perampanel reduced hippocampal Aβ40 and Aβ42 levels 
and decreased levels of the soluble peptide APPβ by suppressing 
β-cleavage of APP (260). Further research is needed into the 
potential effect of perampanel in targeting Aβ pathology by 
reducing Aβ production in AD.

8.4 Metabotropic glutamate receptor 
treatments

Metabotropic glutamate receptors (mGluR) may also be  a 
target of interest in generalized and focal seizures, as the group 
II and III mGluR agonists may decrease NMDA receptor function 
and the risk of excitotoxicity. Animal studies showed 
anticonvulsant effects of the group II mGluR agonist, DCG-IV, 
in models of limbic and generalized motor seizures (261–263). 
Anticonvulsant effects were also noted in DBA/2 rodent models 
using agonists that target group III mGluR8 and mGluR4, 4A 
(L-AP4, RS-4-PPG, and ACPT-1) and the antagonist, 
MPPG. These agents were not found to affect group I, which 
contribute to epileptogenesis (264, 265). However, mixed 
responses to mGluR-based treatments have been noted, with 
proconvulsant effects of group III agonists (L-AP4 and L-SOP) 
and the MGluR antagonist, MAP4 (266, 267). Further research is 
needed into safe and effective therapeutic concentrations of 
mGluR-targeting agents, as well as their role in seizure activity 
(266–270).

In our proposed RIR model, upregulation of selected NMDA 
receptors and downregulation of selected AMPA receptors occurs 
as a result of neuroinflammation in response to sustained or 
recurrent injury. As a result, there is an increased likelihood of 
seizure occurrence and atypically high concentrations of intra-and 
extra-cellular glutamate. At low doses, NMDA receptor 
antagonists can reduce seizure severity and frequency, but with 
mixed results. Higher doses, however, risk significant adverse 
effects. AMPA receptor antagonists, such as perampanel, may 
show greater promise due to their potential effects on 
hyperexcitability, underlying pathophysiology of 
neurodegenerative disorders, and tolerability. MGluR agonists 
and antagonists showed varied pro-vs. anti-convulsant effects 
with limited research into safe and effective therapeutic 
concentrations. Caution in targeting glutamate receptors 
is warranted.

8.5 Monoclonal antibody treatments

Anti-amyloid monoclonal antibodies, such as lecanemab and 
aducanumab, represent another treatment approach, possibly as 
maintenance drugs to slow the progression of cognitive decline 
over the course of the disease. Lecanemab demonstrated high 
affinity binding to soluble Aβ, and particularly to Aβ soluble 
protofibrils, which are seen in early AD (271–273). Approved for 
use in Alzheimer’s disease (274), lecanemab reduced Aβ markers 
and moderately slowed cognitive decline over 18 months compared 
to placebo (271, 272), although its effectiveness has been 
questioned. In a transgenic mouse model, aducanumab decreased 
both soluble and insoluble Aβ in a dose-dependent manner (275). 

To evaluate the safety and efficacy of aducanumab in reducing 
cognitive decline in patients with MCI and mild AD, two large, 
double-blind, placebo-controlled studies were conducted. Results 
indicated that aducanumab was associated with dose-dependent 
amyloid related imaging abnormalities (ARIA), with cerebral 
edema and increased risk of intracerebral hemorrhage, particularly 
in ApoE-ɛ4 carriers (276). Infusion-related reactions and other 
adverse events (including ARIA) make anti-amyloid antibodies a 
controversial approach in the setting of uncertain benefits. 
Lecanemab and aducanumab have not yet been tested in patients 
with TBI or epilepsy, and safety and efficacy clinical trials for both 
drugs are on-going.

8.6 Tau-centric treatments

Reduction of tau levels showed promise in tau-expressing 
transgenic mice with repetitive mild CHI. Mice were treated with 
kinase-targeting lithium chloride and R-roscovitine, leading to 
p-tau reduction that correlated with improved cognition (200, 
277). Alternatively, phosphatases dephosphorylate toxic tau into 
non-toxic isoforms. Phosphatase 2A (PP2A) dephosphorylates 
hp-tau, but PP2A activity is decreased in AD brain (278, 279). In 
AD, GSK-3 activation inhibits PP2A (280), and PP2A inhibitory 
proteins (inhibitor-1 and -2) are upregulated (281). 
Pharmacological interventions that inhibit GSK-3, such as 
SAR502250 (282), or support mRNA-based downregulation of 
PP2A inhibitors-1/2, are promising approaches (281). Drugs for 
approved for other indications may also be “repurposed” given 
their effects on tau. Suvorexant, an FDA-approved drug for 
insomnia, reduces tau phosphorylation at selective sites such as 
−181 and decreases Aβ concentrations compared to placebo 
(283); its use should be  investigated in other disorders. 
Angiotensin receptor blockers, FDA-approved for hypertension, 
have anticonvulsant effects in rats (284–286) and decrease 
incidence of epilepsy in humans (287), while decreasing CSF 
t-tau and p-tau in MCI patients (288) and improving cognition 
in hypertensive older adults with early executive impairment 
(289) and prodromal AD (290). These results support the need 
to further investigate the safety and efficacy of tau-targeting 
drugs in epilepsy.

8.7 ER stress response inhibition

Based on our proposed mechanism, drugs that impair the 
PERK pathway would have injurious effects. In a mouse TBI 
model, for example, inhibition of the PERK signaling pathway by 
GSK2606414 exacerbated immature cell loss, dendritic loss, and 
cell death (26).

Conversely, pharmacological upregulation of the PERK pathway 
may be  an effective treatment target to avoid atypical ER stress 
response activation, reduce tau phosphorylation by ER stress response 
signaling (75), and mediate tau hyper-phosphorylation and Aβ 
neurotoxicity (291).

Drugs that target the ER stress response cell death pathways may also 
aid in the restoration of intracellular homeostasis, apoptotic-necrotic 
signaling dynamics, and ER folding capacity. In a rat lateral fluid 
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percussion model of TBI, administration of the ER stress response 
inhibitor, salubrinal, 30 min prior to injury significantly reduced the ER 
stress response, promoted mitochondrial functioning, and inhibited 
downstream apoptotic signaling (292). In a mouse model of autosomal 
dominant lateral TLE, 4-phenylbutyric acid restored LGI1 protein 
function and reduced seizure susceptibility (293). In a mouse model of 
epilepsy, taurursodiol also reduced seizure susceptibility and mitigated 
repeated stress-induced neurodegeneration (294). In reducing seizure 
susceptibility, the likelihood of repeated or chronic activation of the ER 
stress response and tau-induced pathways decreases. This benefits the cell 
by favoring restoration of homeostasis, PERK pathway activation, and 
tau-involvement for maintenance of cellular dynamics; this also reduces 
the likelihood of repeated/chronic activation of Aβ, resulting in avoidance 
of irreversible or long-term neurodegeneration.

The numerous proteins and pathways involved in the brain’s 
inflammatory response make it challenging to identify the most 
appropriate target. Development of inflammatory modulators must 
also consider that acute inflammation can serve to protect neuronal 
integrity and avoid cell death, while chronic inflammation may 
decrease the likelihood of maximal recovery and cell survival. Further 
research is needed to find preventative and therapeutic agents for AD, 
TBI, and epilepsy.

9 Conclusion

AD, TBI, and epilepsy disrupt neuronal function and promote 
atypical response signaling. This review examined inflammatory 
and excitotoxic pathways common to AD, TBI, and epilepsy, the 
role of the ER stress response in the face of excitotoxicity, and tau 
and Aβ signaling. We  proposed a mechanism by which these 
pathways can lead to tau deposition. We  posit that tau 
accumulation represents an attempt to shunt the injury response 
from apoptosis toward neuroprotective signaling that preserves 
the cell, in attempts to restore homeostasis. This could be viewed 
as an acute “neuroprotective” response, although, if the 
underlying pathology is not treated, its recurrent or sustained 
activation will result in neurodegeneration. Our proposed 
mechanism supports the case for early intervention. In patients 
with AD, we must identify risk factors that impact tau and Aβ 
processes prior to the appearance of cognitive decline. In patients 
with TBI, this means reducing the likelihood of recurrent injury, 
reducing injury severity through preventative measures, and 
providing ample recovery time. In patients with epilepsy, we need 
to identify the underlying etiologies and reduce seizure frequency 

and severity. These pathways may present targets for intervention 
in AD, TBI, and epilepsy. Studies that examine mediators of these 
signaling cascades are needed.

Data availability statement

The original contributions presented in the study are included in 
the article/supplementary material, further inquiries can be directed 
to the corresponding author.

Author contributions

SM: Conceptualization, Investigation, Methodology, Visualization, 
Writing – original draft, Writing – review & editing. BAL-M: 
Conceptualization, Funding acquisition, Methodology, Supervision, 
Visualization, Writing – review & editing.

Funding

The author(s) declare financial support was received for the 
research, authorship, and/or publication of this article. This work was 
supported by the Career Development Award, IK2 CX-001255-01, 
from the United  States Department of Veteran Affairs Clinical 
Sciences R&D Service and the NYU Langone Health Finding a Cure 
for Epilepsy and Seizures foundation.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
	1.	Roth TL, Nayak D, Atanasijevic T, Koretsky AP, Latour LL, McGavern DB. 

Transcranial amelioration of inflammation and cell death after brain injury. Nature. 
(2014) 505:223–8. doi: 10.1038/nature12808

	2.	Vezzani A, French J, Bartfai T, Baram TZ. The role of inflammation in epilepsy. Nat 
Rev Neurol. (2011) 7:31–40. doi: 10.1038/nrneurol.2010.178

	3.	Lucke-Wold BP, Nguyen L, Turner RC, Logsdon AF, Chen YW, Smith KE, et al. 
Traumatic brain injury and epilepsy: underlying mechanisms leading to seizure. Seizure. 
(2015) 33:13–23. doi: 10.1016/j.seizure.2015.10.002

	4.	Hernandez F, Avila J. Tauopathies. Cell Mol Life Sci. (2007) 64:2219–33. doi: 
10.1007/s00018-007-7220-x

	5.	Johnson GV, Stoothoff WH. Tau phosphorylation in neuronal cell function and 
dysfunction. J Cell Sci. (2004) 117:5721–9. doi: 10.1242/jcs.01558

	6.	Ittner LM, Ke YD, Delerue F, Bi M, Gladbach A, van Eersel J, et al. Dendritic 
function of tau mediates amyloid-beta toxicity in Alzheimer's disease mouse models. 
Cells. (2010) 142:387–97. doi: 10.1016/j.cell.2010.06.036

	7.	Kaech S, Banker G. Culturing hippocampal neurons. Nat Protoc. (2006) 1:2406–15. 
doi: 10.1038/nprot.2006.356

	8.	Mandelkow E, von Bergen M, Biernat J, Mandelkow EM. Structural principles of 
tau and the paired helical filaments of Alzheimer's disease. Brain Pathol. (2007) 
17:83–90. doi: 10.1111/j.1750-3639.2007.00053.x

96

https://doi.org/10.3389/fneur.2023.1287545
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1038/nature12808
https://doi.org/10.1038/nrneurol.2010.178
https://doi.org/10.1016/j.seizure.2015.10.002
https://doi.org/10.1007/s00018-007-7220-x
https://doi.org/10.1242/jcs.01558
https://doi.org/10.1016/j.cell.2010.06.036
https://doi.org/10.1038/nprot.2006.356
https://doi.org/10.1111/j.1750-3639.2007.00053.x


Martin and Leeman-Markowski� 10.3389/fneur.2023.1287545

Frontiers in Neurology 18 frontiersin.org

	9.	Gamblin TC, Chen F, Zambrano A, Abraha A, Lagalwar S, Guillozet AL, et al. 
Caspase cleavage of tau: linking amyloid and neurofibrillary tangles in Alzheimer's 
disease. Proc Natl Acad Sci U S A. (2003) 100:10032–7. doi: 10.1073/pnas.1630428100

	10.	Boraschi D, Italiani P, Weil S, Martin MU. The family of the interleukin-1 receptors. 
Immunol Rev. (2018) 281:197–232. doi: 10.1111/imr.12606

	11.	Moriwaki K, Chan FK. RIP3: a molecular switch for necrosis and inflammation. 
Genes Dev. (2013) 27:1640–9. doi: 10.1101/gad.223321.113

	12.	Kelliher MA, Grimm S, Ishida Y, Kuo F, Stanger BZ, Leder P. The death domain 
kinase RIP mediates the TNF-induced NF-kappaB signal. Immunity. (1998) 8:297–303. 
doi: 10.1016/S1074-7613(00)80535-X

	13.	Kumar RG, Boles JA, Wagner AK. Chronic inflammation after severe traumatic 
brain injury: characterization and associations with outcome at 6 and 12 months 
Postinjury. J Head Trauma Rehabil. (2015) 30:369–81. doi: 10.1097/
HTR.0000000000000067

	14.	Hodo TW, de Aquino MTP, Shimamoto A, Shanker A. Critical neurotransmitters 
in the Neuroimmune network. Front Immunol. (2020) 11:1869. doi: 10.3389/
fimmu.2020.01869

	15.	Neher E, Sakaba T. Multiple roles of calcium ions in the regulation of 
neurotransmitter release. Neuron. (2008) 59:861–72. doi: 10.1016/j.neuron.2008.08.019

	16.	Walls AB, Waagepetersen HS, Bak LK, Schousboe A, Sonnewald U. The glutamine-
glutamate/GABA cycle: function, regional differences in glutamate and GABA 
production and effects of interference with GABA metabolism. Neurochem Res. (2015) 
40:402–9. doi: 10.1007/s11064-014-1473-1

	17.	Kumar A, Zou L, Yuan X, Long Y, Yang K. N-methyl-D-aspartate receptors: 
transient loss of NR1/NR2A/NR2B subunits after traumatic brain injury in a rodent 
model. J Neurosci Res. (2002) 67:781–6. doi: 10.1002/jnr.10181

	18.	Kharlamov EA, Lepsveridze E, Meparishvili M, Solomonia RO, Lu B, Miller ER, 
et al. Alterations of GABA(a) and glutamate receptor subunits and heat shock protein 
in rat hippocampus following traumatic brain injury and in posttraumatic epilepsy. 
Epilepsy Res. (2011) 95:20–34. doi: 10.1016/j.eplepsyres.2011.02.008

	19.	Chater TE, Goda Y. The role of AMPA receptors in postsynaptic mechanisms of 
synaptic plasticity. Front Cell Neurosci. (2014) 8:401. doi: 10.3389/fncel.2014.00401

	20.	Atkins CM, Chen S, Alonso OF, Dietrich WD, Hu BR. Activation of calcium/
calmodulin-dependent protein kinases after traumatic brain injury. J Cereb Blood Flow 
Metab. (2006) 26:1507–18. doi: 10.1038/sj.jcbfm.9600301

	21.	Cao F, Zhou Z, Cai S, Xie W, Jia Z. Hippocampal Long-term depression in the 
presence of calcium-permeable AMPA receptors. Front Synaptic Neurosci. (2018) 10:41. 
doi: 10.3389/fnsyn.2018.00041

	22.	Patel TP, Ventre SC, Geddes-Klein D, Singh PK, Meaney DF. Single-neuron 
NMDA receptor phenotype influences neuronal rewiring and reintegration following 
traumatic injury. J Neurosci. (2014) 34:4200–13. doi: 10.1523/JNEUROSCI.4172-13.2014

	23.	Isaac JT, Ashby MC, McBain CJ. The role of the GluR2 subunit in AMPA receptor 
function and synaptic plasticity. Neuron. (2007) 54:859–71. doi: 10.1016/j.
neuron.2007.06.001

	24.	Parga Becerra A, Logsdon AF, Banks WA, Ransom CB. Traumatic brain injury 
broadly affects GABAergic signaling in dentate gyrus granule cells. eNeuro. (2021) 
8:ENEURO.0055–20.2021. doi: 10.1523/ENEURO.0055-20.2021

	25.	Zhou H, Chen L, Gao X, Luo B, Chen J. Moderate traumatic brain injury triggers 
rapid necrotic death of immature neurons in the hippocampus. J Neuropathol Exp 
Neurol. (2012) 71:348–59. doi: 10.1097/NEN.0b013e31824ea078

	26.	Hood KN, Zhao J, Redell JB, Hylin MJ, Harris B, Perez A, et al. Endoplasmic 
reticulum stress contributes to the loss of newborn hippocampal neurons after traumatic 
brain injury. J Neurosci. (2018) 38:2372–84. doi: 10.1523/JNEUROSCI.1756-17.2018

	27.	Bao YH, Bramlett HM, Atkins CM, Truettner JS, Lotocki G, Alonso OF, et al. 
Post-traumatic seizures exacerbate histopathological damage after fluid-percussion 
brain injury. J Neurotrauma. (2011) 28:35–42. doi: 10.1089/neu.2010.1383

	28.	De Beaumont L, Tremblay S, Poirier J, Lassonde M, Théoret H. Altered 
bidirectional plasticity and reduced implicit motor learning in concussed athletes. Cereb 
Cortex. (2012) 22:112–21. doi: 10.1093/cercor/bhr096

	29.	Farrant M, Nusser Z. Variations on an inhibitory theme: phasic and tonic activation of 
GABA(a) receptors. Nat Rev Neurosci. (2005) 6:215–29. doi: 10.1038/nrn1625

	30.	Mamun AA, Uddin MS, Mathew B, Ashraf GM. Toxic tau: structural origins of tau 
aggregation in Alzheimer's disease. Neural Regen Res. (2020) 15:1417–20. doi: 
10.4103/1673-5374.274329

	31.	Caccamo A, Branca C, Piras IS, Ferreira E, Huentelman MJ, Liang WS, et al. 
Necroptosis activation in Alzheimer's disease. Nat Neurosci. (2017) 20:1236–46. doi: 
10.1038/nn.4608

	32.	Ii M, Sunamoto M, Ohnishi K, Ichimori Y. beta-amyloid protein-dependent nitric 
oxide production from microglial cells and neurotoxicity. Brain Res. (1996) 720:93–100. 
doi: 10.1016/0006-8993(96)00156-4

	33.	Griffin WS, Sheng JG, Roberts GW, Mrak RE. Interleukin-1 expression in different 
plaque types in Alzheimer's disease: significance in plaque evolution. J Neuropathol Exp 
Neurol. (1995) 54:276–81. doi: 10.1097/00005072-199503000-00014

	34.	Griffin WS, Sheng JG, Royston MC, Gentleman SM, McKenzie JE, Graham DI, 
et al. Glial-neuronal interactions in Alzheimer's disease: the potential role of a 'cytokine 
cycle' in disease progression. Brain Pathol. (1998) 8:65–72. doi: 10.1111/j.1750-3639.1998.
tb00136.x

	35.	Prehn JH, Bindokas VP, Jordán J, Galindo MF, Ghadge GD, Roos RP, et al. 
Protective effect of transforming growth factor-beta 1 on beta-amyloid neurotoxicity in 
rat hippocampal neurons. Mol Pharmacol. (1996) 49:319–28.

	36.	Decourt B, Lahiri DK, Sabbagh MN. Targeting tumor necrosis factor alpha for 
Alzheimer's disease. Curr Alzheimer Res. (2017) 14:412–25. doi: 10.217
4/1567205013666160930110551

	37.	Choi DW. Ionic dependence of glutamate neurotoxicity. J Neurosci. (1987) 
7:369–79. doi: 10.1523/JNEUROSCI.07-02-00369.1987

	38.	Choi DW, Koh JY, Peters S. Pharmacology of glutamate neurotoxicity in cortical 
cell culture: attenuation by NMDA antagonists. J Neurosci. (1988) 8:185–96. doi: 
10.1523/JNEUROSCI.08-01-00185.1988

	39.	Abramov E, Dolev I, Fogel H, Ciccotosto GD, Ruff E, Slutsky I. Amyloid-beta as a 
positive endogenous regulator of release probability at hippocampal synapses. Nat 
Neurosci. (2009) 12:1567–76. doi: 10.1038/nn.2433

	40.	Domingues A, Almeida S, da Cruz Silva EF, Oliveira CR, Rego AC. Toxicity of 
beta-amyloid in HEK293 cells expressing NR1/NR2A or NR1/NR2B N-methyl-D-
aspartate receptor subunits. Neurochem Int. (2007) 50:872–80. doi: 10.1016/j.
neuint.2007.03.001

	41.	Le WD, Colom LV, Xie WJ, Smith RG, Alexianu M, Appel SH. Cell death induced 
by beta-amyloid 1-40 in MES 23.5 hybrid clone: the role of nitric oxide and NMDA-
gated channel activation leading to apoptosis. Brain Res. (1995) 686:49–60. doi: 
10.1016/0006-8993(95)00450-5

	42.	De Felice FG, Velasco PT, Lambert MP, Viola K, Fernandez SJ, Ferreira ST, et al. 
Abeta oligomers induce neuronal oxidative stress through an N-methyl-D-aspartate 
receptor-dependent mechanism that is blocked by the Alzheimer drug memantine. J 
Biol Chem. (2007) 282:11590–601. doi: 10.1074/jbc.M607483200

	43.	Lacor PN, Buniel MC, Furlow PW, Sanz Clemente A, Velasco PT, Wood M, et al. 
Abeta oligomer-induced aberrations in synapse composition, shape, and density provide 
a molecular basis for loss of connectivity in Alzheimer's disease. J Neurosci. (2007) 
27:796–807. doi: 10.1523/JNEUROSCI.3501-06.2007

	44.	Gueli MC, Taibi G. Alzheimer's disease: amino acid levels and brain metabolic 
status. Neurol Sci. (2013) 34:1575–9. doi: 10.1007/s10072-013-1289-9

	45.	Bareggi SR, Franceschi M, Bonini L, Zecca L, Smirne S. Decreased CSF 
concentrations of homovanillic acid and gamma-aminobutyric acid in Alzheimer's 
disease. Age-or disease-related modifications? Arch Neurol. (1982) 39:709–12. doi: 
10.1001/archneur.1982.00510230035010

	46.	Garcia-Marin V, Blazquez-Llorca L, Rodriguez J-R, Boluda S, Muntane G, Ferrer 
I, et al. Diminished perisomatic GABAergic terminals on cortical neurons adjacent to 
amyloid plaques. Front Neuroanat. (2009) 3:28. doi: 10.3389/neuro.05.028.2009

	47.	Ramos-Miguel A, Hercher C, Beasley CL, Barr AM, Bayer TA, Falkai P, et al. Loss 
of Munc18-1 long splice variant in GABAergic terminals is associated with cognitive 
decline and increased risk of dementia in a community sample. Mol Neurodegener. 
(2015) 10:65. doi: 10.1186/s13024-015-0061-4

	48.	Jara JH, Singh BB, Floden AM, Combs CK. Tumor necrosis factor alpha stimulates 
NMDA receptor activity in mouse cortical neurons resulting in ERK-dependent death. 
J Neurochem. (2007) 100:1407–20. doi: 10.1111/j.1471-4159.2006.04330.x

	49.	Stellwagen D, Beattie EC, Seo JY, Malenka RC. Differential regulation of AMPA 
receptor and GABA receptor trafficking by tumor necrosis factor-alpha. J Neurosci. 
(2005) 25:3219–28. doi: 10.1523/JNEUROSCI.4486-04.2005

	50.	Vezzani A, Conti M, de Luigi A, Ravizza T, Moneta D, Marchesi F, et al. 
Interleukin-1beta immunoreactivity and microglia are enhanced in the rat hippocampus 
by focal kainate application: functional evidence for enhancement of electrographic 
seizures. J Neurosci. (1999) 19:5054–65. doi: 10.1523/JNEUROSCI.19-12-05054.1999

	51.	During MJ, Spencer DD. Extracellular hippocampal glutamate and spontaneous 
seizure in the conscious human brain. Lancet. (1993) 341:1607–10. doi: 
10.1016/0140-6736(93)90754-5

	52.	Caro-Maldonado A, Tait SWG, Ramírez-Peinado S, Ricci JE, Fabregat I, Green DR, 
et al. Glucose deprivation induces an atypical form of apoptosis mediated by caspase-8 in 
Bax-Bak-deficient cells. Cell Death Differ. (2010) 17:1335–44. doi: 10.1038/cdd.2010.21

	53.	Henshall DC, Simon RP. Epilepsy and apoptosis pathways. J Cereb Blood Flow 
Metab. (2005) 25:1557–72. doi: 10.1038/sj.jcbfm.9600149

	54.	Holmes GL. Seizure-induced neuronal injury: animal data. Neurology. (2002) 
59:S3–6. doi: 10.1212/WNL.59.9_suppl_5.S3

	55.	Pitkanen A, Sutula TP. Is epilepsy a progressive disorder? Prospects for new 
therapeutic approaches in temporal-lobe epilepsy. Lancet Neurol. (2002) 1:173–81. doi: 
10.1016/S1474-4422(02)00073-X

	56.	Gahring LC, White HS, Skradski SL, Carlson NG, Rogers SW. Interleukin-1alpha 
in the brain is induced by audiogenic seizure. Neurobiol Dis. (1997) 3:263–9. doi: 
10.1006/nbdi.1996.0123

	57.	Vezzani A, Baram TZ. New roles for interleukin-1 Beta in the mechanisms of 
epilepsy. Epilepsy Curr. (2007) 7:45–50. doi: 10.1111/j.1535-7511.2007.00165.x

97

https://doi.org/10.3389/fneur.2023.1287545
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1073/pnas.1630428100
https://doi.org/10.1111/imr.12606
https://doi.org/10.1101/gad.223321.113
https://doi.org/10.1016/S1074-7613(00)80535-X
https://doi.org/10.1097/HTR.0000000000000067
https://doi.org/10.1097/HTR.0000000000000067
https://doi.org/10.3389/fimmu.2020.01869
https://doi.org/10.3389/fimmu.2020.01869
https://doi.org/10.1016/j.neuron.2008.08.019
https://doi.org/10.1007/s11064-014-1473-1
https://doi.org/10.1002/jnr.10181
https://doi.org/10.1016/j.eplepsyres.2011.02.008
https://doi.org/10.3389/fncel.2014.00401
https://doi.org/10.1038/sj.jcbfm.9600301
https://doi.org/10.3389/fnsyn.2018.00041
https://doi.org/10.1523/JNEUROSCI.4172-13.2014
https://doi.org/10.1016/j.neuron.2007.06.001
https://doi.org/10.1016/j.neuron.2007.06.001
https://doi.org/10.1523/ENEURO.0055-20.2021
https://doi.org/10.1097/NEN.0b013e31824ea078
https://doi.org/10.1523/JNEUROSCI.1756-17.2018
https://doi.org/10.1089/neu.2010.1383
https://doi.org/10.1093/cercor/bhr096
https://doi.org/10.1038/nrn1625
https://doi.org/10.4103/1673-5374.274329
https://doi.org/10.1038/nn.4608
https://doi.org/10.1016/0006-8993(96)00156-4
https://doi.org/10.1097/00005072-199503000-00014
https://doi.org/10.1111/j.1750-3639.1998.tb00136.x
https://doi.org/10.1111/j.1750-3639.1998.tb00136.x
https://doi.org/10.2174/1567205013666160930110551
https://doi.org/10.2174/1567205013666160930110551
https://doi.org/10.1523/JNEUROSCI.07-02-00369.1987
https://doi.org/10.1523/JNEUROSCI.08-01-00185.1988
https://doi.org/10.1038/nn.2433
https://doi.org/10.1016/j.neuint.2007.03.001
https://doi.org/10.1016/j.neuint.2007.03.001
https://doi.org/10.1016/0006-8993(95)00450-5
https://doi.org/10.1074/jbc.M607483200
https://doi.org/10.1523/JNEUROSCI.3501-06.2007
https://doi.org/10.1007/s10072-013-1289-9
https://doi.org/10.1001/archneur.1982.00510230035010
https://doi.org/10.3389/neuro.05.028.2009
https://doi.org/10.1186/s13024-015-0061-4
https://doi.org/10.1111/j.1471-4159.2006.04330.x
https://doi.org/10.1523/JNEUROSCI.4486-04.2005
https://doi.org/10.1523/JNEUROSCI.19-12-05054.1999
https://doi.org/10.1016/0140-6736(93)90754-5
https://doi.org/10.1038/cdd.2010.21
https://doi.org/10.1038/sj.jcbfm.9600149
https://doi.org/10.1212/WNL.59.9_suppl_5.S3
https://doi.org/10.1016/S1474-4422(02)00073-X
https://doi.org/10.1006/nbdi.1996.0123
https://doi.org/10.1111/j.1535-7511.2007.00165.x


Martin and Leeman-Markowski� 10.3389/fneur.2023.1287545

Frontiers in Neurology 19 frontiersin.org

	58.	Johnson VE, Stewart JE, Begbie FD, Trojanowski JQ, Smith DH, Stewart W. 
Inflammation and white matter degeneration persist for years after a single traumatic 
brain injury. Brain. (2013) 136:28–42. doi: 10.1093/brain/aws322

	59.	Ravizza T, Vezzani A. Status epilepticus induces time-dependent neuronal and 
astrocytic expression of interleukin-1 receptor type I  in the rat limbic system. 
Neuroscience. (2006) 137:301–8. doi: 10.1016/j.neuroscience.2005.07.063

	60.	Sul JY, Orosz G, Givens RS, Haydon PG. Astrocytic connectivity in the 
hippocampus. Neuron Glia Biol. (2004) 1:3–11. doi: 10.1017/S1740925X04000031

	61.	Mizuno T, Doi Y, Mizoguchi H, Jin S, Noda M, Sonobe Y, et al. Interleukin-34 
selectively enhances the neuroprotective effects of microglia to attenuate oligomeric 
amyloid-beta neurotoxicity. Am J Pathol. (2011) 179:2016–27. doi: 10.1016/j.
ajpath.2011.06.011

	62.	Czapski GA, Strosznajder JB. Glutamate and GABA in microglia-neuron cross-talk 
in Alzheimer's disease. Int J Mol Sci. (2021) 22:1677. doi: 10.3390/ijms222111677

	63.	Green KN, Crapser JD, Hohsfield LA. To kill a microglia: a case for  
CSF1R inhibitors. Trends Immunol. (2020) 41:771–84. doi: 10.1016/j.it.2020. 
07.001

	64.	Lin JH, Walter P, Yen TS. Endoplasmic reticulum stress in disease pathogenesis. 
Annu Rev Pathol. (2008) 3:399–425. doi: 10.1146/annurev.pathmechdis.3.121806. 
151434

	65.	Lindner P, Christensen SB, Nissen P, Møller JV, Engedal N. Cell death induced by 
the ER stressor thapsigargin involves death receptor 5, a non-autophagic function of 
MAP1LC3B, and distinct contributions from unfolded protein response components. 
Cell Commun Signal. (2020) 18:12. doi: 10.1186/s12964-019-0499-z

	66.	Smith MI, Deshmukh M. Endoplasmic reticulum stress-induced apoptosis 
requires bax for commitment and Apaf-1 for execution in primary neurons. Cell Death 
Differ. (2007) 14:1011–9. doi: 10.1038/sj.cdd.4402089

	67.	Iurlaro R, Munoz-Pinedo C. Cell death induced by endoplasmic reticulum stress. 
FEBS J. (2016) 283:2640–52. doi: 10.1111/febs.13598

	68.	Walter F, O'Brien A, Concannon CG, Düssmann H, Prehn JHM. ER stress 
signaling has an activating transcription factor 6alpha (ATF6)-dependent "off-switch". 
J Biol Chem. (2018) 293:18270–84. doi: 10.1074/jbc.RA118.002121

	69.	Walter P, Ron D. The unfolded protein response: from stress pathway to 
homeostatic regulation. Science. (2011) 334:1081–6. doi: 10.1126/science.1209038

	70.	Livezey M, Huang R, Hergenrother PJ, Shapiro DJ. Strong and sustained activation 
of the anticipatory unfolded protein response induces necrotic cell death. Cell Death 
Differ. (2018) 25:1796–807. doi: 10.1038/s41418-018-0143-2

	71.	Logsdon AF, Turner RC, Lucke-Wold BP, Robson MJ, Naser ZJ, Smith KE, et al. 
Altering endoplasmic reticulum stress in a model of blast-induced traumatic brain 
injury controls cellular fate and ameliorates neuropsychiatric symptoms. Front Cell 
Neurosci. (2014) 8:421. doi: 10.3389/fncel.2014.00421

	72.	Rubovitch V, Shachar A, Werner H, Pick CG. Does IGF-1 administration after a 
mild traumatic brain injury in mice activate the adaptive arm of ER stress? Neurochem 
Int. (2011) 58:443–6. doi: 10.1016/j.neuint.2011.01.009

	73.	West MJ, Coleman PD, Flood DG, Troncoso JC. Differences in the pattern of 
hippocampal neuronal loss in normal ageing and Alzheimer's disease. Lancet. (1994) 
344:769–72. doi: 10.1016/S0140-6736(94)92338-8

	74.	Dam AM. Epilepsy and neuron loss in the Hippocampus. Epilepsia. (1980) 
21:617–29. doi: 10.1111/j.1528-1157.1980.tb04315.x

	75.	Ho Y-S, Yang X, Lau JCF, Hung CHL, Wuwongse S, Zhang Q, et al. Endoplasmic 
reticulum stress induces tau pathology and forms a vicious cycle: implication in 
Alzheimer's disease pathogenesis. J Alzheimers Dis. (2012) 28:839–54. doi: 10.3233/
JAD-2011-111037

	76.	Lucke-Wold BP, Logsdon AF, Turner RC, Huber JD, Rosen CL. Endoplasmic 
reticulum stress modulation as a target for ameliorating effects of blast induced 
traumatic brain injury. J Neurotrauma. (2017) 34:S-62–70. doi: 10.1089/neu.2016.4680

	77.	Hylin MJ, Holden RC, Smith AC, Logsdon AF, Qaiser R, Lucke-Wold BP. Juvenile 
traumatic brain injury results in cognitive deficits associated with impaired endoplasmic 
reticulum stress and early Tauopathy. Dev Neurosci. (2018) 40:175–88. doi: 
10.1159/000488343

	78.	Unterberger U, Höftberger R, Gelpi E, Flicker H, Budka H, Voigtländer T. 
Endoplasmic reticulum stress features are prominent in Alzheimer disease but not in 
prion diseases in vivo. J Neuropathol Exp Neurol. (2006) 65:348–57. doi: 10.1097/01.
jnen.0000218445.30535.6f

	79.	Meier S, Bell M, Lyons DN, Ingram A, Chen J, Gensel JC, et al. Identification of 
novel tau interactions with endoplasmic reticulum proteins in Alzheimer's disease brain. 
J Alzheimers Dis. (2015) 48:687–702. doi: 10.3233/JAD-150298

	80.	Liu DC, Eagleman DE, Tsai NP. Novel roles of ER stress in repressing neural 
activity and seizures through Mdm2-and p53-dependent protein translation. PLoS 
Genet. (2019) 15:e1008364. doi: 10.1371/journal.pgen.1008364

	81.	Madhamanchi K, Madhamanchi P, Jayalakshmi S, Panigrahi M, Patil A, Phanithi 
PB. Endoplasmic reticulum stress and unfolded protein accumulation correlate to 
seizure recurrence in focal cortical dysplasia patients. Cell Stress Chaperones. (2022) 
27:633–43. doi: 10.1007/s12192-022-01301-0

	82.	Hitomi J, Katayama T, Eguchi Y, Kudo T, Taniguchi M, Koyama Y, et al. 
Involvement of caspase-4 in endoplasmic reticulum stress-induced apoptosis and Abeta-
induced cell death. J Cell Biol. (2004) 165:347–56. doi: 10.1083/jcb.200310015

	83.	Ferreiro E, Resende R, Costa R, Oliveira CR, Pereira CMF. An endoplasmic-
reticulum-specific apoptotic pathway is involved in prion and amyloid-beta peptides 
neurotoxicity. Neurobiol Dis. (2006) 23:669–78. doi: 10.1016/j.nbd.2006.05.011

	84.	Salminen A, Kauppinen A, Suuronen T, Kaarniranta K, Ojala J. ER stress in 
Alzheimer's disease: a novel neuronal trigger for inflammation and Alzheimer's 
pathology. J Neuroinflammation. (2009) 6:41. doi: 10.1186/1742-2094-6-41

	85.	Kogel D, Schomburg R, Schürmann T, Reimertz C, König H-G, Poppe M, et al. 
The amyloid precursor protein protects PC12 cells against endoplasmic reticulum stress-
induced apoptosis. J Neurochem. (2003) 87:248–56. doi: 10.1046/j.1471-4159.2003.02000.x

	86.	Esposito L, Gan L, Yu GQ, Essrich C, Mucke L. Intracellularly generated amyloid-
beta peptide counteracts the antiapoptotic function of its precursor protein and primes 
proapoptotic pathways for activation by other insults in neuroblastoma cells. J 
Neurochem. (2004) 91:1260–74. doi: 10.1111/j.1471-4159.2004.02816.x

	87.	Fonseca AC, Ferreiro E, Oliveira CR, Cardoso SM, Pereira CF. Activation of the 
endoplasmic reticulum stress response by the amyloid-beta 1-40 peptide in brain endothelial 
cells. Biochim Biophys Acta. (2013) 1832:2191–203. doi: 10.1016/j.bbadis.2013.08.007

	88.	Casas-Tinto S, Zhang Y, Sanchez-Garcia J, Gomez-Velazquez M, Rincon-Limas 
DE, Fernandez-Funez P. The ER stress factor XBP1s prevents amyloid-beta neurotoxicity. 
Hum Mol Genet. (2011) 20:2144–60. doi: 10.1093/hmg/ddr100

	89.	Hoozemans JJ, Veerhuis R, Van Haastert ES, Rozemuller JM, Baas F, Eikelenboom 
P, et al. The unfolded protein response is activated in Alzheimer's disease. Acta 
Neuropathol. (2005) 110:165–72. doi: 10.1007/s00401-005-1038-0

	90.	Lace G, Savva GM, Forster G, de Silva R, Brayne C, Matthews FE, et al. MRC-
CFAS, Hippocampal tau pathology is related to neuroanatomical connections: an ageing 
population-based study. Brain. (2009) 132:1324–34. doi: 10.1093/brain/awp059

	91.	Shahim P, Tegner Y, Wilson DH, Randall J, Skillbäck T, Pazooki D, et al. Blood 
biomarkers for brain injury in concussed professional ice hockey players. JAMA Neurol. 
(2014) 71:684–92. doi: 10.1001/jamaneurol.2014.367

	92.	Zetterberg H, Smith DH, Blennow K. Biomarkers of mild traumatic brain injury in 
cerebrospinal fluid and blood. Nat Rev Neurol. (2013) 9:201–10. doi: 10.1038/nrneurol.2013.9

	93.	Delacourte A. Pathological tau proteins of Alzheimer's disease as a biochemical 
marker of neurofibrillary degeneration. Biomed Pharmacother. (1994) 48:287–95. doi: 
10.1016/0753-3322(94)90174-0

	94.	Tai XY, Koepp M, Duncan JS, Fox N, Thompson P, Baxendale S, et al. 
Hyperphosphorylated tau in patients with refractory epilepsy correlates with cognitive 
decline: a study of temporal lobe resections. Brain. (2016) 139:2441–55. doi: 10.1093/
brain/aww187

	95.	Monti G, Tondelli M, Giovannini G, Bedin R, Nichelli PF, Trenti T, et al. 
Cerebrospinal fluid tau proteins in status epilepticus. Epilepsy Behav. (2015) 49:150–4. 
doi: 10.1016/j.yebeh.2015.04.030

	96.	Shahim P, Rejdak R, Ksiazek P, Blennow K, Zetterberg H, Mattsson N, et al. 
Cerebrospinal fluid biomarkers of beta-amyloid metabolism and neuronal damage in 
epileptic seizures. Eur J Neurol. (2014) 21:486–91. doi: 10.1111/ene.12336

	97.	Matsui T, Maruyama M, Matsushita S, Arai H, Higuchi S, Maruyama K. A 
transient increase in cerebrospinal fluid tau level after epileptic seizure in an elderly 
patient. J Am Geriatr Soc. (2007) 55:2096–7. doi: 10.1111/j.1532-5415.2007.01440.x

	98.	Palmio J, Suhonen J, Keränen T, Hulkkonen J, Peltola J, Pirttilä T. Cerebrospinal 
fluid tau as a marker of neuronal damage after epileptic seizure. Seizure. (2009) 18:474–7. 
doi: 10.1016/j.seizure.2009.04.006

	99.	Hopp SC, Lin Y, Oakley D, Roe AD, DeVos SL, Hanlon D, et al. The role of 
microglia in processing and spreading of bioactive tau seeds in Alzheimer's disease. J 
Neuroinflammation. (2018) 15:269. doi: 10.1186/s12974-018-1309-z

	100.	Edwards G 3rd, Zhao J, Dash PK, Soto C, Moreno-Gonzalez I, et al. Traumatic 
brain injury induces tau aggregation and spreading. J Neurotrauma. (2020) 37:80–92. 
doi: 10.1089/neu.2018.6348

	101.	Thom M, Liu JYW, Thompson P, Phadke R, Narkiewicz M, Martinian L, et al. 
Neurofibrillary tangle pathology and Braak staging in chronic epilepsy in relation to 
traumatic brain injury and hippocampal sclerosis: a post-mortem study. Brain. (2011) 
134:2969–81. doi: 10.1093/brain/awr209

	102.	Kristensen AS, Jenkins MA, Banke TG, Schousboe A, Makino Y, Johnson RC, 
et al. Mechanism of Ca2+/calmodulin-dependent kinase II regulation of AMPA receptor 
gating. Nat Neurosci. (2011) 14:727–35. doi: 10.1038/nn.2804

	103.	Barria A, Muller D, Derkach V, Griffith LC, Soderling TR. Regulatory 
phosphorylation of AMPA-type glutamate receptors by CaM-KII during long-term 
potentiation. Science. (1997) 276:2042–5. doi: 10.1126/science.276.5321.2042

	104.	Lee HK, Barbarosie M, Kameyama K, Bear MF, Huganir RL. Regulation of 
distinct AMPA receptor phosphorylation sites during bidirectional synaptic plasticity. 
Nature. (2000) 405:955–9. doi: 10.1038/35016089

	105.	Mao LM, Jin D-Z, Xue B, Chu X-P, Wang JQ. Phosphorylation and regulation of 
glutamate receptors by CaMKII. Sheng Li Xue Bao. (2014) 66:365–72. doi: 10.13294/j.
aps.2014.0044

98

https://doi.org/10.3389/fneur.2023.1287545
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1093/brain/aws322
https://doi.org/10.1016/j.neuroscience.2005.07.063
https://doi.org/10.1017/S1740925X04000031
https://doi.org/10.1016/j.ajpath.2011.06.011
https://doi.org/10.1016/j.ajpath.2011.06.011
https://doi.org/10.3390/ijms222111677
https://doi.org/10.1016/j.it.2020.07.001
https://doi.org/10.1016/j.it.2020.07.001
https://doi.org/10.1146/annurev.pathmechdis.3.121806.151434
https://doi.org/10.1146/annurev.pathmechdis.3.121806.151434
https://doi.org/10.1186/s12964-019-0499-z
https://doi.org/10.1038/sj.cdd.4402089
https://doi.org/10.1111/febs.13598
https://doi.org/10.1074/jbc.RA118.002121
https://doi.org/10.1126/science.1209038
https://doi.org/10.1038/s41418-018-0143-2
https://doi.org/10.3389/fncel.2014.00421
https://doi.org/10.1016/j.neuint.2011.01.009
https://doi.org/10.1016/S0140-6736(94)92338-8
https://doi.org/10.1111/j.1528-1157.1980.tb04315.x
https://doi.org/10.3233/JAD-2011-111037
https://doi.org/10.3233/JAD-2011-111037
https://doi.org/10.1089/neu.2016.4680
https://doi.org/10.1159/000488343
https://doi.org/10.1097/01.jnen.0000218445.30535.6f
https://doi.org/10.1097/01.jnen.0000218445.30535.6f
https://doi.org/10.3233/JAD-150298
https://doi.org/10.1371/journal.pgen.1008364
https://doi.org/10.1007/s12192-022-01301-0
https://doi.org/10.1083/jcb.200310015
https://doi.org/10.1016/j.nbd.2006.05.011
https://doi.org/10.1186/1742-2094-6-41
https://doi.org/10.1046/j.1471-4159.2003.02000.x
https://doi.org/10.1111/j.1471-4159.2004.02816.x
https://doi.org/10.1016/j.bbadis.2013.08.007
https://doi.org/10.1093/hmg/ddr100
https://doi.org/10.1007/s00401-005-1038-0
https://doi.org/10.1093/brain/awp059
https://doi.org/10.1001/jamaneurol.2014.367
https://doi.org/10.1038/nrneurol.2013.9
https://doi.org/10.1016/0753-3322(94)90174-0
https://doi.org/10.1093/brain/aww187
https://doi.org/10.1093/brain/aww187
https://doi.org/10.1016/j.yebeh.2015.04.030
https://doi.org/10.1111/ene.12336
https://doi.org/10.1111/j.1532-5415.2007.01440.x
https://doi.org/10.1016/j.seizure.2009.04.006
https://doi.org/10.1186/s12974-018-1309-z
https://doi.org/10.1089/neu.2018.6348
https://doi.org/10.1093/brain/awr209
https://doi.org/10.1038/nn.2804
https://doi.org/10.1126/science.276.5321.2042
https://doi.org/10.1038/35016089
https://doi.org/10.13294/j.aps.2014.0044
https://doi.org/10.13294/j.aps.2014.0044


Martin and Leeman-Markowski� 10.3389/fneur.2023.1287545

Frontiers in Neurology 20 frontiersin.org

	106.	Suh HW, Lee HK, Seo YJ, Kwon MS, Shim EJ, Lee JY, et al. Kainic acid (KA)-
induced Ca2+/calmodulin-dependent protein kinase II (CaMK II) expression in the 
neurons, astrocytes and microglia of the mouse hippocampal CA3 region, and the 
phosphorylated CaMK II only in the hippocampal neurons. Neurosci Lett. (2005) 
381:223–7. doi: 10.1016/j.neulet.2005.01.089

	107.	Moynagh PN. The interleukin-1 signalling pathway in astrocytes: a key 
contributor to inflammation in the brain. J Anat. (2005) 207:265–9. doi: 
10.1111/j.1469-7580.2005.00445.x

	108.	Denes A, Lopez-Castejon G, Brough D. Caspase-1: is IL-1 just the tip of the 
ICEberg? Cell Death Dis. (2012) 3:e338. doi: 10.1038/cddis.2012.86

	109.	Ghayur T, Banerjee S, Hugunin M, Butler D, Herzog L, Carter A, et al. Caspase-1 
processes IFN-gamma-inducing factor and regulates LPS-induced IFN-gamma 
production. Nature. (1997) 386:619–23. doi: 10.1038/386619a0

	110.	Gu Y, Kuida K, Tsutsui H, Ku G, Hsiao K, Fleming MA, et al. Activation of 
interferon-gamma inducing factor mediated by interleukin-1beta converting enzyme. 
Science. (1997) 275:206–9. doi: 10.1126/science.275.5297.206

	111.	Hewett SJ, Jackman NA, Claycomb RJ. Interleukin-1beta in central nervous 
system injury and repair. Eur J Neurodegener Dis. (2012) 1:195–211.

	112.	Viviani B, Bartesaghi S, Gardoni F, Vezzani A, Behrens MM, Bartfai T, et al. 
Interleukin-1beta enhances NMDA receptor-mediated intracellular calcium increase 
through activation of the Src family of kinases. J Neurosci. (2003) 23:8692–700. doi: 
10.1523/JNEUROSCI.23-25-08692.2003

	113.	Peng Z, Huang CS, Stell BM, Mody I, Houser CR. Altered expression of the delta 
subunit of the GABAA receptor in a mouse model of temporal lobe epilepsy. J Neurosci. 
(2004) 24:8629–39. doi: 10.1523/JNEUROSCI.2877-04.2004

	114.	Gardoni F, Boraso M, Zianni E, Corsini E, Galli CL, Cattabeni F, et al. 
Distribution of interleukin-1 receptor complex at the synaptic membrane driven by 
interleukin-1beta and NMDA stimulation. J Neuroinflammation. (2011) 8:14. doi: 
10.1186/1742-2094-8-14

	115.	Mohamed NE, Zhao Y, Lee JH, Tan MG, Esiri MM, Wilcock GK, et al. 
Upregulation of AMPA receptor GluR2 (GluA2) subunits in subcortical ischemic 
vascular dementia is repressed in the presence of Alzheimer's disease. Neurochem Int. 
(2011) 58:820–5. doi: 10.1016/j.neuint.2011.03.010

	116.	Bell JD, Park E, Ai J, Baker AJ. PICK1-mediated GluR2 endocytosis contributes 
to cellular injury after neuronal trauma. Cell Death Differ. (2009) 16:1665–80. doi: 
10.1038/cdd.2009.106

	117.	Bingol B, Wang CF, Arnott D, Cheng D, Peng J, Sheng M. Autophosphorylated 
CaMKIIalpha acts as a scaffold to recruit proteasomes to dendritic spines. Cells. (2010) 
140:567–78. doi: 10.1016/j.cell.2010.01.024

	118.	Ashpole NM, Chawla AR, Martin MP, Brustovetsky T, Brustovetsky N, Hudmon 
A. Loss of calcium/calmodulin-dependent protein kinase II activity in cortical astrocytes 
decreases glutamate uptake and induces neurotoxic release of ATP. J Biol Chem. (2013) 
288:14599–611. doi: 10.1074/jbc.M113.466235

	119.	Kim HE, du F, Fang M, Wang X. Formation of apoptosome is initiated by 
cytochrome c-induced dATP hydrolysis and subsequent nucleotide exchange on Apaf-1. 
Proc Natl Acad Sci U S A. (2005) 102:17545–50. doi: 10.1073/pnas.0507900102

	120.	Zeiss CJ. The apoptosis-necrosis continuum: insights from genetically altered 
mice. Vet Pathol. (2003) 40:481–95. doi: 10.1354/vp.40-5-481

	121.	Zou H, Henzel WJ, Liu X, Lutschg A, Wang X. Apaf-1, a human protein 
homologous to C. elegans CED-4, participates in cytochrome c-dependent activation of 
caspase-3. Cells. (1997) 90:405–13. doi: 10.1016/S0092-8674(00)80501-2

	122.	Ghavami S, Hashemi M, Ande SR, Yeganeh B, Xiao W, Eshraghi M, et al. 
Apoptosis and cancer: mutations within caspase genes. J Med Genet. (2009) 46:497–510. 
doi: 10.1136/jmg.2009.066944

	123.	Salvesen GS. Caspases: opening the boxes and interpreting the arrows. Cell Death 
Differ. (2002) 9:3–5. doi: 10.1038/sj.cdd.4400963

	124.	Wang Y, Garg S, Mandelkow EM, Mandelkow E. Proteolytic processing of tau. 
Biochem Soc Trans. (2010) 38:955–61. doi: 10.1042/BST0380955

	125.	Guo H, Albrecht S, Bourdeau M, Petzke T, Bergeron C, LeBlanc AC. Active 
caspase-6 and caspase-6-cleaved tau in neuropil threads, neuritic plaques, and 
neurofibrillary tangles of Alzheimer's disease. Am J Pathol. (2004) 165:523–31. doi: 
10.1016/S0002-9440(10)63317-2

	126.	Cotman CW, Poon WW, Rissman RA, Blurton-Jones M. The role of caspase 
cleavage of tau in Alzheimer disease neuropathology. J Neuropathol Exp Neurol. (2005) 
64:104–12. doi: 10.1093/jnen/64.2.104

	127.	Horowitz PM, Patterson KR, Guillozet-Bongaarts AL, Reynolds MR, Carroll CA, 
Weintraub ST, et al. Early N-terminal changes and caspase-6 cleavage of tau in 
Alzheimer's disease. J Neurosci. (2004) 24:7895–902. doi: 10.1523/
JNEUROSCI.1988-04.2004

	128.	Rissman RA, Poon WW, Blurton-Jones M, Oddo S, Torp R, Vitek MP, et al. 
Caspase-cleavage of tau is an early event in Alzheimer disease tangle pathology. J Clin 
Invest. (2004) 114:121–30. doi: 10.1172/JCI200420640

	129.	Wang HH, Li HL, Liu R, Zhang Y, Liao K, Wang Q, et al. Tau overexpression 
inhibits cell apoptosis with the mechanisms involving multiple viability-related factors. 
J Alzheimers Dis. (2010) 21:167–79. doi: 10.3233/JAD-2010-091279

	130.	Qin H, Srinivasula SM, Wu G, Fernandes-Alnemri T, Alnemri ES, Shi Y. 
Structural basis of procaspase-9 recruitment by the apoptotic protease-activating factor 
1. Nature. (1999) 399:549–57. doi: 10.1038/21124

	131.	Leyns CEG, Holtzman DM. Glial contributions to neurodegeneration in 
tauopathies. Mol Neurodegener. (2017) 12:50. doi: 10.1186/s13024-017-0192-x

	132.	Pais TF, Figueiredo C, Peixoto R, Braz MH, Chatterjee S. Necrotic neurons 
enhance microglial neurotoxicity through induction of glutaminase by a MyD88-
dependent pathway. J Neuroinflammation. (2008) 5:43. doi: 10.1186/1742- 
2094-5-43

	133.	Gratuze M, Chen Y, Parhizkar S, Jain N, Strickland MR, Serrano JR, et al. 
Activated microglia mitigate Abeta-associated tau seeding and spreading. J Exp Med. 
(2021) 218:542. doi: 10.1084/jem.20210542

	134.	Asai H, Ikezu S, Tsunoda S, Medalla M, Luebke J, Haydar T, et al. Depletion of 
microglia and inhibition of exosome synthesis halt tau propagation. Nat Neurosci. (2015) 
18:1584–93. doi: 10.1038/nn.4132

	135.	Bolós M, Llorens-Martín M, Jurado-Arjona J, Hernández F, Rábano A, Avila J. 
Direct evidence of internalization of tau by microglia in vitro and in vivo. J Alzheimers 
Dis. (2015) 50:77–87. doi: 10.3233/JAD-150704

	136.	Luo W, Liu W, Hu X, Hanna M, Caravaca A, Paul SM. Microglial internalization 
and degradation of pathological tau is enhanced by an anti-tau monoclonal antibody. 
Sci Rep. (2015) 5:11161. doi: 10.1038/srep11161

	137.	Guo JL, Lee VM. Seeding of normal tau by pathological tau conformers drives 
pathogenesis of Alzheimer-like tangles. J Biol Chem. (2011) 286:15317–31. doi: 10.1074/
jbc.M110.209296

	138.	Frost B, Jacks RL, Diamond MI. Propagation of tau misfolding from the 
outside to the inside of a cell. J Biol Chem. (2009) 284:12845–52. doi: 10.1074/jbc.
M808759200

	139.	DeVos SL, Corjuc BT, Oakley DH, Nobuhara CK, Bannon RN, Chase A, et al. 
Synaptic tau seeding precedes tau pathology in human Alzheimer's disease brain. Front 
Neurosci. (2018) 12:267. doi: 10.3389/fnins.2018.00267

	140.	Furman JL, Vaquer-Alicea J, White CL III, Cairns NJ, Nelson PT, Diamond MI. 
Widespread tau seeding activity at early Braak stages. Acta Neuropathol. (2017) 
133:91–100. doi: 10.1007/s00401-016-1644-z

	141.	Kaufman SK, del Tredici K, Thomas TL, Braak H, Diamond MI. Tau seeding 
activity begins in the transentorhinal/entorhinal regions and anticipates phospho-tau 
pathology in Alzheimer's disease and PART. Acta Neuropathol. (2018) 136:57–67. doi: 
10.1007/s00401-018-1855-6

	142.	Ndountse LT, Chan HM. Role of N-methyl-D-aspartate receptors in 
polychlorinated biphenyl mediated neurotoxicity. Toxicol Lett. (2009) 184:50–5. doi: 
10.1016/j.toxlet.2008.10.013

	143.	Kuhlbrandt W. Structure and function of mitochondrial membrane protein 
complexes. BMC Biol. (2015) 13:89. doi: 10.1186/s12915-015-0201-x

	144.	Jung KH, Chu K, Lee ST, Park HK, Kim JH, Kang KM, et al. Augmentation of 
nitrite therapy in cerebral ischemia by NMDA receptor inhibition. Biochem Biophys Res 
Commun. (2009) 378:507–12. doi: 10.1016/j.bbrc.2008.11.081

	145.	Fan MM, Raymond LA. N-methyl-D-aspartate (NMDA) receptor function and 
excitotoxicity in Huntington's disease. Prog Neurobiol. (2007) 81:272–93. doi: 10.1016/j.
pneurobio.2006.11.003

	146.	Leist M, Single B, Castoldi AF, Kühnle S, Nicotera P. Intracellular adenosine 
triphosphate (ATP) concentration: a switch in the decision between apoptosis and 
necrosis. J Exp Med. (1997) 185:1481–6. doi: 10.1084/jem.185.8.1481

	147.	Li HL, Wang HH, Liu SJ, Deng YQ, Zhang YJ, Tian Q, et al. Phosphorylation of 
tau antagonizes apoptosis by stabilizing beta-catenin, a mechanism involved in 
Alzheimer's neurodegeneration. Proc Natl Acad Sci U S A. (2007) 104:3591–6. doi: 
10.1073/pnas.0609303104

	148.	Fujikawa DG, Ke X, Trinidad RB, Shinmei SS, Wu A. Caspase-3 is not activated 
in seizure-induced neuronal necrosis with internucleosomal DNA cleavage. J 
Neurochem. (2002) 83:229–40. doi: 10.1046/j.1471-4159.2002.01152.x

	149.	Morales-Ropero JM, Arroyo-Urea S, Neubrand VE, Martín-Oliva D, Marín-
Teva JL, Cuadros MA, et al. The endoplasmic reticulum ca(2+) -ATPase SERCA2b 
is upregulated in activated microglia and its inhibition causes opposite  
effects on migration and phagocytosis. Glia. (2021) 69:842–57. doi: 10.1002/
glia.23931

	150.	Ebneth A, Godemann R, Stamer K, Illenberger S, Trinczek B, Mandelkow EM, 
et al. Overexpression of tau protein inhibits kinesin-dependent trafficking of vesicles, 
mitochondria, and endoplasmic reticulum: implications for Alzheimer's disease. J Cell 
Biol. (1998) 143:777–94. doi: 10.1083/jcb.143.3.777

	151.	 Shi Y, Zhang W, Yang Y, Murzin AG, Falcon B, Kotecha A, et al. Structure-based 
classification of tauopathies. Nature. (2021) 598:359–63. doi: 10.1038/s41586-021-03911-7

	152.	Wang Y, Balaji V, Kaniyappan S, Krüger L, Irsen S, Tepper K, et al. The release 
and trans-synaptic transmission of tau via exosomes. Mol Neurodegener. (2017) 12:5. 
doi: 10.1186/s13024-016-0143-y

	153.	Saman S, Kim WH, Raya M, Visnick Y, Miro S, Saman S, et al. Exosome-
associated tau is secreted in tauopathy models and is selectively phosphorylated in 
cerebrospinal fluid in early Alzheimer disease. J Biol Chem. (2012) 287:3842–9. doi: 
10.1074/jbc.M111.277061

99

https://doi.org/10.3389/fneur.2023.1287545
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1016/j.neulet.2005.01.089
https://doi.org/10.1111/j.1469-7580.2005.00445.x
https://doi.org/10.1038/cddis.2012.86
https://doi.org/10.1038/386619a0
https://doi.org/10.1126/science.275.5297.206
https://doi.org/10.1523/JNEUROSCI.23-25-08692.2003
https://doi.org/10.1523/JNEUROSCI.2877-04.2004
https://doi.org/10.1186/1742-2094-8-14
https://doi.org/10.1016/j.neuint.2011.03.010
https://doi.org/10.1038/cdd.2009.106
https://doi.org/10.1016/j.cell.2010.01.024
https://doi.org/10.1074/jbc.M113.466235
https://doi.org/10.1073/pnas.0507900102
https://doi.org/10.1354/vp.40-5-481
https://doi.org/10.1016/S0092-8674(00)80501-2
https://doi.org/10.1136/jmg.2009.066944
https://doi.org/10.1038/sj.cdd.4400963
https://doi.org/10.1042/BST0380955
https://doi.org/10.1016/S0002-9440(10)63317-2
https://doi.org/10.1093/jnen/64.2.104
https://doi.org/10.1523/JNEUROSCI.1988-04.2004
https://doi.org/10.1523/JNEUROSCI.1988-04.2004
https://doi.org/10.1172/JCI200420640
https://doi.org/10.3233/JAD-2010-091279
https://doi.org/10.1038/21124
https://doi.org/10.1186/s13024-017-0192-x
https://doi.org/10.1186/1742-2094-5-43
https://doi.org/10.1186/1742-2094-5-43
https://doi.org/10.1084/jem.20210542
https://doi.org/10.1038/nn.4132
https://doi.org/10.3233/JAD-150704
https://doi.org/10.1038/srep11161
https://doi.org/10.1074/jbc.M110.209296
https://doi.org/10.1074/jbc.M110.209296
https://doi.org/10.1074/jbc.M808759200
https://doi.org/10.1074/jbc.M808759200
https://doi.org/10.3389/fnins.2018.00267
https://doi.org/10.1007/s00401-016-1644-z
https://doi.org/10.1007/s00401-018-1855-6
https://doi.org/10.1016/j.toxlet.2008.10.013
https://doi.org/10.1186/s12915-015-0201-x
https://doi.org/10.1016/j.bbrc.2008.11.081
https://doi.org/10.1016/j.pneurobio.2006.11.003
https://doi.org/10.1016/j.pneurobio.2006.11.003
https://doi.org/10.1084/jem.185.8.1481
https://doi.org/10.1073/pnas.0609303104
https://doi.org/10.1046/j.1471-4159.2002.01152.x
https://doi.org/10.1002/glia.23931
https://doi.org/10.1002/glia.23931
https://doi.org/10.1083/jcb.143.3.777
https://doi.org/10.1038/s41586-021-03911-7
https://doi.org/10.1186/s13024-016-0143-y
https://doi.org/10.1074/jbc.M111.277061


Martin and Leeman-Markowski� 10.3389/fneur.2023.1287545

Frontiers in Neurology 21 frontiersin.org

	154.	Busciglio J, Lorenzo A, Yeh J, Yankner BA. beta-amyloid fibrils induce tau 
phosphorylation and loss of microtubule binding. Neuron. (1995) 14:879–88. doi: 
10.1016/0896-6273(95)90232-5

	155.	Behl C, Davis JB, Klier FG, Schubert D. Amyloid beta peptide induces necrosis 
rather than apoptosis. Brain Res. (1994) 645:253–64. doi: 10.1016/0006-8993(94)91659-4

	156.	Garwood CJ, Pooler AM, Atherton J, Hanger DP, Noble W. Astrocytes are 
important mediators of Abeta-induced neurotoxicity and tau phosphorylation in 
primary culture. Cell Death Dis. (2011) 2:e167. doi: 10.1038/cddis.2011.50

	157.	Lee CY, Landreth GE. The role of microglia in amyloid clearance from the AD 
brain. J Neural Transm (Vienna). (2010) 117:949–60. doi: 10.1007/s00702-010-0433-4

	158.	Kang SS, Ebbert MTW, Baker KE, Cook C, Wang X, Sens JP, et al. Microglial 
translational profiling reveals a convergent APOE pathway from aging, amyloid, and tau. 
J Exp Med. (2018) 215:2235–45. doi: 10.1084/jem.20180653

	159.	Lian H, Litvinchuk A, Chiang ACA, Aithmitti N, Jankowsky JL, Zheng H. 
Astrocyte-microglia cross talk through complement activation modulates amyloid 
pathology in mouse models of Alzheimer's disease. J Neurosci. (2016) 36:577–89. doi: 
10.1523/JNEUROSCI.2117-15.2016

	160.	Lian H, Yang L, Cole A, Sun L, Chiang ACA, Fowler SW, et al. NFκB-activated 
astroglial release of complement C3 compromises neuronal morphology and function 
associated with Alzheimer's disease. Neuron. (2015) 85:101–15. doi: 10.1016/j.
neuron.2014.11.018

	161.	Litvinchuk A, Wan YW, Swartzlander DB, Chen F, Cole A, Propson NE, et al. 
Complement C3aR inactivation attenuates tau pathology and reverses an immune 
network deregulated in Tauopathy models and Alzheimer's disease. Neuron. (2018) 
100:1337–1353.e5. doi: 10.1016/j.neuron.2018.10.031

	162.	Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ, Schirmer L, 
et al. Neurotoxic reactive astrocytes are induced by activated microglia. Nature. (2017) 
541:481–7. doi: 10.1038/nature21029

	163.	Liu J, Chang L, Roselli F, Almeida OFX, Gao X, Wang X, et al. Amyloid-β induces 
caspase-dependent loss of PSD-95 and Synaptophysin through NMDA receptors. J 
Alzheimers Dis. (2010) 22:541–56. doi: 10.3233/JAD-2010-100948

	164.	Dore K, Carrico Z, Alfonso S, Marino M, Koymans K, Kessels HW, et al. PSD-95 
protects synapses from β-amyloid. Cell Rep. (2021) 35:109194. doi: 10.1016/j.
celrep.2021.109194

	165.	Ekinci FJ, Linsley MD, Shea TB. Beta-amyloid-induced calcium influx induces 
apoptosis in culture by oxidative stress rather than tau phosphorylation. Brain Res Mol 
Brain Res. (2000) 76:389–95. doi: 10.1016/S0169-328X(00)00025-5

	166.	Reddy PH. Amyloid beta, mitochondrial structural and functional dynamics in 
Alzheimer's disease. Exp Neurol. (2009) 218:286–92. doi: 10.1016/j.
expneurol.2009.03.042

	167.	White JA, Manelli AM, Holmberg KH, van Eldik LJ, LaDu MJ. Differential effects 
of oligomeric and fibrillar amyloid-beta 1-42 on astrocyte-mediated inflammation. 
Neurobiol Dis. (2005) 18:459–65. doi: 10.1016/j.nbd.2004.12.013

	168.	Wyss-Coray T, Loike JD, Brionne TC, Lu E, Anankov R, Yan F, et al. Adult mouse 
astrocytes degrade amyloid-beta in vitro and in situ. Nat Med. (2003) 9:453–7. doi: 
10.1038/nm838

	169.	Ajoolabady A, Lindholm D, Ren J, Pratico D. ER stress and UPR in Alzheimer’s 
disease: mechanisms, pathogenesis, treatments. Cell Death Dis. (2022) 13:706. doi: 
10.1038/s41419-022-05153-5

	170.	Jiwaji Z, Tiwari SS, Avilés-Reyes RX, Hooley M, Hampton D, Torvell M, et al. 
Reactive astrocytes acquire neuroprotective as well as deleterious signatures in 
response to tau and Aß pathology. Nat Commun. (2022) 13:135. doi: 10.1038/
s41467-021-27702-w

	171.	Gu Z, Liu W, Yan Z. beta-amyloid impairs AMPA receptor trafficking and 
function by reducing Ca2+/calmodulin-dependent protein kinase II synaptic 
distribution. J Biol Chem. (2009) 284:10639–49. doi: 10.1074/jbc.M806508200

	172.	Walsh DM, Selkoe DJ. A beta oligomers – a decade of discovery. J Neurochem. 
(2007) 101:1172–84. doi: 10.1111/j.1471-4159.2006.04426.x

	173.	Lin Y, Skeberdis VA, Francesconi A, Bennett MVL, Zukin RS. Postsynaptic 
density protein-95 regulates NMDA channel gating and surface expression. J Neurosci. 
(2004) 24:10138–48. doi: 10.1523/JNEUROSCI.3159-04.2004

	174.	Wang J, Dickson DW, Trojanowski JQ, Lee VMY. The levels of soluble versus 
insoluble brain Aβ distinguish Alzheimer's disease from Normal and pathologic aging. 
Exp Neurol. (1999) 158:328–37. doi: 10.1006/exnr.1999.7085

	175.	Bloom GS. Amyloid-β and tau: the trigger and bullet in Alzheimer disease 
pathogenesis. JAMA Neurol. (2014) 71:505–8. doi: 10.1001/jamaneurol.2013.5847

	176.	Arnsten AFT, Datta D, del Tredici K, Braak H. Hypothesis: tau pathology is an 
initiating factor in sporadic Alzheimer's disease. Alzheimers Dement. (2021) 17:115–24. 
doi: 10.1002/alz.12192

	177.	Gervais FG, Xu D, Robertson GS, Vaillancourt JP, Zhu Y, Huang JQ, et al. 
Involvement of caspases in proteolytic cleavage of Alzheimer's amyloid-beta precursor 
protein and amyloidogenic a beta peptide formation. Cells. (1999) 97:395–406. doi: 
10.1016/S0092-8674(00)80748-5

	178.	Heinrich PC, Castell JV, Andus T. Interleukin-6 and the acute phase response. 
Biochem J. (1990) 265:621–36. doi: 10.1042/bj2650621

	179.	Goldgaber D, Harris HW, Hla T, Maciag T, Donnelly RJ, Jacobsen JS, et al. 
Interleukin 1 regulates synthesis of amyloid beta-protein precursor mRNA in human 
endothelial cells. Proc Natl Acad Sci U S A. (1989) 86:7606–10. doi: 10.1073/
pnas.86.19.7606

	180.	Zhao J, O'Connor T, Vassar R. The contribution of activated astrocytes to Abeta 
production: implications for Alzheimer's disease pathogenesis. J Neuroinflammation. 
(2011) 8:150. doi: 10.1186/1742-2094-8-150

	181.	Oddo S, Caccamo A, Kitazawa M, Tseng BP, LaFerla FM, et al. Amyloid 
deposition precedes tangle formation in a triple transgenic model of Alzheimer's disease. 
Neurobiol Aging. (2003) 24:1063–70. doi: 10.1016/j.neurobiolaging.2003.08.012

	182.	Roberts GW, Gentleman SM, Lynch A, Murray L, Landon M, Graham DI. Beta 
amyloid protein deposition in the brain after severe head injury: implications for the 
pathogenesis of Alzheimer's disease. J Neurol Neurosurg Psychiatry. (1994) 57:419–25. 
doi: 10.1136/jnnp.57.4.419

	183.	Roberts GW, Gentleman SM, Lynch A, Graham DI. beta A4 amyloid protein 
deposition in brain after head trauma. Lancet. (1991) 338:1422–3. doi: 
10.1016/0140-6736(91)92724-G

	184.	 Mandrekar S, Jiang Q, Lee CYD, Koenigsknecht-Talboo J, Holtzman DM, Landreth 
GE. Microglia mediate the clearance of soluble Abeta through fluid phase macropinocytosis. 
J Neurosci. (2009) 29:4252–62. doi: 10.1523/JNEUROSCI.5572-08.2009

	185.	Skovronsky DM, Doms RW, Lee VMY. Detection of a novel Intraneuronal Pool 
of insoluble amyloid β protein that accumulates with time in culture. J Cell Biol. (1998) 
141:1031–9. doi: 10.1083/jcb.141.4.1031

	186.	Ries M, Sastre M. Mechanisms of Aβ clearance and degradation by glial cells. 
Front Aging Neurosci. (2016) 8:160. doi: 10.3389/fnagi.2016.00160

	187.	Tolar M, Hey J, Power A, Abushakra S. Neurotoxic soluble amyloid oligomers 
drive Alzheimer's pathogenesis and represent a clinically validated target for slowing 
disease progression. Int J Mol Sci. (2021) 22:6355. doi: 10.3390/ijms22126355

	188.	Haass C, Selkoe DJ. Soluble protein oligomers in neurodegeneration: lessons 
from the Alzheimer's amyloid β-peptide. Nat Rev Mol Cell Biol. (2007) 8:101–12. doi: 
10.1038/nrm2101

	189.	Söllvander S, Nikitidou E, Brolin R, Söderberg L, Sehlin D, Lannfelt L, et al. 
Accumulation of amyloid-β by astrocytes result in enlarged endosomes and 
microvesicle-induced apoptosis of neurons. Mol Neurodegener. (2016) 11:38. doi: 
10.1186/s13024-016-0098-z

	190.	Wang JZ, Grundke-Iqbal I, Iqbal K. Kinases and phosphatases and tau sites 
involved in Alzheimer neurofibrillary degeneration. Eur J Neurosci. (2007) 25:59–68. 
doi: 10.1111/j.1460-9568.2006.05226.x

	191.	Texido L, Martín-Satué M, Alberdi E, Solsona C, Matute C. Amyloid beta peptide 
oligomers directly activate NMDA receptors. Cell Calcium. (2011) 49:184–90. doi: 
10.1016/j.ceca.2011.02.001

	192.	Malinow R, Malenka RC. AMPA receptor trafficking and synaptic plasticity. 
Annu Rev Neurosci. (2002) 25:103–26. doi: 10.1146/annurev.neuro.25.112701.142758

	193.	Song I, Huganir RL. Regulation of AMPA receptors during synaptic plasticity. 
Trends Neurosci. (2002) 25:578–88. doi: 10.1016/S0166-2236(02)02270-1

	194.	Zhang Y, Guo O, Huo Y, Wang G, Man HY. Amyloid-β induces AMPA receptor 
ubiquitination and degradation in primary neurons and human brains of Alzheimer's 
disease. J Alzheimers Dis. (2018) 62:1789–801. doi: 10.3233/JAD-170879

	195.	Marin N, Romero B, Bosch-Morell F, Llansola M, Felipo V, Romá J, et al. Beta-
amyloid-induced activation of caspase-3 in primary cultures of rat neurons. Mech Ageing 
Dev. (2000) 119:63–7. doi: 10.1016/S0047-6374(00)00172-X

	196.	Han XJ, Hu YY, Yang ZJ, Jiang LP, Shi SL, Li YR, et al. Amyloid beta-42 induces 
neuronal apoptosis by targeting mitochondria. Mol Med Rep. (2017) 16:4521–8. doi: 
10.3892/mmr.2017.7203

	197.	Garrido C, Galluzzi L, Brunet M, Puig PE, Didelot C, Kroemer G. Mechanisms 
of cytochrome c release from mitochondria. Cell Death Differ. (2006) 13:1423–33. doi: 
10.1038/sj.cdd.4401950

	198.	Mondragon-Rodriguez S, Trillaud-Doppia E, Dudilot A, Bourgeois C, Lauzon 
M, Leclerc N, et al. Interaction of endogenous tau protein with synaptic proteins is 
regulated by N-methyl-D-aspartate receptor-dependent tau phosphorylation. J Biol 
Chem. (2012) 287:32040–53. doi: 10.1074/jbc.M112.401240

	199.	Neselius S, Brisby H, Theodorsson A, Blennow K, Zetterberg H, Marcusson J. 
CSF-biomarkers in Olympic boxing: diagnosis and effects of repetitive head trauma. 
PLoS One. (2012) 7:e33606. doi: 10.1371/journal.pone.0033606

	200.	Rubenstein R, Chang B, Davies P, Wagner AK, Robertson CS, Wang KKW. A 
novel, ultrasensitive assay for tau: potential for assessing traumatic brain injury in 
tissues and biofluids. J Neurotrauma. (2015) 32:342–52. doi: 10.1089/neu. 
2014.3548

	201.	Rubenstein R, Chang B, Yue JK, Chiu A, Winkler EA, Puccio AM, et al. 
Comparing plasma Phospho tau, Total tau, and Phospho tau-Total tau ratio as acute and 
chronic traumatic brain injury biomarkers. JAMA Neurol. (2017) 74:1063–72. doi: 
10.1001/jamaneurol.2017.0655

	202.	Kenney K, Qu BX, Lai C, Devoto C, Motamedi V, Walker WC, et al. Higher 
exosomal phosphorylated tau and total tau among veterans with combat-related 
repetitive chronic mild traumatic brain injury. Brain Inj. (2018) 32:1276–84. doi: 
10.1080/02699052.2018.1483530

100

https://doi.org/10.3389/fneur.2023.1287545
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1016/0896-6273(95)90232-5
https://doi.org/10.1016/0006-8993(94)91659-4
https://doi.org/10.1038/cddis.2011.50
https://doi.org/10.1007/s00702-010-0433-4
https://doi.org/10.1084/jem.20180653
https://doi.org/10.1523/JNEUROSCI.2117-15.2016
https://doi.org/10.1016/j.neuron.2014.11.018
https://doi.org/10.1016/j.neuron.2014.11.018
https://doi.org/10.1016/j.neuron.2018.10.031
https://doi.org/10.1038/nature21029
https://doi.org/10.3233/JAD-2010-100948
https://doi.org/10.1016/j.celrep.2021.109194
https://doi.org/10.1016/j.celrep.2021.109194
https://doi.org/10.1016/S0169-328X(00)00025-5
https://doi.org/10.1016/j.expneurol.2009.03.042
https://doi.org/10.1016/j.expneurol.2009.03.042
https://doi.org/10.1016/j.nbd.2004.12.013
https://doi.org/10.1038/nm838
https://doi.org/10.1038/s41419-022-05153-5
https://doi.org/10.1038/s41467-021-27702-w
https://doi.org/10.1038/s41467-021-27702-w
https://doi.org/10.1074/jbc.M806508200
https://doi.org/10.1111/j.1471-4159.2006.04426.x
https://doi.org/10.1523/JNEUROSCI.3159-04.2004
https://doi.org/10.1006/exnr.1999.7085
https://doi.org/10.1001/jamaneurol.2013.5847
https://doi.org/10.1002/alz.12192
https://doi.org/10.1016/S0092-8674(00)80748-5
https://doi.org/10.1042/bj2650621
https://doi.org/10.1073/pnas.86.19.7606
https://doi.org/10.1073/pnas.86.19.7606
https://doi.org/10.1186/1742-2094-8-150
https://doi.org/10.1016/j.neurobiolaging.2003.08.012
https://doi.org/10.1136/jnnp.57.4.419
https://doi.org/10.1016/0140-6736(91)92724-G
https://doi.org/10.1523/JNEUROSCI.5572-08.2009
https://doi.org/10.1083/jcb.141.4.1031
https://doi.org/10.3389/fnagi.2016.00160
https://doi.org/10.3390/ijms22126355
https://doi.org/10.1038/nrm2101
https://doi.org/10.1186/s13024-016-0098-z
https://doi.org/10.1111/j.1460-9568.2006.05226.x
https://doi.org/10.1016/j.ceca.2011.02.001
https://doi.org/10.1146/annurev.neuro.25.112701.142758
https://doi.org/10.1016/S0166-2236(02)02270-1
https://doi.org/10.3233/JAD-170879
https://doi.org/10.1016/S0047-6374(00)00172-X
https://doi.org/10.3892/mmr.2017.7203
https://doi.org/10.1038/sj.cdd.4401950
https://doi.org/10.1074/jbc.M112.401240
https://doi.org/10.1371/journal.pone.0033606
https://doi.org/10.1089/neu.2014.3548
https://doi.org/10.1089/neu.2014.3548
https://doi.org/10.1001/jamaneurol.2017.0655
https://doi.org/10.1080/02699052.2018.1483530


Martin and Leeman-Markowski� 10.3389/fneur.2023.1287545

Frontiers in Neurology 22 frontiersin.org

	203.	Stern RA, Tripodis Y, Baugh CM, Fritts NG, Martin BM, Chaisson C, et al. 
Preliminary study of plasma Exosomal tau as a potential biomarker for chronic 
traumatic encephalopathy. J Alzheimers Dis. (2016) 51:1099–109. doi: 10.3233/
JAD-151028

	204.	Zemlan FP, Rosenberg WS, Luebbe PA, Campbell TA, Dean GE, Weiner NE, et al. 
Quantification of axonal damage in traumatic brain injury: affinity purification and 
characterization of cerebrospinal fluid tau proteins. J Neurochem. (1999) 72:741–50. doi: 
10.1046/j.1471-4159.1999.0720741.x

	205.	Ost M, Nylen K, Csajbok L, Ohrfelt AO, Tullberg M, Wikkelso C, et al. Initial CSF 
total tau correlates with 1-year outcome in patients with traumatic brain injury. 
Neurology. (2006) 67:1600–4. doi: 10.1212/01.wnl.0000242732.06714.0f

	206.	 Tang Y, Liu HL, Min LX, Yuan HS, Guo L, Han PB, et al. Serum and cerebrospinal 
fluid tau protein level as biomarkers for evaluating acute spinal cord injury severity and motor 
function outcome. Neural Regen Res. (2019) 14:896–902. doi: 10.4103/1673-5374.249238

	207.	Kitazawa M, Oddo S, Yamasaki TR, Green KN, LaFerla FM. Lipopolysaccharide-
induced inflammation exacerbates tau pathology by a cyclin-dependent kinase 
5-mediated pathway in a transgenic model of Alzheimer's disease. J Neurosci. (2005) 
25:8843–53. doi: 10.1523/JNEUROSCI.2868-05.2005

	208.	Iqbal K, Liu F, Gong CX, Grundke-Iqbal I. Tau in Alzheimer disease and related 
tauopathies. Curr Alzheimer Res. (2010) 7:656–64. doi: 10.2174/156720510793611592

	209.	Götz J, Chen F, Barmettler R, Nitsch RM. Tau filament formation in transgenic 
mice expressing P301L tau *. J Biol Chem. (2001) 276:529–34. doi: 10.1074/jbc.
M006531200

	210.	Poorkaj P, Bird TD, Wijsman E, Nemens E, Garruto RM, Anderson L, et al. Tau 
is a candidate gene for chromosome 17 frontotemporal dementia. Ann Neurol. (1998) 
43:815–25. doi: 10.1002/ana.410430617

	211.	Hutton M, Lendon CL, Rizzu P, Baker M, Froelich S, Houlden H, et al. 
Association of missense and 5′-splice-site mutations in tau with the inherited dementia 
FTDP-17. Nature. (1998) 393:702–5. doi: 10.1038/31508

	212.	Wesseling H, Mair W, Kumar M, Schlaffner CN, Tang S, Beerepoot P, et al. Tau 
PTM profiles identify patient heterogeneity and stages of Alzheimer’s disease. Cells. 
(2020) 183:1699–1713.e13. doi: 10.1016/j.cell.2020.10.029

	213.	Baker M, Mackenzie IR, Pickering-Brown SM, Gass J, Rademakers R, Lindholm 
C, et al. Mutations in progranulin cause tau-negative frontotemporal dementia linked 
to chromosome 17. Nature. (2006) 442:916–9. doi: 10.1038/nature05016

	214.	Cruts M, Gijselinck I, van der Zee J, Engelborghs S, Wils H, Pirici D, et al. Null 
mutations in progranulin cause ubiquitin-positive frontotemporal dementia linked to 
chromosome 17q21. Nature. (2006) 442:920–4. doi: 10.1038/nature05017

	215.	Augustinack JC, Schneider A, Mandelkow EM, Hyman BT. Specific tau 
phosphorylation sites correlate with severity of neuronal cytopathology in Alzheimer's 
disease. Acta Neuropathol. (2002) 103:26–35. doi: 10.1007/s004010100423

	216.	Lewis J, Dickson DW, Lin WL, Chisholm L, Corral A, Jones G, et al. Enhanced 
neurofibrillary degeneration in transgenic mice expressing mutant tau and APP. Science. 
(2001) 293:1487–91. doi: 10.1126/science.1058189

	217.	Braak H, Braak E. Staging of alzheimer's disease-related neurofibrillary changes. 
Neurobiol Aging. (1995) 16:271–8. doi: 10.1016/0197-4580(95)00021-6

	218.	Buchanan H, Mackay M, Palmer K, Tothová K, Katsur M, Platt B, et al. Synaptic 
loss, ER stress and neuro-inflammation emerge late in the lateral temporal cortex and 
associate with progressive tau pathology in Alzheimer's disease. Mol Neurobiol. (2020) 
57:3258–72. doi: 10.1007/s12035-020-01950-1

	219.	 Visser PJ, Reus LM, Gobom J, Jansen I, Dicks E, van der Lee SJ, et al. Cerebrospinal 
fluid tau levels are associated with abnormal neuronal plasticity markers in Alzheimer’s 
disease. Mol Neurodegener. (2022) 17:27. doi: 10.1186/s13024-022-00521-3

	220.	Clark CM, Xie S, Chittams J, Ewbank D, Peskind E, Galasko D, et al. 
Cerebrospinal fluid tau and β-amyloid: how well do these biomarkers reflect autopsy-
confirmed dementia diagnoses? Arch Neurol. (2003) 60:1696–702. doi: 10.1001/
archneur.60.12.1696

	221.	Ashton NJ, Benedet AL, Pascoal TA, Karikari TK, Lantero-Rodriguez J, Brum 
WS, et al. Cerebrospinal fluid p-tau231 as an early indicator of emerging pathology in 
Alzheimer's disease. EBioMedicine. (2022) 76:103836. doi: 10.1016/j.ebiom.2022. 
103836

	222.	Andreasen N, Vanmechelen E, van de Voorde A, Davidsson P, Hesse C, Tarvonen 
S, et al. Cerebrospinal fluid tau protein as a biochemical marker for Alzheimer's disease: 
a community based follow up study. J Neurol Neurosurg Psychiatry. (1998) 64:298–305. 
doi: 10.1136/jnnp.64.3.298

	223.	Sunderland T, Linker G, Mirza N, Putnam KT, Friedman DL, Kimmel LH, 
et al. Decreased β-Amyloid1-42 and increased tau levels in cerebrospinal fluid of 
patients with Alzheimer disease. JAMA. (2003) 289:2094–103. doi: 10.1001/
jama.289.16.2094

	224.	Galasko D, Chang L, Motter R, Clark CM, Kaye J, Knopman D, et al. High 
cerebrospinal fluid tau and low amyloid β42 levels in the clinical diagnosis of Alzheimer 
disease and relation to apolipoprotein E genotype. Arch Neurol. (1998) 55:937–45. doi: 
10.1001/archneur.55.7.937

	225.	Mehta PD, Pirttilä T, Mehta SP, Sersen EA, Aisen PS, Wisniewski HM. Plasma 
and cerebrospinal fluid levels of amyloid β proteins 1-40 and 1-42 in Alzheimer disease. 
Arch Neurol. (2000) 57:100–5. doi: 10.1001/archneur.57.1.100

	226.	Motter R, Vigo-Pelfrey C, Kholodenko D, Barbour R, Johnson-Wood K, Galasko 
D, et al. Reduction of β-amyloid peptide42 in the cerebrospinal fluid of patients with 
Alzheimer's disease. Ann Neurol. (1995) 38:643–8. doi: 10.1002/ana.410380413

	227.	Zetterberg H, Wilson D, Andreasson U, Minthon L, Blennow K, Randall J, et al. 
Plasma tau levels in Alzheimer's disease. Alzheimers Res Ther. (2013) 5:9. doi: 10.1186/
alzrt163

	228.	Sanchez MP, García-Cabrero AM, Sánchez-Elexpuru G, Burgos DF, Serratosa JM, 
et al. Tau-induced pathology in epilepsy and dementia: notions from patients and animal 
models. Int J Mol Sci. (2018) 19:1092. doi: 10.3390/ijms19041092

	229.	Costa C, Romoli M, Liguori C, Farotti L, Eusebi P, Bedetti C, et al. Alzheimer's 
disease and late-onset epilepsy of unknown origin: two faces of beta amyloid pathology. 
Neurobiol Aging. (2019) 73:61–7. doi: 10.1016/j.neurobiolaging.2018.09.006

	230.	Mo L, Ding X, Tan C, Liu X, Wei X, Wang H, et al. Association of cerebrospinal 
fluid zinc-alpha2-glycoprotein and tau protein with temporal lobe epilepsy and related 
white matter impairment. Neuroreport. (2019) 30:586–91. doi: 10.1097/
WNR.0000000000001252

	231.	Nass RD, Akgün K, Elger C, Reichmann H, Wagner M, Surges R, et al. Serum 
biomarkers of cerebral cellular stress after self-limiting tonic clonic seizures: an 
exploratory study. Seizure. (2021) 85:1–5. doi: 10.1016/j.seizure.2020.12.009

	232.	Lozano D, Gonzales-Portillo GS, Acosta S, de la Pena I, Tajiri N, Kaneko Y, et al. 
Neuroinflammatory responses to traumatic brain injury: etiology, clinical consequences, 
and therapeutic opportunities. Neuropsychiatr Dis Treat. (2015) 11:97–106. doi: 10.2147/
NDT.S65815

	233.	Kovesdi E, Kamnaksh A, Wingo D, Ahmed F, Grunberg NE, Long JB, et al. Acute 
minocycline treatment mitigates the symptoms of mild blast-induced traumatic brain 
injury. Front Neurol. (2012) 3:111. doi: 10.3389/fneur.2012.00111

	234.	Homsi S, Federico F, Croci N, Palmier B, Plotkine M, Marchand-Leroux C, et al. 
Minocycline effects on cerebral edema: relations with inflammatory and oxidative stress 
markers following traumatic brain injury in mice. Brain Res. (2009) 1291:122–32. doi: 
10.1016/j.brainres.2009.07.031

	235.	Lee ST, Chu K, Jung KH, Kim SJ, Kim DH, Kang KM, et al. Anti-inflammatory 
mechanism of intravascular neural stem cell transplantation in haemorrhagic stroke. 
Brain. (2008) 131:616–29. doi: 10.1093/brain/awm306

	236.	Aggarwal S, Pittenger MF. Human mesenchymal stem cells modulate allogeneic 
immune cell responses. Blood. (2005) 105:1815–22. doi: 10.1182/blood-2004-04-1559

	237.	Chen X, Katakowski M, Li Y, Lu D, Wang L, Zhang L, et al. Human bone marrow 
stromal cell cultures conditioned by traumatic brain tissue extracts: growth factor 
production. J Neurosci Res. (2002) 69:687–91. doi: 10.1002/jnr.10334

	238.	Ma HM, Zafonte RD. Amantadine and memantine: a comprehensive review for 
acquired brain injury. Brain Inj. (2020) 34:299–315. doi: 10.1080/02699052.2020.1723697

	239.	Wang KK, Larner SF, Robinson G, Hayes RL. Neuroprotection targets after 
traumatic brain injury. Curr Opin Neurol. (2006) 19:514–9. doi: 10.1097/
WCO.0b013e3280102b10

	240.	Sveinbjornsdottir S, Sander JWAS, Upton D, Thompson PJ, Patsalos PN, Hirt D, 
et al. The excitatory amino acid antagonist D-CPP-ene (SDZ EAA-494) in patients with 
epilepsy. Epilepsy Res. (1993) 16:165–74. doi: 10.1016/0920-1211(93)90031-2

	241.	Yurkewicz L, Weaver J, Bullock MR, Marshall LF. The effect of the selective 
NMDA receptor antagonist traxoprodil in the treatment of traumatic brain injury. J 
Neurotrauma. (2005) 22:1428–43. doi: 10.1089/neu.2005.22.1428

	242.	Minabe Y, Emori K, Shibata R, Kurachi M. Antiepileptic effects of MK-801, a 
noncompetitive NMDA-receptor antagonist, in the low-frequency kindling model of 
epilepsy. Jpn J Psychiatry Neurol. (1992) 46:755–61.

	243.	Alkhachroum A, der-Nigoghossian CA, Mathews E, Massad N, Letchinger R, 
Doyle K, et al. Ketamine to treat super-refractory status epilepticus. Neurology. (2020) 
95:e2286–94. doi: 10.1212/WNL.0000000000010611

	244.	Rogawski MA. Therapeutic potential of excitatory amino acid antagonists: 
channel blockers and 2,3-benzodiazepines. Trends Pharmacol Sci. (1993) 14:325–31. doi: 
10.1016/0165-6147(93)90005-5

	245.	Goodkin HP, Yeh JL, Kapur J. Status epilepticus increases the intracellular 
accumulation of GABAA receptors. J Neurosci. (2005) 25:5511–20. doi: 10.1523/
JNEUROSCI.0900-05.2005

	246.	Naylor DE, Liu H, Niquet J, Wasterlain CG. Rapid surface accumulation of 
NMDA receptors increases glutamatergic excitation during status epilepticus. Neurobiol 
Dis. (2013) 54:225–38. doi: 10.1016/j.nbd.2012.12.015

	247.	Mei Z, Qiu J, Alcon S, Hashim J, Rotenberg A, Sun Y, et al. Memantine improves 
outcomes after repetitive traumatic brain injury. Behav Brain Res. (2018) 340:195–204. 
doi: 10.1016/j.bbr.2017.04.017

	248.	Oustad M, Najafi M, Mehvari J, Rastgoo A, Mortazavi Z, Rahiminejad M. Effect 
of donepezil and memantine on improvement of cognitive function in patients with 
temporal lobe epilepsy. J Res Med Sci. (2020) 25:29. doi: 10.4103/jrms.JRMS_209_19

	249.	Marimuthu P, Varadarajan S, Krishnan M, Shanmugam S, Kunjuraman G, 
Ravinder JR, et al. Evaluating the efficacy of memantine on improving cognitive 
functions in epileptic patients receiving anti-epileptic drugs: a double-blind placebo-
controlled clinical trial (phase IIIb pilot study). Ann Indian Acad Neurol. (2016) 
19:344–50. doi: 10.4103/0972-2327.179971

101

https://doi.org/10.3389/fneur.2023.1287545
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.3233/JAD-151028
https://doi.org/10.3233/JAD-151028
https://doi.org/10.1046/j.1471-4159.1999.0720741.x
https://doi.org/10.1212/01.wnl.0000242732.06714.0f
https://doi.org/10.4103/1673-5374.249238
https://doi.org/10.1523/JNEUROSCI.2868-05.2005
https://doi.org/10.2174/156720510793611592
https://doi.org/10.1074/jbc.M006531200
https://doi.org/10.1074/jbc.M006531200
https://doi.org/10.1002/ana.410430617
https://doi.org/10.1038/31508
https://doi.org/10.1016/j.cell.2020.10.029
https://doi.org/10.1038/nature05016
https://doi.org/10.1038/nature05017
https://doi.org/10.1007/s004010100423
https://doi.org/10.1126/science.1058189
https://doi.org/10.1016/0197-4580(95)00021-6
https://doi.org/10.1007/s12035-020-01950-1
https://doi.org/10.1186/s13024-022-00521-3
https://doi.org/10.1001/archneur.60.12.1696
https://doi.org/10.1001/archneur.60.12.1696
https://doi.org/10.1016/j.ebiom.2022.103836
https://doi.org/10.1016/j.ebiom.2022.103836
https://doi.org/10.1136/jnnp.64.3.298
https://doi.org/10.1001/jama.289.16.2094
https://doi.org/10.1001/jama.289.16.2094
https://doi.org/10.1001/archneur.55.7.937
https://doi.org/10.1001/archneur.57.1.100
https://doi.org/10.1002/ana.410380413
https://doi.org/10.1186/alzrt163
https://doi.org/10.1186/alzrt163
https://doi.org/10.3390/ijms19041092
https://doi.org/10.1016/j.neurobiolaging.2018.09.006
https://doi.org/10.1097/WNR.0000000000001252
https://doi.org/10.1097/WNR.0000000000001252
https://doi.org/10.1016/j.seizure.2020.12.009
https://doi.org/10.2147/NDT.S65815
https://doi.org/10.2147/NDT.S65815
https://doi.org/10.3389/fneur.2012.00111
https://doi.org/10.1016/j.brainres.2009.07.031
https://doi.org/10.1093/brain/awm306
https://doi.org/10.1182/blood-2004-04-1559
https://doi.org/10.1002/jnr.10334
https://doi.org/10.1080/02699052.2020.1723697
https://doi.org/10.1097/WCO.0b013e3280102b10
https://doi.org/10.1097/WCO.0b013e3280102b10
https://doi.org/10.1016/0920-1211(93)90031-2
https://doi.org/10.1089/neu.2005.22.1428
https://doi.org/10.1212/WNL.0000000000010611
https://doi.org/10.1016/0165-6147(93)90005-5
https://doi.org/10.1523/JNEUROSCI.0900-05.2005
https://doi.org/10.1523/JNEUROSCI.0900-05.2005
https://doi.org/10.1016/j.nbd.2012.12.015
https://doi.org/10.1016/j.bbr.2017.04.017
https://doi.org/10.4103/jrms.JRMS_209_19
https://doi.org/10.4103/0972-2327.179971


Martin and Leeman-Markowski� 10.3389/fneur.2023.1287545

Frontiers in Neurology 23 frontiersin.org

	250.	Leeman-Markowski BA, Meador KJ, Moo LR, Cole AJ, Hoch DB, Garcia E, et al. 
Does memantine improve memory in subjects with focal-onset epilepsy and memory 
dysfunction? A randomized, double-blind, placebo-controlled trial. Epilepsy Behav. 
(2018) 88:315–24. doi: 10.1016/j.yebeh.2018.06.047

	251.	Bialer M, Johannessen SI, Levy RH, Perucca E, Tomson T, White HS. Progress 
report on new antiepileptic drugs: a summary of the tenth EILAT conference (EILAT 
X). Epilepsy Res. (2010) 92:89–124. doi: 10.1016/j.eplepsyres.2010.09.001

	252.	Graebenitz S, Kedo O, Speckmann EJ, Gorji A, Panneck H, Hans V, et al. 
Interictal-like network activity and receptor expression in the epileptic human lateral 
amygdala. Brain. (2011) 134:2929–47. doi: 10.1093/brain/awr202

	253.	Chappell AS, Sander JW, Brodie MJ, Chadwick D, Lledo A, Zhang D, et al. A 
crossover, add-on trial of talampanel in patients with refractory partial seizures. 
Neurology. (2002) 58:1680–2. doi: 10.1212/WNL.58.11.1680

	254.	Steinhoff BJ, Ben-Menachem E, Ryvlin P, Shorvon S, Kramer L, Satlin A, et al. 
Efficacy and safety of adjunctive perampanel for the treatment of refractory partial 
seizures: a pooled analysis of three phase III studies. Epilepsia. (2013) 54:1481–9. doi: 
10.1111/epi.12212

	255.	Witt JA, Helmstaedter C. The impact of perampanel on cognition: a systematic 
review of studies employing standardized tests in patients with epilepsy. Seizure. (2022) 
94:107–11. doi: 10.1016/j.seizure.2021.12.001

	256.	Chen T, Liu WB, Qian X, Xie KL, Wang YH. The AMPAR antagonist perampanel 
protects the neurovascular unit against traumatic injury via regulating Sirt3. CNS 
Neurosci Ther. (2021) 27:134–44. doi: 10.1111/cns.13580

	257.	Chen T, Dai SH, Jiang ZQ, Luo P, Jiang XF, Fei Z, et al. The AMPAR antagonist 
Perampanel attenuates traumatic brain injury through anti-oxidative and anti-inflammatory 
activity. Cell Mol Neurobiol. (2017) 37:43–52. doi: 10.1007/s10571-016-0341-8

	258.	Kumamoto A, Chiba Y, Suda A, Hishimoto A, Kase A. A severe dementia case in 
end of life care with psychiatric symptoms treated by Perampanel. J Epilepsy Res. (2021) 
11:93–5. doi: 10.14581/jer.21012

	259.	Chen YS, Chen TS, Huang CW. Dementia with non-convulsive seizures: a case 
report. J Int Med Res. (2021) 49:3000605211062453. doi: 10.1177/03000605211062453

	260.	Ueda S, Kuzuya A, Kawata M, Okawa K, Honjo C, Wada T, et al. Acute inhibition 
of AMPA receptors by perampanel reduces amyloid β-protein levels by suppressing 
β-cleavage of APP in Alzheimer's disease models. FASEB J. (2023) 37:e23252. doi: 
10.1096/fj.202300837R

	261.	Attwell PJE, Singh Kent N, Jane DE, Croucher MJ, Bradford HF. Anticonvulsant 
and glutamate release-inhibiting properties of the highly potent metabotropic glutamate 
receptor agonist (2S,2′R,3′R)-2-(2′,3′-dicarboxycyclopropyl)glycine (DCG-IV). Brain 
Res. (1998) 805:138–43. doi: 10.1016/S0006-8993(98)00698-2

	262.	Kłodzińska A, Bijak M, Chojnacka-Wójcik E, Kroczka B, Świąder M, Czuczwar 
SJ, et al. Roles of group II metabotropic glutamate receptors in modulation of seizure 
activity. Naunyn Schmiedeberg's Arch Pharmacol. (2000) 361:283–8. doi: 10.1007/
s002109900197

	263.	Miyamoto M, Ishida M, Shinozaki H. Anticonvulsive and neuroprotective 
actions of a potent agonist (DCG-IV) for group II metabotropic glutamate receptors 
against intraventricular kainate in the rat. Neuroscience. (1997) 77:131–40. doi: 10.1016/
S0306-4522(96)00442-3

	264.	Tang FR, Lee WL, Yang J, Sim MK, Ling EA. Expression of metabotropic 
glutamate receptor 1alpha in the hippocampus of rat pilocarpine model of status 
epilepticus. Epilepsy Res. (2001) 46:179–89. doi: 10.1016/S0920-1211(01)00276-5

	265.	Merlin LR, Bergold PJ, Wong RK. Requirement of protein synthesis for group 
I  mGluR-mediated induction of epileptiform discharges. J Neurophysiol. (1998) 
80:989–93. doi: 10.1152/jn.1998.80.2.989

	266.	Ghauri M, Chapman AG, Meldrum BS. Convulsant and anticonvulsant actions 
of agonists and antagonists of group III mGluRs. Neuroreport. (1996) 7:1469–74. doi: 
10.1097/00001756-199606170-00005

	267.	Chapman AG, Talebi A, Yip PK, Meldrum BS. Anticonvulsant activity of a 
mGlu4α receptor selective agonist, (1S,3R,4S)-1-aminocyclopentane-1,2,4-tricarboxylic 
acid. Eur J Pharmacol. (2001) 424:107–13. doi: 10.1016/S0014-2999(01)01013-5

	268.	Abdul-Ghani A-S, Attwell PJE, Singh Kent N, Bradford HF, Croucher MJ, Jane 
DE. Anti-epileptogenic and anticonvulsant activity of l-2-amino-4-phosphonobutyrate, 
a presynaptic glutamate receptor agonist. Brain Res. (1997) 755:202–12. doi: 10.1016/
S0006-8993(97)00098-X

	269.	Chapman AG, Nanan K, Yip P, Meldrum BS. Anticonvulsant activity of a 
metabotropic glutamate receptor 8 preferential agonist, (R,S)-4-phosphonophenylglycine. 
Eur J Pharmacol. (1999) 383:23–7. doi: 10.1016/S0014-2999(99)00615-9

	270.	Moldrich RX, Beart PM, Jane DE, Chapman AG, Meldrum BS. Anticonvulsant 
activity of 3,4-dicarboxyphenylglycines in DBA/2 mice. Neuropharmacology. (2001) 
40:732–5. doi: 10.1016/S0028-3908(01)00002-8

	271.	van Dyck CH, Swanson CJ, Aisen P, Bateman RJ, Chen C, Gee M, et al. 
Lecanemab in early Alzheimer’s disease. N Engl J Med. (2022) 388:9–21. doi: 10.1056/
NEJMoa2212948

	272.	Swanson CJ, Zhang Y, Dhadda S, Wang J, Kaplow J, Lai RYK, et al. A randomized, 
double-blind, phase 2b proof-of-concept clinical trial in early Alzheimer’s disease with 

lecanemab, an anti-Aβ protofibril antibody. Alzheimers Res Ther. (2021) 13:80. doi: 
10.1186/s13195-021-00813-8

	273.	McDade E, Cummings JL, Dhadda S, Swanson CJ, Reyderman L, Kanekiyo M, 
et al. Lecanemab in patients with early Alzheimer's disease: detailed results on 
biomarker, cognitive, and clinical effects from the randomized and open-label extension 
of the phase 2 proof-of-concept study. Alzheimers Res Ther. (2022) 14:191. doi: 10.1186/
s13195-022-01124-2

	274.	Hoy SM. Lecanemab: first approval. Drugs. (2023) 83:359–65. doi: 10.1007/
s40265-023-01851-2

	275.	Sevigny J, Chiao P, Bussière T, Weinreb PH, Williams L, Maier M, et al. The 
antibody aducanumab reduces Aβ plaques in Alzheimer’s disease. Nature. (2016) 
537:50–6. doi: 10.1038/nature19323

	276.	Vaz M, Silva V, Monteiro C, Silvestre S. Role of Aducanumab in the treatment of 
Alzheimer’s disease: challenges and opportunities. Clin Interv Aging. (2022) 17:797–810. 
doi: 10.2147/CIA.S325026

	277.	 Rubenstein R, Sharma DR, Chang B, Oumata N, Cam M, Vaucelle L, et al. Novel 
mouse Tauopathy model for repetitive mild traumatic brain injury: evaluation of Long-term 
effects on cognition and biomarker levels after therapeutic inhibition of tau phosphorylation. 
Front Neurol. (2019) 10:124. doi: 10.3389/fneur.2019.00124

	278.	Wang JZ, Grundke-Iqbal I, Iqbal K. Restoration of biological activity of Alzheimer 
abnormally phosphorylated tau by dephosphorylation with protein phosphatase-2A, -2B 
and-1. Brain Res Mol Brain Res. (1996) 38:200–8. doi: 10.1016/0169-328X(95)00316-K

	279.	Gong CX, Shaikh S, Wang JZ, Zaidi T, Grundke-Iqbal I, Iqbal K. Phosphatase 
activity toward abnormally phosphorylated tau: decrease in Alzheimer disease brain. J 
Neurochem. (1995) 65:732–8. doi: 10.1046/j.1471-4159.1995.65020732.x

	280.	Liu GP, Zhang Y, Yao XQ, Zhang CE, Fang J, Wang Q, et al. Activation of glycogen 
synthase kinase-3 inhibits protein phosphatase-2A and the underlying mechanisms. 
Neurobiol Aging. (2008) 29:1348–58. doi: 10.1016/j.neurobiolaging.2007.03.012

	281.	Tanimukai H, Grundke-Iqbal I, Iqbal K. Up-regulation of inhibitors of protein 
phosphatase-2A in Alzheimer's disease. Am J Pathol. (2005) 166:1761–71. doi: 10.1016/
S0002-9440(10)62486-8

	282.	 Griebel G, Stemmelin J, Lopez-Grancha M, Boulay D, Boquet G, Slowinski F, et al. 
The selective GSK3 inhibitor, SAR502250, displays neuroprotective activity and attenuates 
behavioral impairments in models of neuropsychiatric symptoms of Alzheimer's disease in 
rodents. Sci Rep. (2019) 9:18045. doi: 10.1038/s41598-019-54557-5

	283.	Lucey BP, Liu H, Toedebusch CD, Freund D, Redrick T, Chahin SL, et al. 
Suvorexant acutely decreases tau phosphorylation and Aβ in the human CNS. Ann 
Neurol. (2023) 94:27–40. doi: 10.1002/ana.26641

	284.	Tchekalarova JD, Ivanova NM, Pechlivanova DM, Atanasova D, Lazarov N, 
Kortenska L, et al. Antiepileptogenic and neuroprotective effects of losartan in kainate 
model of temporal lobe epilepsy. Pharmacol Biochem Behav. (2014) 127:27–36. doi: 
10.1016/j.pbb.2014.10.005

	285.	Bar-Klein G, Cacheaux LP, Kamintsky L, Prager O, Weissberg I, Schoknecht K, 
et al. Losartan prevents acquired epilepsy via TGF-β signaling suppression. Ann Neurol. 
(2014) 75:864–75. doi: 10.1002/ana.24147

	286.	Hong S, JianCheng H, JiaWen W, ShuQin Z, GuiLian Z, HaiQin W, et al. Losartan 
inhibits development of spontaneous recurrent seizures by preventing astrocyte activation 
and attenuating blood-brain barrier permeability following pilocarpine-induced status 
epilepticus. Brain Res Bull. (2019) 149:251–9. doi: 10.1016/j.brainresbull.2019.05.002

	287.	Doege C, Luedde M, Kostev K. Association between angiotensin receptor blocker 
therapy and incidence of epilepsy in patients with hypertension. JAMA Neurol. (2022) 
79:1296–302. doi: 10.1001/jamaneurol.2022.3413

	288.	Hajjar I, Levey A. Association between angiotensin receptor blockers and 
longitudinal decline in tau in mild cognitive impairment. JAMA Neurol. (2015) 
72:1069–70. doi: 10.1001/jamaneurol.2015.1001

	289.	Hajjar I, Brown L, Mack WJ, Chui H. Impact of angiotensin receptor blockers on 
Alzheimer disease neuropathology in a large brain autopsy series. Arch Neurol. (2012) 
69:1632–8. doi: 10.1001/archneurol.2012.1010

	290.	Hajjar I, Okafor M, Wan L, Yang Z, Nye JA, Bohsali A, et al. Safety and biomarker 
effects of candesartan in non-hypertensive adults with prodromal Alzheimer's disease. 
Brain Commun. (2022) 4:fcac270. doi: 10.1093/braincomms/fcac270

	291.	Lee DY, Lee KS, Lee HJ, Kim DH, Noh YH, Yu K, et al. Activation of PERK 
signaling attenuates Abeta-mediated ER stress. PLoS One. (2010) 5:e10489. doi: 10.1371/
journal.pone.0010489

	292.	Tan HP, Guo Q, Hua G, Chen JX, Liang JC. Inhibition of endoplasmic reticulum 
stress alleviates secondary injury after traumatic brain injury. Neural Regen Res. (2018) 
13:827–36. doi: 10.4103/1673-5374.232477

	293.	Yokoi N, Fukata Y, Kase D, Miyazaki T, Jaegle M, Ohkawa T, et al. Chemical 
corrector treatment ameliorates increased seizure susceptibility in a mouse model of 
familial epilepsy. Nat Med. (2015) 21:19–26. doi: 10.1038/nm.3759

	294.	Zhu X, Dong J, Xia Z, Zhang A, Chao J, Yao H. Repeated restraint stress increases 
seizure susceptibility by activation of hippocampal endoplasmic reticulum stress. 
Neurochem Int. (2017) 110:25–37. doi: 10.1016/j.neuint.2017.09.002

102

https://doi.org/10.3389/fneur.2023.1287545
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1016/j.yebeh.2018.06.047
https://doi.org/10.1016/j.eplepsyres.2010.09.001
https://doi.org/10.1093/brain/awr202
https://doi.org/10.1212/WNL.58.11.1680
https://doi.org/10.1111/epi.12212
https://doi.org/10.1016/j.seizure.2021.12.001
https://doi.org/10.1111/cns.13580
https://doi.org/10.1007/s10571-016-0341-8
https://doi.org/10.14581/jer.21012
https://doi.org/10.1177/03000605211062453
https://doi.org/10.1096/fj.202300837R
https://doi.org/10.1016/S0006-8993(98)00698-2
https://doi.org/10.1007/s002109900197
https://doi.org/10.1007/s002109900197
https://doi.org/10.1016/S0306-4522(96)00442-3
https://doi.org/10.1016/S0306-4522(96)00442-3
https://doi.org/10.1016/S0920-1211(01)00276-5
https://doi.org/10.1152/jn.1998.80.2.989
https://doi.org/10.1097/00001756-199606170-00005
https://doi.org/10.1016/S0014-2999(01)01013-5
https://doi.org/10.1016/S0006-8993(97)00098-X
https://doi.org/10.1016/S0006-8993(97)00098-X
https://doi.org/10.1016/S0014-2999(99)00615-9
https://doi.org/10.1016/S0028-3908(01)00002-8
https://doi.org/10.1056/NEJMoa2212948
https://doi.org/10.1056/NEJMoa2212948
https://doi.org/10.1186/s13195-021-00813-8
https://doi.org/10.1186/s13195-022-01124-2
https://doi.org/10.1186/s13195-022-01124-2
https://doi.org/10.1007/s40265-023-01851-2
https://doi.org/10.1007/s40265-023-01851-2
https://doi.org/10.1038/nature19323
https://doi.org/10.2147/CIA.S325026
https://doi.org/10.3389/fneur.2019.00124
https://doi.org/10.1016/0169-328X(95)00316-K
https://doi.org/10.1046/j.1471-4159.1995.65020732.x
https://doi.org/10.1016/j.neurobiolaging.2007.03.012
https://doi.org/10.1016/S0002-9440(10)62486-8
https://doi.org/10.1016/S0002-9440(10)62486-8
https://doi.org/10.1038/s41598-019-54557-5
https://doi.org/10.1002/ana.26641
https://doi.org/10.1016/j.pbb.2014.10.005
https://doi.org/10.1002/ana.24147
https://doi.org/10.1016/j.brainresbull.2019.05.002
https://doi.org/10.1001/jamaneurol.2022.3413
https://doi.org/10.1001/jamaneurol.2015.1001
https://doi.org/10.1001/archneurol.2012.1010
https://doi.org/10.1093/braincomms/fcac270
https://doi.org/10.1371/journal.pone.0010489
https://doi.org/10.1371/journal.pone.0010489
https://doi.org/10.4103/1673-5374.232477
https://doi.org/10.1038/nm.3759
https://doi.org/10.1016/j.neuint.2017.09.002


TYPE Brief Research Report

PUBLISHED 11 January 2024

DOI 10.3389/fneur.2023.1331194

OPEN ACCESS

EDITED BY

Justin J. Botterill,

University of Saskatchewan, Canada

REVIEWED BY

David Alcantara-Gonzalez,

Nathan Kline Institute for Psychiatric

Research, United States

Lena Nguyen,

The University of Texas at Dallas, United States

*CORRESPONDENCE

Jeannie Chin

jeannie.chin@bcm.edu

Angela N. Viaene

viaenea@chop.edu

†PRESENT ADDRESSES

Jason C. You,

Department of Neurology, Massachusetts

General Hospital and Brigham and Women’s

Hospital, Harvard Medical School, Boston, MA,

United States
Daniel Yoshor,

Department of Neurosurgery, Perelman

School of Medicine, University of

Pennsylvania, Philadelphia, PA, United States

RECEIVED 31 October 2023

ACCEPTED 27 December 2023

PUBLISHED 11 January 2024

CITATION

Fu C-H, You JC, Mohila C, Rissman RA,

Yoshor D, Viaene AN and Chin J (2024)

Hippocampal 1FosB expression is associated

with cognitive impairment in a subgroup of

patients with childhood epilepsies.

Front. Neurol. 14:1331194.

doi: 10.3389/fneur.2023.1331194

COPYRIGHT

© 2024 Fu, You, Mohila, Rissman, Yoshor,

Viaene and Chin. This is an open-access

article distributed under the terms of the

Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in

other forums is permitted, provided the

original author(s) and the copyright owner(s)

are credited and that the original publication

in this journal is cited, in accordance with

accepted academic practice. No use,

distribution or reproduction is permitted

which does not comply with these terms.
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impairment in a subgroup of
patients with childhood
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Robert A. Rissman3,4, Daniel Yoshor5†, Angela N. Viaene6,7* and

Jeannie Chin1*

1Department of Neuroscience, Baylor College of Medicine, Houston, TX, United States, 2Department

of Pathology, Texas Children’s Hospital and Baylor College of Medicine, Houston, TX, United States,
3Department of Neurosciences, University of California San Diego School of Medicine, La Jolla, CA,
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5Department of Neurosurgery, Baylor College of Medicine, Houston, TX, United States, 6Department of

Pathology and Laboratory Medicine, The Children’s Hospital of Philadelphia, Philadelphia, PA,

United States, 7Department of Pathology and Laboratory Medicine, Perelman School of Medicine,

University of Pennsylvania, Philadelphia, PA, United States

Epilepsy is a chronic neurological disorder characterized by recurrent seizures,

and is often comorbid with other neurological and neurodegenerative diseases,

such as Alzheimer’s disease (AD). Patients with recurrent seizures often present

with cognitive impairment. However, it is unclear how seizures, even when

infrequent, produce long-lasting deficits in cognition. One mechanism may

be seizure-induced expression of 1FosB, a long-lived transcription factor

that persistently regulates expression of plasticity-related genes and drives

cognitive dysfunction. We previously found that, compared with cognitively-

intact subjects, the activity-dependent expression of 1FosB in the hippocampal

dentate gyrus (DG) was increased in individuals with mild cognitive impairment

(MCI) and in individuals with AD. In MCI patients, higher 1FosB expression

corresponded to lower Mini-Mental State Examination scores. Surgically

resected DG tissue from patients with temporal lobe epilepsy also showed

robust 1FosB expression; however, it is unclear whether 1FosB expression

also corresponds to cognitive dysfunction in non-AD-related epilepsy. To

test whether DG 1FosB expression is indicative of cognitive impairment in

epilepsies with di�erent etiologies, we assessed 1FosB expression in surgically-

resected hippocampal tissue from 33 patients with childhood epilepsies who

had undergone Wechsler Intelligence Scale for Children (WISC) testing prior to

surgery. We found that 1FosB expression is inversely correlated with Full-Scale

Intelligence Quotient (FSIQ) in patients with mild to severe intellectual disability

(FSIQ < 85). Our data indicate that 1FosB expression corresponds to cognitive

impairment in epilepsies with di�erent etiologies, supporting the hypothesis that

1FosB may epigenetically regulate gene expression and impair cognition across

a wide range of epilepsy syndromes.

KEYWORDS

dentate gyrus, Alzheimer’s disease, seizures, epigenetic, epilepsy, intellectual disability,

deltaFosB, cognition
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1 Introduction

Epilepsy is one of the most common neurological diseases

and affects people of all ages (1, 2). There is often disrupted

consciousness and memory during a seizure, but recurrent

seizures can also lead to long-lasting changes in neuronal and

network function, and drive chronic impairments in cognition that

persist even during seizure-free periods (3–5). Notably, cognitive

impairment can develop even with infrequent seizures (6, 7).

Seizures are frequently co-morbid with other neurological and

neurodegenerative diseases, such as Alzheimer’s disease (AD),

Down syndrome, autism, Fragile X syndrome, and others, and

seizure-induced cognitive dysfunction may also contribute to

or exacerbate cognitive deficits observed in those neurological

disorders (8–17). Thus, in addition to improving methods of

seizure control, it is also critical to understand the molecular

and network mechanisms that underlie cognitive impairment in

epilepsy, and in particular, long-lasting mechanisms that may be

engaged even when seizures are infrequent.

One molecular mechanism that may contribute to such long-

lasting effects on cognition is the activity-induced expression of

1FosB, a highly stable transcription factor in the immediate early

gene family, in the hippocampal dentate gyrus (DG). 1FosB has

an unusually long half-life of roughly 8 days in vivo, allowing it

to accumulate within the nucleus even with relatively infrequent

repetitive activation of neurons (18). 1FosB expression is robustly

induced in the nucleus accumbens after exposure to drugs of abuse,

and accumulates in the hippocampus following recurrent seizures

(19–21). Notably, 1FosB recruits histone modifying enzymes to

epigenetically regulate target gene expression, resulting in long-

lasting control of gene expression even after the initial activating

stimulus is over (18, 22). In various brain regions, 1FosB binds

to a multitude of gene targets, including those related to neuronal

excitability and plasticity (20, 23, 24). Neuronal activity-dependent

accumulation of 1FosB within hippocampal neurons following

repeated seizure activity thus chronically alters gene expression

and can affect cognitive processes. Indeed, we have previously

shown that 1FosB is robustly induced in dentate granule neurons

after seizure activity in mouse models for studying epilepsy or

for studying AD, which is accompanied by a high incidence of

epilepsy (19, 25). In those studies, 1FosB expression directly

corresponded to cognitive impairment, and inhibition of 1FosB

activity improved cognition (19, 25).

The relevance of 1FosB to human disease is supported by

findings that its expression is increased robustly in the DG

of individuals with temporal lobe epilepsy (TLE), AD, or mild

cognitive impairment (MCI; often considered prodromal AD)

(25). Moreover, in patients with MCI, increasing magnitudes of

1FosB expression corresponded to poorer performance on the

Mini-Mental State Examination (MMSE) test of cognition (25),

suggesting that 1FosB may function similarly in humans as in

mouse models of disease.

However, it is unclear whether neuronal activity-dependent

1FosB expression in the DG also reflects cognitive impairment

in patients with epilepsy outside the context of AD, or in patients

with epilepsy who develop seizures at younger ages. To assess

this possibility, we obtained resected hippocampal DG samples

from patients with childhood epilepsies who had undergone

neuropsychiatric assessment prior to hippocampectomy, and

assessed whether 1FosB expression in human DG is related to any

measures of cognitive function in these patients. We found that DG

1FosB expression corresponds to decreased Full-Scale Intelligence

Quotient (FSIQ), a measure of cognitive ability in children, in

patients with borderline to poor intellectual functioning.

2 Materials and methods

2.1 Human tissue

Fixed DG samples from 33 individuals with childhood

epilepsies were obtained from hippocampectomy specimens

obtained after surgical resection for treatment of epilepsy at the

Children’s Hospital of Philadelphia (Philadelphia, PA) between

2000 and 2019. Seven of the 33 samples were obtained from patients

who underwent selective hippocampectomies. The remaining 26

samples were obtained from patients who underwent either

surgical excision of extra-hippocampal lesions in addition to the

hippocampectomy, or temporal lobectomy with the hippocampus

being removed as a unique surgical specimen. All samples were

formalin-fixed, processed, paraffin-embedded, and sectioned at

5µm. Clinical information was retrospectively collected from

the electronic medical record in accordance with the Children’s

Hospital of Philadelphia Institutional Review Board (protocol

IRB 19-016521).

Fixed DG samples from adult control individuals or individuals

with MCI, AD, or TLE were from previously published patient

cohorts (25). Briefly, fixed post-mortem DG samples from

individuals with AD or MCI and age-matched controls were

obtained from the Alzheimer’s Disease Research Center at the

University of California San Diego (San Diego, CA), and sectioned

at 60µm. Fixed surgically-resected DG samples from individuals

with TLE were obtained and used with informed consent under

Institutional Review Board protocol H-10255; samples were

resection specimens derived from surgery for epilepsy in adult

patients treated at Baylor College of Medicine (Houston, TX).

2.2 Immunohistochemistry

Fixed DG samples derived from surgical resections of

the hippocampus in patients with childhood epilepsies were

deparaffinized and rehydrated following a standard procedure:

three 5-min rinses in xylenes, two 10-min rinses in 100% ethanol,

two 10-min rinses in 95% ethanol, and then two 5-min rinses in

distilled water. Sections then underwent alternating rinses with

PBS and PBS with 0.5% Triton-X (PBS-Tx-0.5%) in between

the following steps: (1) 15-min incubation with endogenous

peroxidase blocking solution consisting of 3% hydrogen peroxide,

10% methanol, and PBS; (2) 10-min antigen retrieval with citrate

buffer at 85◦C; (3) 10-min incubation in 90% formic acid; (4) 60-

min incubation with a non-specific blocking solution consisting

of 10% normal goat serum (Vector Laboratories, Cat# S-1000,

RRID:AB_2336615), 1% blocking grade non-fat dry milk (Bio-

Rad, Cat# 1706404), 0.2% gelatin (Sigma-Aldrich, Cat# G2500),

and PBS-Tx 0.5%; (5) overnight primary antibody incubation
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at 4◦C; (6) 60-min secondary antibody incubation; (7) 60-min

incubation with avidin-biotin complex (Vectastain, Cat# PK-6100),

and (8) 10-min development with diaminobenzidine (Vector

Laboratories, Cat# SK-4103, RRID:AB_2336521). The antibody

concentrations used were 1:200 for rabbit anti-1FosB antibody

(Cell Signaling, Cat# 14695, RRID:AB_2798577) and 1:200 for

goat anti-rabbit biotinylated antibody (Vector Laboratories, Cat#

BA-1000, RRID:AB_2313606).

2.3 Imaging and analysis

Immunostained sections were imaged by the RNA in situ

Hybridization Core facility at Baylor College of Medicine. Analysis

was performed using Fiji ImageJ (NIH, RRID:SCR_002285).

For quantification of DG 1FosB expression, images were first

converted to 16-bit black and white images. For each patient

sample, quantification was performed on 20 randomly selected

dentate granule cells following previously published procedures,

which we had found allowed for reliable representation of 1FosB

expression in the human DG (25). The mean pixel intensity for

each dentate granule cell was measured. The average of the mean

pixel intensities of three nearby acellular white matter tract areas

was used for background correction. Immunoreactivity (IR) was

defined as the average of the mean pixel intensities for the 20

dentate granule cells, corrected for background. Quantification was

performed by an experimenter blind to the specific diagnoses and

neuropsychiatric testing scores of each patient.

2.4 Statistics

Statistical analyses were performed using Prism 10 (GraphPad,

RRID:SCR_002798). Differences between two groups were assessed

via two-tailed unpaired Student’s t-tests. Correlations were assessed

via simple regression analyses. P-value correction for multiple

comparisons were performed with the Holm-Sidak post-hoc test.

3 Results

3.1 Patient demographics

We obtained surgically resected hippocampal tissue from 33

patients with childhood epilepsies who had been administered the

Wechsler Intelligence Scale for Children, Fourth Edition (WISC-

IV) assessment prior to hippocampectomy (Table 1). There were

similar numbers of male (48.5%) and female (51.5%) patients, and

patient ages ranged from 4.58 to 20.58 years old. All 33 patients

were tested prior to hippocampal resection, with the interval

between neuropsychiatric assessment and surgery varying from 1

month to almost 5 years.

Of the 33 patients, 23 patients exhibited only focal seizures, six

patients exhibited focal seizures with secondary generalization, one

patient exhibited only generalized tonic-clonic seizures, and three

patients exhibited both focal and generalized seizures. Of the 32

patients who experienced focal seizures, 24 patients had seizures

with impaired awareness (complex partial seizures), one patient

TABLE 1 Patient demographic information.

Childhood epilepsy
cohort

Sex # patients (% patients)

Male 16 (48.5%)

Female 17 (51.5%)

Age (years) Mean ± SD (range)

At hippocampectomy 12.74± 4.05 (4.58–20.58)

At neuropsychiatric testing 11.71± 4.05 (4.50–19.92)

Difference 1.03± 1.16 (0.08–4.83)

Seizure onset (22/33 patients) Mean ± SD (range)

Age (years) 5.08± 3.66 (0.00–13.00)

Years with seizures prior to hippocampectomy 7.60± 4.06 (1.08–15.92)

Seizure frequency (19/33 patients) Mean ± SD (range)

Seizures per month 68.7± 131.2 (0.25–532)

Neuropathological diagnoses # patients (% patients)

Encephalitis 5 (15.2%)

Tumor 5 (15.2%)

Infarction 4 (12.1%)

Focal cortical dysplasia 3 (9.1%)

Sturge-Weber syndrome 1 (3%)

Neuropsychiatric diagnoses# # patients (% patients)

Attention-deficit/hyperactivity disorder 8 (24.2%)

Asperger’s syndrome 1 (3%)

WISC-IV score Mean ± SD (range)

Full-Scale Intelligence Quotient 80.4± 17.0 (46–105)∗

General Ability (7/33 patients) 88.4± 15.7 (64–113)

Verbal Comprehension (28/33 patients) 86.7± 14.1 (50–116)

Perceptual Reasoning (24/33 patients) 87.4± 16.4 (51–112)

Working Memory (23/33 patients) 82.7± 16.5 (55–113)

Processing Speed (26/33 patients) 81.3± 18.2 (45–119)

Demographic information regarding patient sex, age, seizure onset, seizure frequency,

co-occurrence of other neuropathological and psychiatric diagnoses, and scores on the

Wechsler Intelligence Scale for Children-Fourth Edition (WISC-IV) cognitive assessment.

For categories in which information is not available for all 33 patients, the number of patients

for which the information is available is indicated in parentheses.
#Neuropsychiatric diagnoses reflect what was documented in patients’ medical records; some

terminology may be outdated.
∗Full-Scale Intelligence Quotient (FSIQ) of patients in the childhood epilepsy cohort is

significantly decreased (p = 0.0306, two-tailed unpaired Student’s t-test) compared with the

general population (mean= 100, SD= 15).

SD, standard deviation.

exhibited focal seizures without impaired awareness (simple partial

seizures), and seven patients were unspecified. Four patients had

focal seizures secondary to lesions.

Information about seizure history, including age at seizure

onset and seizure frequency, was available only for a portion of the

patients (19–22 of the 33 patients included in this study). Of the

patients with these data available, age at seizure onset was 5.08 ±

3.66 (mean ± SD) years, with variation ranging from within the
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FIGURE 1

Dentate gyrus (DG) 1FosB immunoreactivity (IR) in patients with childhood epilepsies. (A, B) Example images of DG 1FosB IR in surgically resected

hippocampal tissue from patients with childhood epilepsies who presented with additional neuropathological (A) and neuropsychiatric diagnoses (B),

and from patients without reported comorbidities (C). Quantification of DG 1FosB IR in arbitrary units (AU) is indicated in parentheses for each

patient. (D) DG 1FosB IR quantification for all 33 patients grouped by neuropathological and neuropsychiatric diagnoses. Colored (red, blue, purple,

and green) data points indicate patients who had received multiple diagnoses and were therefore represented multiple times in the graph. Scale bar:

100µm.

1st year of life to 13 years of age. Patients exhibited seizures for 7.6

± 4.06 (mean ± SD) years prior to resection. The frequency of the

seizures that patients presented with ranged from three seizures per

year to 15–20 seizures per day.

While etiology of epilepsy was unclear for the majority of

cases in this study, there were patients who received clinical

diagnoses that have known associations with seizures, including

encephalitis (26, 27), tumor (28, 29), infarction (30, 31), focal

cortical dysplasia (32, 33), and Sturge-Weber syndrome (34, 35). In

addition, 24.2% (8/33) of the patients had psychiatric diagnoses of

attention-deficit/hyperactivity disorder (ADHD), with one patient

also having Asperger’s syndrome, which are comorbidities that

have bidirectional relationships with epilepsy (36–39). 30.3% of

patients (10/33) did not have additional neuropathological or

psychiatric diagnoses.

All patients underwent neuropsychiatric testing prior to

hippocampectomy in the form of the WISC-IV. WISC testing

is composed of subtests that fall under four broad indices

of intellectual functioning, including verbal comprehension,

perceptual reasoning, working memory, and processing speed

(40). Scores from verbal comprehension and perceptual reasoning

subtests constitute the general ability index, while scores from all

four indices constitute the Full-Scale Intelligence Quotient (FSIQ)

(41, 42). FSIQ is considered a global assessment of cognitive

functioning. While documented FSIQ scores were available for all

patients in this study, the scores for the individual indices were

not available for all patients. The average FSIQ for the general

population is 100, with a standard deviation (SD) of 15, and usually

ranges from 40 (exceptionally low) to 160 (exceptionally superior)

(40). Notably, the average FSIQ of patients with childhood

epilepsies included in this study was 80.4 with a SD of 17.0, which is

significantly lower than that of the general population (80.4± 17 vs.

100 ± 15; p = 0.031, two-tailed unpaired Student’s t-test). Patients

who also received an ADHD diagnosis had lower average FSIQ

compared with patients who did not receive an ADHD diagnosis

(68.38 ± 14.50 vs. 84.28 ± 16.16; p = 0.0189, two-tailed unpaired

Student’s t-test), which is consistent with prior findings in the

literature (43, 44).

3.2 1FosB expression in the DG in
childhood epilepsy patients is similar to
that in patients with TLE, MCI, or AD

To assess whether 1FosB is expressed in childhood epilepsy

syndromes as it is in adult TLE, MCI, and AD, and whether

its expression is related to cognitive function in epilepsy, we
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FIGURE 2

Dentate gyrus 1FosB immunoreactivity in adult individuals with

temporal lobe epilepsy (TLE), mild cognitive impairment (MCI), or

Alzheimer’s disease (AD). (A) Example images of dentate gyrus

1FosB immunoreactivity in surgically resected tissue from two

patients with TLE. (B) Example images of dentate gyrus 1FosB

immunoreactivity in postmortem samples from control individuals,

individuals with MCI, and individuals with AD. Mini-Mental State

Examination (MMSE) scores are indicated in parentheses for each

patient. Sections from patients included in this figure were stained

as part of a previously published study (25); examples shown here

are original, previously unpublished images. Scale bar: 100µm.

first performed immunohistochemistry for 1FosB on DG samples

from these 33 patients (Figure 1; Supplementary Figure 1). We

observed distinct nuclear expression of 1FosB in dentate granule

cells, consistent with the pattern observed in animal models with

epilepsy and previous studies of human samples (25). We noted

that the intensity of 1FosB expression varied between patients,

and this variability was reflected in the quantification of 1FosB

immunoreactivity (indicated by arbitrary units in parentheses;

Figure 1D). However, there was no systematic difference in

1FosB expression between patients with or without additional

neuropathological or psychiatric diagnoses in the present dataset

(Supplementary Figure 2). In addition, although DG 1FosB

expression in mice corresponds to seizure frequency, DG 1FosB

expression in this cohort of patients with childhood epilepsies did

not directly correspond to either seizure frequency (N = 19, R2 =

0.087, p = 0.219) or number of years patients experienced seizures

prior to hippocampectomy (N = 22, R2 = 0.002, p = 0.839).

However, these data were not available for all 33 patients.

To assess whether the DG1FosB expression pattern in patients

with childhood epilepsies is qualitatively similar to the expression

pattern in patients with TLE, we revisited 1FosB expression

patterns in hippocampal resection tissues obtained from adult

patients with TLE in a previous study (25). Similar to our findings

in patients with childhood epilepsies, 1FosB expression in adult

patients with TLE showed a nuclear pattern, with clearly defined

small circular areas of intense staining, particularly in comparison

with the diffuse background staining observed in the surrounding

brain parenchyma (Figure 2A). This result indicates that DG

1FosB expression is clearly observed in both childhood and

adult epilepsies.

In our previous study demonstrating robust 1FosB expression

in adult TLE, we did not have neuropsychiatric data to assess

the relationship between 1FosB and cognitive function in those

individuals. However, we were able to assess the relationship

between 1FosB expression and cognition in individuals with MCI

or AD, which is associated with an increase in seizure incidence

(45–48). Recent studies demonstrated that seizure activity tends

to begin early in disease progression and is associated with earlier

and faster rate of cognitive decline (13, 16, 47, 49). In our previous

study, we found that 1FosB expression in the DG was increased

in individuals with either MCI or AD compared with control

individuals, as shown in Figure 2B. We noted that the staining

pattern in the MCI and AD groups was also nuclear, similar

to the epilepsy samples (Figure 2B). Of particular relevance to

this study, DG 1FosB expression did not correspond to Mini-

Mental State Examination (MMSE) scores in control individuals

or in AD patients with severe cognitive impairments, but 1FosB

expression did correspond to MMSE scores in MCI patients,

indicating a relationship between DG 1FosB expression and

cognitive dysfunction in earlier or milder stages of AD (25).

3.3 1FosB expression in the DG of patients
with childhood epilepsies corresponds to
FSIQ in patients with borderline to poor
intellectual functioning

To determine whether DG 1FosB expression is related to

cognitive function in patients with childhood epilepsies, we

compared 1FosB expression levels with FSIQ, a global measure of

cognitive functioning. Because we found no relationship between

1FosB and MMSE scores in control individuals but found a

negative relationship in MCI patients in which higher 1FosB

expression reflected poorer cognitive function (25), we divided the

childhood epilepsy cohort based on cognitive function, as defined

by FSIQ. We used a FSIQ cutoff of 85, above which children are

typically considered to have average or above average intellectual

functioning, and below which children are considered to have

borderline intellectual functioning (FSIQ > 70) or intellectual

disability (FSIQ < 70) (50).

We found that in individuals with FSIQ > 85, 1FosB did

not correspond to FSIQ (Figure 3A). However, in individuals with

FSIQ < 85, higher levels of 1FosB expression corresponded to

lower FSIQ (Figures 3B, C). There was no significant relationship

between any individual index score with 1FosB in either group,

which may in part be due to variable sample sizes since not all index

scores were available for every patient (Supplementary Figure 3).
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While not statistically significant, we noted that in individuals with

FSIQ < 85, the general trend for all indices were negative (i.e.,

decreased scores with increased1FosB; Supplementary Figure 3B),

whereas the general trends for individuals with FSIQ > 85 were

more mixed (Supplementary Figure 3A). Subdividing patients by

sex, time between neuropsychiatric testing and hippocampectomy,

and other neuropathological and psychiatric diagnoses did not

yield other significant relationships (Supplementary Figure 4).

Interestingly, while scores for most indices showed no or negative

trends with 1FosB, the processing speed index score showed

positive trends with 1FosB in several subdivisions of patients

(Supplementary Figures 3–5), and the trend was significant in

patients whose tissue was found to have hippocampal sclerosis

(Supplementary Figure 5F).

4 Discussion

In summary, we found that 1FosB is expressed robustly in the

dentate granule cells of patients with childhood epilepsies, similar

to adult individuals with TLE, MCI, or AD, and that the magnitude

of1FosB expression in these cells corresponded to FSIQ in patients

whose FSIQ is <85.

Our finding that 1FosB is expressed similarly in the DG of

humans as in that of mice support the potential translatability of

the functions and mechanisms of action of 1FosB that have been

uncovered in rodent models of human diseases. An FSIQ of 85 has

been used as the cutoff between individuals with average intellectual

functioning and those with borderline intellectual functioning (BIF;

FSIQ 70–84) or intellectual disability (FSIQ < 70) (50). While BIF

is not considered a mental disability in the most recent Diagnostic

and Statistical Manual of Mental Disorders (DSM-5), children with

BIF have high risk for the same mental, social, and intellectual

difficulties as those with intellectual disability (50–54). Our finding

that 1FosB corresponds to FSIQ in this patient subpopulation

(FSIQ < 85) suggests that in these individuals, 1FosB may be

engaging mechanisms that negatively affect cognition. It has been

shown in rodent models that alterations to 1FosB expression

in the hippocampus in non-disease conditions are sufficient to

induce hippocampal-dependent learning and memory deficits,

whereas normalizing aberrantly increased1FosB activity in disease

conditions improves cognition (19, 21, 25, 55). Additionally, due

the long half-life 1FosB, its impact on cognition could persist

even during periods in between seizures. Thus, the findings in this

study suggest that in patients with FSIQ < 85, achieving seizure

control may not be sufficient, and that it may be beneficial to also

investigate methods to regulate 1FosB activity or to manage its

downstream effects (21).

1FosB did not correspond to FSIQ in patients whose FSIQ is

>85, suggesting that it may not closely reflect cognitive function in

patients whose cognition scores are considered average or better.

It is possible that 1FosB expression is not sensitive enough to

reflect more subtle variations in cognition. Indeed, in our previous

study with postmortem tissue,1FosB did not correspond toMMSE

scores in control individuals, who had average cognition, but did

correspond to MMSE scores in MCI individuals, who have below

average cognition (25). Similarly, 1FosB expression corresponded

to performance in a hippocampal-dependent memory task in mice

used to study AD neuropathology, but not in wildtype control mice

(19). Another possibility is that availability of binding partners for

1FosB may be differentially expressed in the patient subgroups.

1FosB, like other members of the AP-1 transcription factor family,

usually form heterodimers with other AP-1 transcription factors,

and the resulting complex regulates gene transcription (18, 56).

Future research investigating whether binding partners of 1FosB

are expressed differently in patients with FSIQ above or below 85

may shed light on this possibility.

We also noted that 1FosB did not correspond to individual

WISC index scores, although this may in part be due to reduced

power given variable sample sizes, since index scores were not

available for all patients in the cohort. Interestingly, while most

indices showed no trend or a negative trend with increasing

magnitude of 1FosB expression, the processing speed index

instead showed a positive trend in multiple patient subcategories

(Supplementary Figures 3–5). Higher processing speed has been

hypothesized to reduce the demand on working memory

capabilities (57, 58). Therefore, one possibility is that higher

processing speed may be a compensatory mechanism engaged as

a response to impaired working memory, which may be of interest

for future investigations.

There were limitations in this study related to incomplete

patient profiles, which may have precluded further insights. Seizure

frequency is a critical piece of information that was unavailable

for 14 of the 33 total patients investigated in this study. Even

for the 19 patients for which this information was available, it

is unclear when seizure frequency was assessed relative to when

surgical resection of the hippocampus took place. The 8-day in vivo

half-life of 1FosB likely limits its ability to reflect seizure history

beyond a few weeks prior to sample collection. Thus, 1FosB may

not closely track seizure frequency if that information was obtained

too far in advance of the resection. Because it is not possible

to obtain similarly processed hippocampal resection tissues from

control individuals without a history of seizures, it was also not

possible for us to determine the extent to which 1FosB expression

was increased above baseline at the time of surgery. In addition, the

interval of time between WISC assessment and surgical resection

of the hippocampus varied between patients, which could limit

how closely 1FosB expression (indicative of brain state at time

of surgery) reflects cognitive performance (indicative of brain

state at time of neuropsychiatric testing). It is also unclear what

specific medications or other treatments patients had received prior

to neuropsychiatric testing or hippocampectomy. Certain anti-

seizure medications have been documented to have side effects

on cognition and mood, which could affect performance during

neuropsychiatric testing independently of 1FosB (7, 59–62). Anti-

seizure medication may also affect 1FosB expression by altering

seizure frequency (19, 63) or perhaps by direct regulation (21).

There is also limited information available about the etiology

of seizures or which brain areas other than the hippocampus were

affected by seizure activity, which are factors that can affect the

extent and severity of cognitive impairment in epilepsy (7). In

the present study, we investigated DG 1FosB expression, which is

indicative of seizure activity in the hippocampus itself, since1FosB

accumulation occurs in neurons that are (hyper) active. However,

1FosB in the DG does not regulate all domains of cognitive

function, and seizures and lesions present in extra-hippocampal
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FIGURE 3

Dentate gyrus 1FosB immunoreactivity corresponds to Full-Scale Intelligence Quotient (FSIQ) in patients with childhood epilepsies and borderline

intellectual functioning or intellectual disability. (A, B) Regression analyses of dentate gyrus 1FosB immunoreactivity and FSIQ for patients with FSIQ

> 85 (A) and patients with FSIQ < 85 (B). (C) Representative images of dentate gyrus 1FosB immunoreactivity of patients indicated in red in (B). FSIQ

is indicated in parentheses for each patient. IR, immunoreactivity; AU, arbitrary units. Scale bar: 50µm.

regions of the brain may also contribute to the variability in

neuropsychiatric test performance. Indeed, some patients also

had neurological comorbidities that could also impair cognition

independently of or concurrently with seizures in the hippocampus.

The presence of a tumor, for example, can directly disrupt local

neural processing, and treatments for patients with tumors also

often have negative effects on cognition (64). Cortical infarct

resulting from ischemia can also induce neuronal excitotoxicity

and cell death, loss of dendritic spines, alterations in synaptic

receptor composition, and long-term potentiation deficits, which

can all contribute to cognitive impairment (65). Indeed, there

may be pathophysiological mechanisms that both increase seizure

propensity and impair cognitive function (7, 66). These factors

could obfuscate the relationship between DG 1FosB expression

and cognitive performance.

Despite these limitations, our study demonstrates that robust

1FosB expression in the DG can be found in individuals of a broad

range of ages and with varying medical conditions. Moreover, in

specific subsets of those patient populations, DG1FosB expression

corresponds to aspects of cognitive function, similar to rodent

models of the same diseases. These findings suggest that 1FosB

pathways may be important for future studies to further elucidate,

as understanding its mechanisms of action has the potential to

create new avenues for therapeutic development.
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1FosB is part of a homeostatic
mechanism that protects the
epileptic brain from further
deterioration
Jerome Clasadonte1†, Tania Deprez1†, Gabriel S. Stephens2†,
Georges Mairet-Coello1, Pierre-Yves Cortin1, Maxime Boutier1,
Aurore Frey1, Jeannie Chin2 and Marek Rajman1*
1Epilepsy Discovery Research, UCB Biopharma SRL, Braine-l’Alleud, Belgium, 2Baylor College
of Medicine, Houston, TX, United States

Activity induced transcription factor 1FosB plays a key role in different CNS

disorders including epilepsy, Alzheimer’s disease, and addiction. Recent findings

suggest that 1FosB drives cognitive deficits in epilepsy and together with the

emergence of small molecule inhibitors of 1FosB activity makes it an interesting

therapeutic target. However, whether 1FosB contributes to pathophysiology or

provides protection in drug-resistant epilepsy is still unclear. In this study, 1FosB

was specifically downregulated by delivering AAV-shRNA into the hippocampus

of chronically epileptic mice using the drug-resistant pilocarpine model of

mesial temporal epilepsy (mTLE). Immunohistochemistry analyses showed that

prolonged downregulation of 1FosB led to exacerbation of neuroinflammatory

markers of astrogliosis and microgliosis, loss of mossy fibers, and hippocampal

granule cell dispersion. Furthermore, prolonged inhibition of 1FosB using a

1JunD construct to block 1FosB signaling in a mouse model of Alzheimer’s

disease, that exhibits spontaneous recurrent seizures, led to similar findings, with

increased neuroinflammation and decreased NPY expression in mossy fibers.

Together, these data suggest that seizure-induced 1FosB, regardless of seizure-

etiology, is part of a homeostatic mechanism that protects the epileptic brain

from further deterioration.

KEYWORDS

1FosB, granule cell dispersion, neuroinflammation, AAV-shRNA-1FosB, mossy fibers,
homeostatic mechanism, mouse pilocarpine model of epilepsy

Introduction

Epilepsy is a chronic disease affecting more than 70 million individuals worldwide. It is
characterized by recurrent unprovoked epileptic seizures (Fisher et al., 2014) that may lead
to neurobiological, cognitive, psychological, and social impairments (Fisher et al., 2017;
GBD 2016 Neurology Collaborators, 2019). One third of epilepsy patients do not respond
to current treatments (symptomatic) (Loscher and Schmidt, 2011), and therefore the need
to identify novel therapies that can reverse underlying pathophysiology is high.

Neuronal death, neuronal network rewiring, microgliosis, astrogliosis, alterations in
oligodendrocyte functions, and other mechanisms could contribute to drug resistance in
epilepsy (Staley, 2015; Vezzani et al., 2019; Sharma et al., 2021; Knowles et al., 2022).
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We hypothesized that targeting transcription factors that regulate
the expression of many genes at the same time could be an effective
strategy to reverse or attenuate one or more of the pathologies
associated with epilepsy and may enable seizure suppression and
disease modification. In this study, we focused on the transcription
factor 1FosB, whose expression in the hippocampus is robustly
increased after seizures, associated with cognitive deficits in mouse
models of epilepsy or Alzheimer’s disease (AD) neuropathology,
and has a long half-life in vivo on the order of days, putting it
in prime position to exert long-lasting effects on gene expression.
We hypothesized that modifying the activity of 1FosB could
have a broad impact on the seizing brain. The 1FosB protein
is encoded by an alternatively spliced variant of the FosB gene,
which belongs to Fos protein family of transcription factors. Fos
proteins are also called immediate early genes based on their
rapid induction in a cell type specific manner including neurons
in brain (Choi, 2017). Unlike other Fos proteins, 1FosB has
unusually long half-life that allows it to accumulate and remain
in chronically active cells for weeks (Hope et al., 1994; Chen
et al., 1997; McClung and Nestler, 2003). Accumulation of 1FosB
has been observed in mouse models of medial temporal lobe
epilepsy (mTLE) and in mouse models of AD neuropathology
that exhibit spontaneous recurrent seizures (SRSs) (Corbett et al.,
2017; You et al., 2017; Stephens et al., 2020). Notably, 1FosB
regulates expression of many genes (McClung and Nestler, 2003;
Robison et al., 2013; Lardner et al., 2021) involved in epilepsy-
relevant pathways (e.g., excitability and neurotransmission; cellular
stress and immunity) (You et al., 2018; Stephens et al., 2020). In
addition, 1FosB activity drives seizure-related cognitive deficits
(Eagle et al., 2015; You et al., 2017), one of the major comorbidities
of drug-resistant epilepsy (Hermann and Seidenberg, 2007). This
combination of unique features (unusually long half-life and
epigenetic regulation of many genes) indicates that 1FosB could
serve as a molecular switch that could modify one or more
pathological mechanisms associated with epilepsy. Blockade of
1FosB signaling for several weeks improves cognition in a
mouse model of AD neuropathology (Corbett et al., 2017; You
et al., 2017); however, whether prolonged blockade of 1FosB
signaling can provide sustained improvement or impact other
pathological effects of SRSs is not clear. To address this question, we
downregulated 1FosB expression to inhibit its function in mouse
models of mTLE or AD neuropathology over several months.
We found that the reduction of 1FosB signaling for several
months exacerbated neuroinflammatory markers and abolished
the neuroprotective alterations typically observed in conditions of
chronic seizures. These results reveal that 1FosB plays critical roles
in homeostatic mechanisms that protect the epileptic brain from
further deterioration.

Materials and methods

Adeno-associated viral vector
production

Adeno-associated viruses (AAV) were obtained from Vector
Biolabs (USA): (1) AAV9-eGFP-U6-m-deltaFosB-shRNA (5′-
CACC-GCTGGCCGAGTGAAGTTCAAGT-CTCGAG-ACTTGA

ACTTCACTCGGCCAG-TTTTT-3′), (2) AAV9-sGFP-U6-Scrmb-
shRNA, or were AAV2 constructs that were previously
characterized (Zachariou et al., 2006; Robison and Nestler,
2011) and packaged by the University of North Carolina Vector
Core: (3) AAV2-CMV-eGFP, or (4) AAV2-CMV-1JunD-IRES2-
eGFP that acts as an inhibitor of 1FosB transcriptional activity
by binding and preventing dimerization with other AP-1 factors
(Brown et al., 1996). These AAV2 constructs are stably expressed
throughout the dentate gyrus within 18–22 days of infusion
(Corbett et al., 2017; You et al., 2017).

Animals

Male C57Bl/6 mice (Janvier, France) 15 weeks of age
were used in development/validation of AAV9-GFP-U6-m-
deltaFosB-shRNA. These experiments were performed at
SynapCell and approved by ethical committee of the High
Technology Animal Platform (University Grenoble Alpes,
France). Animals were housed in cages on wood litter with
free access to food and water until surgery. The animal house
was maintained under artificial lighting between 7:30 a.m. to
7:30 p.m. in a controlled ambient temperature (22 ± 2◦C)
and relative humidity. Male NMRI mice (Charles River,
France) weighing 28–32 g (5–6 weeks old) were used in
the pilocarpine model of mTLE. Mice were housed in a
room with controlled environment (temperature 22 ± 2◦C,
humidity 55 ± 15%, day/night cycle 12/12 h, light on at
6 a.m.) with food and water ad libitum. Experiments were
conducted in compliance with guidelines issued by the ethic
committee for animal experimentation according to Belgian
law and in accordance with the European Committee Council
directive (2010/63/EU).

For studies involving mouse models of AD neuropathology, we
used heterozygous transgenic mice that express human amyloid
precursor protein (APP) carrying Swedish (K670N, M671L) and
Indiana (V717F) mutations under control of PDGF-β promoter
(Line J20; hAPP770) (Mucke et al., 2000). Littermate controls
included age- and sex-matched non-transgenic (NTG) mice.
Mice were maintained with 12:12 light/dark cycle in cages with
corncob bedding and EnviroPak nesting material, with ad libitum
access to water and LabDiet 5V5R chow. Mice were group-
housed 4–5/cage until appropriate ages for studies, and then
were singly housed in a quiet environment for 2 days prior
to experimentation and/or sacrifice. APP and NTG mice were
studied between the ages of 2 and 5.5-months old. This line
of APP mice was chosen for these studies because it has been
well-characterized for the spontaneous seizures that they exhibit,
and for the relationship between seizures and memory deficits
(Palop et al., 2007; Sanchez-Varo et al., 2012; Verret et al., 2012;
Corbett et al., 2017). We previously demonstrated that in these
APP mice, seizures increase 1FosB accumulation in the dentate
gyrus of the hippocampus, where it epigenetically regulates target
genes (Corbett et al., 2017; You et al., 2017, 2018; Stephens
et al., 2020), making it ideal for these studies. All experiments
were performed in accordance with protocols approved by the
Institutional Animal Care and Use Committee of Baylor College
of Medicine.
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Development of
AAV9-GFP-U6-m-deltaFosB-shRNA in
naïve mice

Animals received bilateral injection of AAV (total amount
of injected AAV particles; low: 1.7E9; or high: 1.7E10) in both
hippocampi. AAV9-eGFP-U6-m-deltaFosB-shRNA was injected to
the right side and AAV9-eGFP-U6-Scrmb-shRNA was injected to
the left side. Mice were anesthetized with isoflurane, placed into
a stereotaxic frame and two small holes were bilaterally opened
in the skull. A Hamilton syringe was filled with either vehicle
(sterile 1x PBS solution with 5% glycerol) or AAV and the needle
inserted into the dorsal hippocampus (coordinates from bregma;
anteroposterior: −2 mm; mediolateral: ± 1.75 mm; dorsoventral:
−2.1 mm). One µl of vector per hemisphere was injected at a speed
of 0.10 µl/min. Tissues were collected 4 weeks after AAV injection.
Mice were deeply anesthetized with isoflurane and perfused with 1x
PBS solution containing heparin, and brains were rapidly removed.
Both hippocampi were resected and stored at−80◦C.

Mouse pilocarpine model of mTLE

NMRI mice were intraperitoneally (i.p.) injected with
300 mg/kg of pilocarpine (Sigma-Aldrich), as previously described
(Mazzuferi et al., 2012). N-methylscopolamine bromide (Sigma-
Aldrich, 1 mg/kg, i.p.) was administered 30 min prior to pilocarpine
injection to limit peripheral cholinergic effects of pilocarpine.
Status epilepticus (SE) typically appeared within the first hour
after pilocarpine injection and was characterized by continuous
stage 3–5 seizures (continuous tonic-clonic seizures) scored
according to the Racine’s scale (Racine, 1972) during at least
30 min. Diazepam (10 mg/kg; Roche S.A, Brussels, Belgium) was
administered i.p. 3 h after SE onset to reduce the duration of SE.
After SE, all animals were intraperitoneally injected with lactated
Ringer solution and fed with soaked rodent food. Age-matched and
gender-matched control NMRI mice (sham group) were injected
i.p. with N-methylscopolamine, diazepam and lactated Ringer but
received saline instead of pilocarpine.

Mice surviving SE typically showed spontaneous recurrent
seizures (SRSs) within days to weeks after SE induction by
pilocarpine injection (Mazzuferi et al., 2012). Seizures were
monitored using simultaneously video recording and monitoring
of locomotor activity with a 3D micro-accelerometer ship secured
to the mouse, as previously described (Srivastava et al., 2018). Only
secondary generalized seizures Racine’s score 3–5 (Racine, 1972)
were detected, reviewed and confirmed manually with video by an
experienced experimenter blinded to treatment. Seizure duration,
severity and frequency were quantified. All mice included in the
present study entered SE after pilocarpine injection and developed
stage 3–5 SRSs, which were confirmed with video-accelerometry
before injecting the virus (see Supplementary Figures 2A–C).

Stereotaxic virus injection

Seven weeks after SE induction, SE mice and control sham
mice were anesthetized with 2–3% isoflurane (Oxygen: 1.5 L/min),

placed into a stereotaxic frame and two small holes were bilaterally
opened in the skull. A Hamilton syringe was filled with either
vehicle (sterile 1x PBS solution with 5% glycerol) or AAV (1.7E13
viral particles per ml prepared in 1x PBS solution with 5% glycerol)
and the needle inserted into the dorsal hippocampus (coordinates
from bregma; anteroposterior: −2 mm; mediolateral: ± 1.75 mm;
dorsoventral: −2.1 mm). One µl of vector per hemisphere was
injected at a speed of 0.10 µl/min using a microsyringe pump
controller. Mice were allowed to recover for 7 days before
monitoring seizures with video-accelerometry. All SE mice were
monitored with video-accelerometer to quantify the number of
SRSs over 14 days before AAV injection. SE mice with comparable
number of SRSs before treatment were randomized to receive
vehicle, AAV9-eGFP-U6-Scrmb-shRNA (Neg shRNA) or AAV9-
GFP-U6-m-deltaFosB-shRNA (1FosB shRNA). Control sham
mice received vehicle only. For APP and NTG mice (anesthesia
was induced by 2–3% isoflurane and maintained using 1–1.5%
isoflurane; Oxygen: 1.5 L/min), bilateral DG targeting was achieved
by stereotaxic infusion of 1 µl of titer-matched (≤5 × 1012) AAV2
solution into the dentate gyrus at rostral (coordinates from bregma;
anteroposterior: −1.7 mm; mediolateral: 1.2 mm; dorsoventral:
2 mm) and caudal (coordinates from bregma; anteroposterior:
−2.7 mm; mediolateral: 2 mm; dorsoventral: 2.1 mm) coordinates.
Mice were allowed to express AAVs for either 4 or 12 weeks, until
experimentation and/or euthanasia and brain collection. Virus
expression was confirmed using immunohistochemical detection of
eGFP or 1JunD.

Tissue sampling

Control sham mice and SE mice were deeply anesthetized with
2–3% isoflurane (Oxygen: 1.5 L/min), either 4 or 8 weeks after
vehicle or AAV brain injection. They were perfused sequentially
via the left ventricle with 30 ml chilled 1x PBS solution containing
10IU/ml heparin, and brains were rapidly removed. The left-brain
hemisphere was immersed in 4% paraformaldehyde (PFA) in PBS
solution (pH7.4) for 3 h at room temperature, and then soaked in
a 15% sucrose solution and stored at 4◦C. The dorsal hippocampus
was rapidly extracted from the right brain hemisphere, snap frozen
in liquid nitrogen, and then stored at −80◦C until processing for
western blotting and qPCR analyses.

APP and NTG mice were deeply anesthetized using SomnaSol
Euthanasia-III solution (390 mg pentobarbital sodium and 50 mg
phenytoin sodium; Henry Schein) prior to transcardial perfusion
with chilled saline and rapid removal of brains. The right hemibrain
was drop-fixed in 4% PFA in PBS solution for 48 h, and then
rinsed in PBS for 24 h prior to cryoprotection in 30% sucrose and
stored at 4◦C. The left hemibrain was snap frozen on dry ice and
stored at−80◦C until isolation of the hippocampus and processing
for qPCR analysis.

RNA extraction and qPCR

RNA was extracted from the dorsal hippocampus 4 weeks after
AAV injection using RNeasy minikit (Qiagen 74134). A total of
500 ng of RNA was reverse transcribed by high-capacity cDNA RT
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Kit + RNase Inhibitor (Applied Biosystems cat no 4374966). qPCR
was performed using Universal Master Mix (Life Technologies ref
43004437) on CFX384 (BioRad). TaqMan probes (ThermoFisher)
were used to detect the gene expression [endogenous controls:
Bcl2l13 (Mm00463355_m1)], Brap (Mm00518493_m1); 1FosB
(ARXGTN9); FosB (ARU64JE) and 11Ct method was used to
determine differential expression.

Protein extraction and western blotting

Total proteins were extracted from dorsal hippocampus at 4
and 8 weeks after AAV injection using 2X #9803 Cell Lysis Buffer
(Cell signaling). Twenty micrograms of total proteins were loaded
per well of SDS-PageNovex 8–16% gel, then transferred to a PVDF
membrane (Millipore). The membrane was blocked in Odyssey
blocking buffer (LI-COR), and 1FosB was detected using 1FosB
antibody (Cell Signaling #14695S; dilution 1:2000). Actin B was
used as loading control (LI-COR; dilution 1:10000). Secondary
antibody (LI-COR) was diluted 1:5000. Images were acquired with
a LI-COR CLX and visualized using Image Studio.

Tissue processing and
immunohistochemistry

For mTLE model mice and controls, sectioning of the mouse
brain hemispheres was performed by Neuroscience Associates
(Knoxville, TN, USA) and immunohistochemistry was carried out
by indirect immunofluorescence. The list of antibodies used in this
study is provided in Supplementary Table 1. Free-floating coronal
sections (40 µm-thick) were obtained using a cryostat microtome
and permeabilized 15 min in Tris-buffered saline (TBS) containing
0.3% Triton X-100 (TBS-T). Then, sections were incubated
overnight at room temperature with the primary antibody diluted
in TBS-T. After three washes of 5 min in TBS, they were incubated
for 1 h at room temperature with secondary antibody and 4′,6-
diamidino-2-phenylindole (DAPI, 300 nM) prepared in TBS-T,
rinsed 3 times 5 min in TBS, and finally mounted on glass slides
using Fluoromount mounting medium (Thermo Fisher Scientific).

For APP and NTG mice, tissue preparation and
immunohistochemistry were performed as previously described
(Corbett et al., 2017; You et al., 2017; Stephens et al., 2020).
Hemibrains were sectioned at 30 µm into ten coronal subseries
throughout the rostral-caudal extent of the brain using a freezing,
sliding microtome. Sections were stored in cryoprotectant
medium (30% glycerol, 30% ethylene glycol, 40% PBS). 3′3-
diaminobenzidine (DAB; Sigma-Aldrich) immunolabeling of NPY,
Iba1, and GFAP was performed using the primary and biotinylated
secondary antibodies indicated in Supplementary Table 1.

Image acquisition and analysis

For mTLE model mice and controls, whole slide imaging
was performed using an Axioscan Z1 scanner (Zeiss) with 20x
objective. For each experiment, digital acquisitions were performed
using consistent exposure parameters, avoiding overexposure, to

ensure accurate signal quantification between conditions. Image
analysis was performed with VisioPharm 6 software (VisioPharm,
Hørsholm, Denmark) as described previously (Albert et al., 2019).
Regions of Interest (ROI), such as the whole hippocampus or
granular layer of the dentate gyrus, were delineated manually,
and automatic quantification of the immunoreactive signal was
performed using a linear Bayesian algorithm, providing a value of
signal area (marker area in µm2). Then, a % marker coverage was
calculated (i.e., ratio between the immunoreactivity signal area in
µm2 and the area of the ROI in µm2). In specific cases, number
of cells and cell density (number of cells per tissue area) were
quantified using Visiopharm. Percent marker coverage, cell number
and cell density were quantified in the dorsal and horizontal part of
the hippocampus (Bregma −1.34 to −2.54 mm) on 3 to 4 sections
per animal using well-defined landmarks based on a mouse brain
atlas (Paxinos and Franklin, 2019). All quantifications were done
blindly until the end of statistical analysis.

For APP and NTG mice, brightfield microscope images (Zeiss)
of coronal brain sections immunostained using DAB as the
chromagen were quantified and analyzed using ImageJ. Iba1 and
GFAP signal intensity were quantified using the Measure function
to calculate the % Area that contained signal intensity above a
consistent pre-set threshold within the bounds of the dentate gyrus,
averaged from 2 rostral coronal sections. NPY was quantified using
the Measure function of ImageJ to measure the “mean gray value”
(signal intensity average within a traced ROI) of DAB signal present
in the region of mossy fiber tracts projecting to CA3 that are well-
known to exhibit robust ectopic NPY expression in mouse models
of mTLE and AD. The mean gray values were measured from the
mossy fiber ROI and in an adjacent area of similar shape/size in the
stratum radiatum immediately superior to the ROI. The average
signal measured in the mossy fiber ROI in 2 coronal sections
was then divided by the average signal measured in the stratum
radiatum of the same sections, and expressed as a fold change
relative to NTG-GFP mice.

ChIP-sequencing and gene ontology
network analysis

Chromatin immunoprecipitation and sequencing (ChIP-seq)
was performed in samples of whole hippocampus harvested and
processed from 2 to 4-month old NTG and APP mice as described
in You et al. (2018) and Stephens et al. (2020). The Cytoscape
(v3.9.1) platform was used to perform new ClueGO (v2.5.9) gene
ontology (GO) analyses (Shannon et al., 2003; Bindea et al., 2009)
on the respective sets of all target genes found to be significantly
bound by 1FosB in our published hippocampal 1FosB ChIP-
seq analyses (Stephens et al., 2020) in pilocarpine, vehicle, non-
transgenic and APP mice or the set of 442 1FosB target genes
shared by Pilo and APP mice and not respective controls. Using
ClueGO, a two-tailed hypergeometric test with a Benjamini-
Hochberg correction (Benjamini and Hochberg, 1995) was used to
calculate significant enrichment of Biological Process GO Terms
(ontology version: 5/25/2022) with the respective sets of 1FosB
target genes in pilocarpine, vehicle, non-transgenic and APP mice.
ClueGO was also used to generate a graphical GO Network from
the 442 1FosB target genes shared by pilocarpine and APP mice in
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which GO Terms enriched with 1FosB target genes are displayed
as functionally grouped nodes. GO Term nodes are connected by
lines (edges) indicating that target genes are shared between nodes,
and node size increases as a function of GO Term enrichment
significance. Once generated from given parameters, GO analyses
and networks have been simplified to remove redundant and
non-brain organ-specific GO Terms and filtered to only include
GO Terms that are related to processes of immunity and/or
neuroprotection. GO Network parameters that were changed from
ClueGO default settings are as follows: FDR < 0.05 (Figures 6A, B)
or 0.5 (Figure 6C), GO Level range = 3–20, minimum number
of genes in GO Term = 1, minimum percentage of genes in GO
Term = 0.1%, kappa = 0.62 (Figures 6A, B) or 0.67 (Figure 6C),
and GO Term fusion = TRUE.

Statistical analysis

GraphPad Prism 9.2.0 software was used to perform all
statistical analysis. To determine differences between groups
the one-way or two-way ANOVA or the non-parametric
Kruskal-Wallis were applied as appropriate. Follow up pairwise
comparisons were done using Tukey’s post-hoc test or Two-stage
linear step-up procedure of Benjamini, Krieger and Yekutieli
or Benjamini-Hochberg FDR post-hoc testing as appropriate.
Proportions were compared as appropriate with the Chi-square
test. The level of significance was set at p < 0.05. Data are presented
as mean± SEM.

Results

Development of a new specific inhibitor
of 1FosB

1FosB, JunD, and other proteins of the Fos, Jun, ATF, and Maf
subfamilies are members of the activator protein-1 (AP-1) complex
of transcription factors (Wu et al., 2021) that have a critical function
in a wide range of tissues and pathways. A number of studies have
demonstrated that 1FosB plays critical role in epigenetic regulation
of gene expression in the brain under physiological conditions
(Eagle et al., 2018) and when neuronal activity is chronically
stimulated, such as in the nucleus accumbens after drugs of
abuse (Robison and Nestler, 2011), and in the dentate gyrus
(DG) of the hippocampus in conditions with recurrent seizures
(Corbett et al., 2017; You et al., 2017; Stephens et al., 2020). The use
of the experimental construct 1JunD (dominant negative mutant
variant of JunD) to block downstream epigenetic actions of 1FosB
(Winstanley et al., 2007) has been instrumental in deciphering the
role of 1FosB in the regulation of neuronal functions, particularly
in conditions of chronic activity that lead to accumulation of
1FosB. However, it is still possible that some of the observed effects
are due to binding of 1JunD to other AP-1 complex members.
We therefore developed a shRNA specifically targeting the mRNA
of 1FosB and not its parent transcript FosB (Supplementary
Figure 1A). To confirm specificity of the newly developed shRNA,
AAV-1FosB-shRNA was injected into dorsal hippocampus of
healthy mice and qPCR (with specific primers for 1FosB and FosB

transcripts) was performed 4 weeks later. We showed that 1FosB-
shRNA can specifically downregulate 1FosB mRNA in a dose-
dependent manner without any effect on FosB mRNA expression
(Supplementary Figures 1B, C). To further strengthen value of
newly developed AAV-1FosB-shRNA as specific 1FosB inhibitor,
we assessed if c-Fos protein expression [previously confirmed
1FosB downstream target (Corbett et al., 2017)] changed when
1FosB protein is downregulated in mTLE mouse model (described
later). We confirmed that subtle decrease of 1FosB at 4 weeks
led to an increase in c-Fos expression in the hippocampus and
DG (Supplementary Figures 3B, C). Similarly, we observed robust
increase in c-Fos protein expression at 8 weeks upon AAV injection
(Supplementary Figure 3B).

Administration of an AAV-1FosB shRNA
led to sustained downregulation of
1FosB protein in the hippocampus and
marked modification of the hippocampal
cytoarchitecture of mTLE mouse model

To assess the effects of 1FosB suppression in the brains of
mice in a therapeutically relevant timeframe, AAVs expressing
1FosB-specific shRNA or negative control (neg) were injected
bilaterally in the dorsal hippocampus of chronically epileptic
mice displaying spontaneous recurrent seizures (SRSs) 7 weeks
after status epilepticus (SE) induced by pilocarpine injection
(Experimental design in Figure 1A; Seizures in Supplementary
Figures 2A, B). Due to unusually long half-life of the 1FosB
protein (Hope et al., 1994; Chen et al., 1997; McClung and Nestler,
2003), we assessed its downregulation 4 and 8 weeks after AAV
injection by immunohistochemistry (Figures 1B–E) and western
blotting (Supplementary Figure 2D) in the dorsal hippocampus.
In vehicle-treated sham animals, 1FosB was localized in pyramidal
neurons of the Ammon’s Horn (CA1 to CA3) and granule
cells of the DG (Figures 1B, D). In vehicle-treated mTLE mice,
1FosB immunoreactive signal increased significantly, especially in
neurons of the CA1 and granule cells of the DG at 4 and 8 weeks
(Figures 1B–E). Administration of the AAV-Neg shRNA had no
impact on 1FosB levels in mTLE mice at 4 weeks (Figures 1B, C) or
8 weeks (Figures 1D, E). In contrast, AAV-1FosB shRNA injection
resulted in a moderate but significant downregulation of 1FosB
at 4 weeks, comparable to physiological levels (sham animals
injected with vehicle, Figures 1B, C). Strikingly, 1FosB shRNA
led to an almost complete disappearance of the 1FosB signal in
the whole dorsal hippocampus of mTLE mice at 8 weeks, along
with a marked modification of the hippocampal cytoarchitecture
based on DAPI staining (Figures 1D, E). Whereas the CA1 layer
of the hippocampus and the granule cell layer of the DG were
clearly demarcated in mTLE mice injected with vehicle or AAV-
Neg shRNA, these structures were no longer obviously defined
at 8 weeks in mTLE mice injected with AAV-1FosB shRNA
(Figure 1D).

To determine whether the downregulation of 1FosB protein
could have an additional impact on the seizure development,
epileptic mice were continuously monitored for seizure detection
for 14 days beginning at 2 and 6 weeks after AAV injection.
The frequency, duration and severity of SRSs remained similar

Frontiers in Molecular Neuroscience 05 frontiersin.org116

https://doi.org/10.3389/fnmol.2023.1324922
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/


fnmol-16-1324922 January 9, 2024 Time: 18:21 # 6

Clasadonte et al. 10.3389/fnmol.2023.1324922

FIGURE 1

Experimental design and validation of 1FosB knockdown. (A) Schematic diagrams showing the experimental design used in the study. Pilocarpine
was administered to induce SE followed weeks later by the development of SRSs. SRSs were monitored before AAV administration and SE mice with
comparable number of SRSs were randomized to receive vehicle, AAV-Neg shRNA or AAV-1FosB shRNA. SRSs were monitored again for 2 weeks
starting at 2 weeks or 4 weeks after AAV injection. Terminal collection of the brains was performed at the end of each seizure monitoring phase at
4 weeks or 8 weeks after AAV injection. (B–E) Representative hippocampal immunohistochemistry images and quantification of 1FosB expression
levels in the dorsal part of the hippocampus at (B,C) 4 weeks and (D,E) 8 weeks after vehicle or AAV delivery. 4′,6-diamidino-2-phenylindole (DAPI)
was used as a nuclear counterstain. Note that the morphology of the granular layer of the dentate gyrus is markedly affected at 8 weeks with the
1FosB shRNA, presenting a general size enlargement and decreased DAPI signal intensity (area annotated in D). Data are expressed as mean with
standard error of the mean (SEM). Statistical tests: ANOVA followed by Tukey’s post-hoc test (∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001; ns:
non-significant). Scale bars = 500 µm.
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after 1FosB protein downregulation, suggesting that there was
no influence of 1FosB protein downregulation on seizure
development (Supplementary Figures 2A–C). It is noteworthy
to mention that AAV-1FosB shRNA was delivered to the dorsal
hippocampus only. TLE is characterized by localization of seizure
foci in multiple brain areas including the hippocampus, entorhinal
cortex, or amygdala (Bartolomei et al., 2005). Thus, the lack
of effect on seizures may be explained by the limited brain
coverage we achieved here with the genetic tool (restricted to the
dorsal hippocampus), remaining not sufficient to counteract the
occurrence of seizures originating from different brain regions.
Another explanation could be the low sample size in each group for
seizure monitoring (n = 5–6; each group), leading to a statistically
underpowered study to capture differences in seizure parameters.

Overall, these observations indicated correct targeting of
the dorsal hippocampus with AAVs, and efficient and selective
downregulation of 1FosB protein with the shRNA 8 weeks
after viral delivery with concomitant change in hippocampal
morphology in mTLE mice.

Downregulation of 1FosB induced
granule cell dispersion (GCD) in the
hippocampus of mTLE mice

We observed that 1FosB downregulation led to significant
histopathological alterations in the hippocampus of mTLE mice, as
evidenced by DAPI staining (Figure 1D). To further characterize
these pathological findings, we analyzed the neuronal architecture
using immunohistochemistry with the neuronal marker NeuN.
No difference in neuronal cytoarchitecture was observed in
the hippocampus of mTLE mice treated with vehicle or AAV-
Neg shRNA compared to sham animals treated with vehicle
(Figure 2A). Furthermore, while 1FosB knockdown did not alter
the hippocampal morphology at 4 weeks (Figure 2A; granule cell
area measured in Figure 2C), significant GCD was observed at
8 weeks as shown by the spread of NeuN staining (Figure 2A;
granule cell area measured in Figure 2D). The granule cell
phenotype of the dispersed cells at 8 weeks was corroborated by
immunohistochemistry for Prox1, a marker specific to granular
cells of the DG (Supplementary Figure 3A).

One of the potential mechanisms contributing to the observed
GCD in the pilocarpine mouse model involves the disruption
of Reelin signaling which plays a pivotal role in modulating
neuronal migration and positioning during brain development
(Hirota and Nakajima, 2017). In order to explore this hypothesis,
we conducted a comprehensive analysis of Reelin expression within
the hippocampus utilizing immunohistochemistry. Noteworthy
reduction in Reelin protein levels, particularly evident within an
area that includes both the lacunosum moleculare layer of the
hippocampus and the upper third of the molecular layer of the
DG (Figures 2B–F), and in the granular layer of the dentate gyrus
(Figures 2B–H) was observed. This decline was observed at 4 and
8 weeks following the administration of AAV-mediated 1FosB
knockdown.

Our observations suggest that 1FosB may maintain Reelin
signaling and thereby help preserve the positioning of granule cells
in conditions with seizure activity.

Downregulation or inhibition of 1FosB
reverses “protective” adaptations of
mossy fibers in the hippocampus of mice
with recurrent seizures

It was shown that application of Reelin in older mice or
in a model of a neurodevelopmental disorder improves synaptic
function (↑ dendrite spine density and LTP) (Rogers et al., 2011) or
restores behavioral and morphological deficits (mossy fibers; MF)
(Ibi et al., 2020) in the hippocampus. To determine the impact of
1FosB downregulation on MF we used two axonal markers, NPY
(neuropeptide Y) and SV2C (synaptic vesicle glycoprotein 2C),
that are typically increased in expression in MF during abnormal
structural reorganization of the DG in brains of mTLE patients
(Crevecoeur et al., 2014) and animal models (Nadler et al., 2007;
Srivastava et al., 2018). In the mTLE mouse model, we confirmed
the increase in NPY (Figures 3A–D) and SV2C (Figures 3B–F) in
the MF tracts in the dorsal hippocampus of pilocarpine mice treated
with vehicle or AAV-Neg shRNA, compared to sham animals
treated with vehicle. Downregulation of 1FosB reduced NPY at
4 weeks (Figures 3A–C, E) and caused expression of both NPY and
SV2C to be nearly absent at 8 weeks (Figures 3A, B, D, F).

To determine if 1FosB is required to reverse these MF
adaptations across conditions with recurrent seizures regardless
of etiology, we performed analogous experiments in which we
expressed AAV-GFP or AAV-1JunD to block 1FosB activity
for 4 or 12 weeks, and measured induction of NPY-positive
MF in transgenic human amyloid precursor protein (APP) mice
or non-transgenic (NTG) controls. This APP mouse model of
AD neuropathology (Line J20) exhibits recurrent epileptiform
spikes and seizure activity beginning in the first months of life
(Fu et al., 2019). We have reported that epileptiform activity in
pilocarpine or APP mice promotes hippocampal accumulation
of 1FosB and downstream alterations in 1FosB target gene
expression that can impair memory (Corbett et al., 2017; You
et al., 2017; Fu et al., 2019). These mice also exhibit increased
expression of NPY in MF (Palop et al., 2007; Roberson et al., 2011).
Notably, overexpression of 1JunD reduced NPY signal in APP
mice 4 weeks after expression and led to nearly complete reduction
by 12 weeks after expression (Figures 3G–I). These results suggest
that increased expression of 1FosB is critical for MF adaptive
response in the epileptic brain.

Prolonged downregulation or inhibition
of 1FosB increased neuroinflammation
in the hippocampus of seizing mouse
brain

Neuroinflammation is another hallmark of recurrent seizures
observed in mTLE or AD patients (Kandratavicius et al., 2015;
Kinney et al., 2018), and in respective animal models (Zhu et al.,
2017; Srivastava et al., 2018). Due to the marked changes in
dorsal hippocampus morphology, we hypothesized that 1FosB
protein inhibition would increase neuroinflammation in the brains
of mice with recurrent seizures. Microglial cells and astrocytes
were analyzed by immunohistochemistry using Iba1 and GFAP
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FIGURE 2

1FosB downregulation leads to granular cell dispersion and disruption of the Reelin signaling pathway in the dentate gyrus of the mTLE mouse
model. (A) The neuronal marker NeuN was used to visualize the morphology and cytoarchitecture of the hippocampus. Note that the morphology
of the granular layer of the dentate gyrus was markedly affected at 8 weeks with the 1FosB shRNA [area annotated in (A)]. The area of the granular
layer was measured at (C) 4 weeks and (D) 8 weeks. (B) The density of Reelin + cells was analyzed by immunohistochemistry in the dorsal part of the
hippocampus, (E,F) specifically in the area surrounding the hippocampal fissure (HF) [annotated in (B)] including the lacunosum moleculare layer of
the hippocampus (LMol) and the upper third of the molecular layer of the dentate gyrus (Mol) at 4 weeks and 8 weeks after vehicle or AAV delivery.
(G,H) In addition, the number of Reelin + cells was quantified in the granule cell layer (GCL) of the dentate gyrus (DG) [including the hilus (h) of the
dentate gyrus; annotated in (B)]. Data are expressed as mean with standard error of the mean (SEM). Statistical tests: ANOVA followed by Tukey’s
post-hoc test (∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001; ns: non-significant). Scale bars = 500 µm.
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FIGURE 3

1FosB inhibition reduces expression of NPY and SV2C in mossy fibers in epileptic brain. (A) NPY (neuropeptide Y) and (B) SV2C (synaptic vesicle
glycoprotein 2C) were used as markers of mossy fibers in the hippocampus. NPY and SV2C immunoreactive signal was quantified in the dorsal part
of the hippocampus at (C,E) 4 weeks and (D,F) 8 weeks after vehicle or AAV delivery. Data are expressed as mean with standard error of the mean
(SEM). (G) Representative immunostaining of NPY in the dentate gyrus of NTG or APP mice that expressed AAV-GFP or AAV-1JunD for 12 weeks.
Quantification of NPY expression after (H) 4 weeks or (I) 12 weeks of AAV expression. Statistical tests: Two-factor ANOVA followed by Two-stage
linear step-up procedure of Benjamini, Krieger and Yekutieli (A–F) or Benjamini-Hochberg FDR (H-I) post hoc testing (∗p < 0.05; ∗∗p < 0.01;
∗∗∗p < 0.001; ns: non-significant). Scale bars in (A,B) = 500 µm or in (G) = 250 µm.
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markers, respectively (Becker et al., 2021). Upon vehicle treatment,
pilocarpine mice exhibited no significant changes in Iba1 levels at
4 or 8 weeks compared to sham mice (Figures 4A–D), while in
contrast, GFAP levels were markedly enhanced in the mTLE mouse
model at both time points (Figures 4B–F). Administration of AAV-
1FosB shRNA in mTLE mice resulted in a marked increase in Iba1
and GFAP levels notably at 8 weeks in the dorsal hippocampus
(compared to AAV-Neg shRNA treatment), suggesting that 1FosB
downregulation exacerbated microglial activation and astrogliosis
(Figures 4A–F). Further evidence of astrocyte and microglia
activation at 4 and 8 weeks following 1FosB downregulation was
suggested by the morphological enlargement of these cells in the
hippocampus (High magnification pictures in Figures 4A, B).

To determine if 1FosB is similarly required to suppress
immune cell reactivity across conditions with recurrent seizures
regardless of etiology, we measured induction of Iba1 and GFAP
in APP mice and NTG controls 4 or 12 weeks after infusion with
AAV-GFP or AAV-1JunD. We found that 4-week expression of
AAV-1JunD had no effect on Iba1 levels in the dentate gyrus of
NTG-1JunD or APP-1JunD mice compared to respective AAV-
GFP controls (Figures 5A, E). However, after 12 weeks of 1FosB
blockade, Iba1 levels were robustly increased in NTG-1JunD
and APP-1JunD mice compared to respective AAV-GFP controls
(Figures 5B, F). Iba1 levels were also significantly higher in APP-
1JunD than NTG-1JunD mice after 12-week 1FosB blockade
(Figures 5B, F). GFAP expression did not differ in NTG-1JunD
or APP-1JunD mice compared to respective AAV-GFP controls
at 4 weeks post-AAV infusion, although GFAP expression was
significantly higher in APP-1JunD than NTG-1JunD mice after 4-
week 1FosB blockade (Figures 5C, G). Similar to Iba1 levels after
12-week 1FosB blockade, GFAP levels were robustly increased
in NTG-1JunD and APP-1JunD mice compared to respective
controls, and GFAP expression was also higher in APP-1JunD than
NTG-1JunD mice (Figures 5D, H).

These results indicate that 1FosB regulates similar functions
(e.g., MF adaptive response, neuroinflammation) in brains with
recurrent seizures irrespective of seizure etiology.

A subset of hippocampal 1FosB target
genes in pilocarpine or APP mice are
involved in immunity and
neuroprotection

To identify novel putative mechanisms by which 1FosB activity
might suppress immune reactivity and pro-inflammatory signaling
across conditions with recurrent seizure activity, we performed new
Gene Ontology (GO) Biological Process analyses of hippocampal
1FosB target genes. Using previously published ChIP-seq datasets
of hippocampal 1FosB target genes in pilocarpine and APP mice
(Stephens et al., 2020), we performed unfiltered GO Network
analyses for respective lists of 1FosB target genes bound in
pilocarpine mice (5880 genes), Vehicle-treated controls (759
genes), APP mice (2839 genes), and NTG controls (1933 genes).
GO Networks were then filtered to only include GO Terms
(nodes that contain target genes involved in a given process)
related to immunity and/or neuroprotection. We found significant
enrichment (p < 0.05) of GO Terms related to immunity and

neuroprotection in both vehicle-treated and pilocarpine mice.
However, in pilocarpine mice, enriched GO Terms also included
disease-related processes such as responses to amyloid-beta, DNA
repair, and calcineurin-mediated signaling (Figure 6A). Similar
results were obtained when new GO term analyses were performed
in APP and NTG mice (Figure 6B).

To visualize classes of cellular function by which seizure-
induced 1FosB might suppress neuroinflammation and maintain
neuroprotection regardless of seizure etiology, we generated a new
GO Network analysis of the GO Terms related to immunity and
neuroprotection (filtered as in Figures 6A, B) that are enriched
by the 442 1FosB target genes that are shared by Pilocarpine
and APP mice (and are not bound in respective controls). The
immune- and neuroprotection-focused GO Network was broadly
categorized into five key functional domains: Immune Cell and
Cytokine Signaling, Debris and Toxin Clearance, DNA Repair, Cell
Death, and Oxidative Stress (Figure 6C; gene lists for highlighted
GO Terms are in Table 1). A full listing of the immunity and
neuroprotection-related GO Terms depicted in the GO Network in
Figure 6C is provided in Supplementary Table 2.

Discussion

In the current study, by using a newly developed specific 1FosB
inhibitor (shRNA) we showed that seizure-induced 1FosB in the
pilocarpine mouse model is part of a homeostatic mechanism
that protects the epileptic brain from further deterioration.
More specifically, increased 1FosB activity supports “protective”
mossy fiber adaptations, maintains granule cell positioning,
and limits neuroinflammatory responses. Furthermore, we
recapitulated similar findings (adaptation of mossy fibers and
neuroinflammation) in APP mice with recurrent seizures using a
previously established inhibitor of 1FosB activity, a mutant variant
of JunD (1JunD) that can act in dominant negative fashion.
Together, these results demonstrate that 1FosB exerts critical
neuroprotective effects in a seizure etiology-independent manner,
indicating that common modes of gene expression can be engaged
in distinct neurological disorders accompanied by seizures.

A balance between neuroprotection and
neuroplasticity

We previously demonstrated that seizure-induced 1FosB
accumulation in the DG occurs in both patients and mouse models
of Alzheimer’s disease, and that the magnitude of 1FosB expression
corresponded with the magnitude of cognitive impairment
(Corbett et al., 2017; You et al., 2017). Those results indicated that
1FosB may drive cognitive decline, particularly because blockade
of 1FosB activity for several weeks improved spatial memory in
APP mice. Indeed, we found that 1FosB bound to a number of
plasticity-related genes whose suppression was directly linked to
memory deficits, including cFos and calbindin (Corbett et al., 2017;
You et al., 2017; Stephens et al., 2020). However, it is notable
that for these gene targets, suppression of their expression is not
only linked to deficits in hippocampal function, but also with
neuroprotective programs that reduce long-term excitotoxicity
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FIGURE 4

Prolonged 1FosB inhibition exacerbates neuroinflammation in epileptic brain. (A) Iba1 (ionized calcium binding adaptor molecule-1) and (B) GFAP
(glial fibrillary acidic protein) were used as markers of microglia and astrocytes, respectively. High-magnification images (high mag.) in panels (A,B)
illustrate the morphology of microglia and astrocytes in the hippocampus under the different experimental conditions. Iba1 and GFAP
immunoreactive signal was quantified in the dorsal part of the hippocampus at (C,E) 4 weeks and (D,F) 8 weeks after vehicle or AAV delivery. Data
are expressed as mean with standard error of the mean (SEM). Statistical test: ANOVA followed by Two-stage linear step-up procedure of Benjamini,
Krieger and Yekutieli post-hoc testing (∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001; ns: non-significant). Scale bars = 500 µm in
low-magnification pictures and 50 µm in high-magnification pictures.
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FIGURE 5

Prolonged 1FosB inhibition exacerbates neuroinflammation in APP mice. (A,B) Iba1 and (C,D) GFAP were used as markers of microglia and
astrocytes, respectively. Iba1 and GFAP immunoreactive signal was quantified in the dentate gyrus of the hippocampus at (E,G) 4 weeks and (F,H)
12 weeks after AAV delivery. Data are expressed as mean with standard error of the mean (SEM). Statistical tests: Two-factor ANOVA followed by
Benjamini-Hochberg FDR post-hoc test (∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ns: non-significant). Scale bars = 250 µm.

in chronic situations (Molinari et al., 1996; Nagerl et al., 2000;
Fleischmann et al., 2003; Palop et al., 2003; Calais et al., 2013),
suggesting that the actions of 1FosB drive neuroprotection in
chronic conditions. Indeed, prolonged (>1 month) blockade of
1FosB in APP mice worsened seizures and memory (unpublished
observations), consistent with an overall long-term neuroprotective
role for 1FosB. Our findings therefore suggest that seizure-induced
1FosB may exert neuroprotection at the cost of limiting plasticity,
and highlight possible pathways by which it may do so.

1FosB protein preserves hippocampal
architecture in the seizing brain

One of the remarkable observations made in the present
study is the hippocampal granule cell dispersion detected in the

mouse pilocarpine model of mTLE following down-regulation of
1FosB. While this phenomenon is part of the histopathological
features of patients with intractable TLE (Houser, 1990) and is
most prominent in the mouse intrahippocampal kainic acid model
of mTLE (Bouilleret et al., 1999; Suzuki et al., 2000), it is rarely
described in the rodent pilocarpine model (Jagirdar et al., 2016;
Moura et al., 2021). Our results indicate that the downregulation
of 1FosB triggered granule cell dispersion, a morphological
rearrangement that is typically not observed in the mouse
pilocarpine model, pinpointing a key role for 1FosB in maintaining
the positioning of granule cells within the granule cell layer.

One mechanism by which 1FosB may exert such strong
influence on granule cell position is through epigenetic regulation
of Reln, the gene that encodes the Reelin protein, which we
previously found in a ChIP-seq study to be preferentially bound
by 1FosB in pilocarpine mice (Stephens et al., 2020). Previous
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FIGURE 6

Across mouse models with recurrent seizures but not controls, 1FosB binds to key target genes in the hippocampus involved in immunity and
neuroprotection. Hippocampal 1FosB target genes (Stephens et al., 2020) functionally enrich GO Biological Process Terms related to immunity
and/or neuroprotection in (A) wildtype mice injected with Vehicle vs. Pilocarpine or in (B) NTG vs. APP mice. Enrichment p-values for each
highlighted GO Term are depicted on the x-axis with a log10 scale for ease of comparison. The dashed black line denotes the threshold of
significance under two-sided hypergeometric testing with Benjamini-Hochberg FDR = 0.05. (C) A GO Biological Process network shows GO Terms
related to Immune Cell & Cytokine Signaling (yellow), Cell Death (blue), Oxidative Stress (purple), DNA Repair (green), and Debris & Toxin Clearance
(red) that are enriched with the set of 442 hippocampal 1FosB target genes that are shared between Pilo and APP mice and not respective control
mice. Nodes indicate individual GO Terms and lines between nodes indicate that connected nodes share genes. Nodes of larger size denote GO
Terms enriched at p = 0.05 and nodes of smaller size denote GO Terms enriched at p = 0.5.
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TABLE 1 Gene ontology (GO) biological processes related to immunity and neuroprotection that are enriched in hippocampal 1FosB target genes in Pilo and APP mice.

Select gene ontology (GO) terms Annotated 1FosB target genes (of 442 shared by Pilo and APP mice)

IMMUNE CELL AND CYTOKINE SIGNALING Calcineurin-NFAT signaling cascade Fhl2, Nfatc1, Rcan1

Innate immune response A2m, Cx3cr1, Defb8, Fer, Hmgb1, Lgr4, Lsm14a, Ly86, Nlrc5, Oxr1, Ppp6c, Rps19, Trim41

Negative regulation of complement activation A2m, Cd46

Negative regulation of immune system process A2m, Cd46, Cx3cr1, Cxcl12, Dlg5, Fer, Gal, Gpr137b, Grem1, Hmgb1, Lrfn5, Nlrc5, Plcb1, Rps19, Sox9, Tnfrsf21

Myeloid cell activation involved in immune response Cx3cr1, Fer, Gab2, Hmgb1, Lat, Mrgprb4, Mrgprb5

DEBRIS AND TOXIN CLEARANCE Amyloid-beta clearance by cellular catabolic process Mme (neprilysin)

Cellular glucuronidation Ugt1a10, Ugt1a6b, Ugt1a7c, Ugt1a9

Protein quality control for misfolded or incompletely synthesized proteins Fbxl17, Ube2w

Regulation of amyloid-beta formation Rtn1, Slc2a13

Regulation of establishment of endothelial barrier Plcb1, S1pr2

DNA REPAIR Cellular response to UV Cdc25a, Chek1, Mme, Usp28

DNA damage-induced protein phosphorylation Chek1

Histone H2A acetylation Epc1, Mbtd1

Negative regulation of double-strand break repair Parpbp, Trip12

Negative regulation of response to DNA damage stimulus Cxcl12, Parpbp, Trip12

CELL DEATH B cell apoptotic process Slc39a10, Tnfrsf21

Hippocampal neuron apoptotic process Cx3cr1

Negative regulation of hydrogen peroxide-mediated cell death Met

Oligodendrocyte apoptotic process Tnfrsf21

Positive regulation of apoptotic process Bmpr1b, Gal, Hmgb1, Inhba, Jmy, Melk, Zmat3

OXIDATIVE STRESS Negative regulation of response to oxidative stress Met, Oxr1

Thioredoxin peroxidase activity Selenof

Bolded gene = implicated in epilepsy (Wang et al., 2017).
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evidence in the literature supports the role of Reelin in granule
cell dispersion related to TLE (Leifeld et al., 2022). Reelin is a
secreted glycoprotein present in the extracellular matrix that acts
as a stop signal for neuronal migration during development (Tissir
and Goffinet, 2003) but its function in adult hippocampus is not
well studied. Reelin expression decreases after an epileptogenic
brain insult and blocking its function in naïve mice promotes
granule cell dispersion (Haas et al., 2002; Gong et al., 2007).
Furthermore, exogenous supply of Reelin can prevent granule
cell dispersion after an epileptogenic brain insult (Haas and
Frotscher, 2010). In line with these findings, the granule cell
dispersion seen here in the mouse pilocarpine model corresponded
with a dramatic decrease in Reelin expression, especially in the
areas surrounding the hippocampal fissure including the stratum
lacunosum moleculare and the upper third of the molecular layer
of the dentate gyrus. The diffuse Reelin immunostaining in the
neuropil of these areas support the idea that Reelin may be
secreted from terminals of local inhibitory interneurons expressing
Reelin or from afferent axon terminals of the perforant pathway
that originates from Reelin-expressing neurons of the entorhinal
cortex (Pesold et al., 1998). Secreted Reelin may contribute to the
formation of neuronal circuits in the adult brain by the use of
mechanisms similar to those of embryonic development (Tissir and
Goffinet, 2003). Thus, 1FosB, by maintaining expression of Reelin
in the neuropil surrounding the dentate gyrus, might maintain
integrity of neuronal circuits by stopping migration of granular cells
in a given direction during epileptic conditions.

Notably, although we previously demonstrated that APP
mice exhibit reduced Reelin expression in the dentate gyrus
(Chin et al., 2007), the magnitude of reduction was less robust than
that exhibited in the pilocarpine-treated mice with suppression
of 1FosB in the current study. The subtle reduction in Reelin
in APP mice was not associated with granule cell dispersion,
which may reflect the observation that the seizures exhibited by
APP mice are lower in frequency and severity (1–3 seizures per
week, primarily non-convulsive) relative to those induced after
pilocarpine induced-SE. These findings support the hypothesis
that the magnitude of 1FosB expression and the neuroprotective
pathways engaged in conditions with seizures are calibrated to the
level of neuroprotection required.

Another consistent histopathological finding in patients and
animal models with TLE is the increased expression of NPY
and SV2C in MF (Schmeiser et al., 2017a; Freiman et al., 2021).
In our study, NPY and SV2C immunostaining revealed the MF
pathway consisting of axons projecting from the granule cell layer
of the DG to the CA3 area, several months after pilocarpine
induced-SE in mice. Given that NPY inhibits synaptic transmission
at mossy fiber synapses on glutamatergic CA3 pyramidal cells
(Klapstein and Colmers, 1993), the increased expression of NPY
in MF during epileptic conditions may provide an adaptative
and protective mechanism against seizure development. This
hypothesis is currently used in the field as a basis for exploiting NPY
in gene therapy for epilepsy (Cattaneo et al., 2020). Interestingly, we
found that downregulation of 1FosB in the dorsal hippocampus
during the chronic phase of epilepsy after pilocarpine-induced SE
decreased NPY staining in the dentate gyrus. The concomitant
absence of SV2C staining in the same area suggests that MF
underwent degeneration. This loss of MF is also observed in
mTLE patients and can be driven by neuronal death in CA3 area

(Schmeiser et al., 2017b), a phenomenon that we also observe
in Figure 2A (8 weeks after reduction of 1FosB). We found a
similar attenuation of NPY expression in MF in APP mice in
which 1FosB signaling was blocked, supporting the hypothesis that
1FosB is required for the protective de novo expression of NPY in
the MF pathway that occurs in distinct conditions with recurrent
seizures. Notably, a decrease in MF density can also be observed in
the hippocampus of individuals with schizophrenia and in animal
models of schizophrenia, and is believed to contribute to behavioral
abnormalities found in the disease (Ibi et al., 2020). The decrease in
MF density corresponds with a Reelin deficit in the dentate gyrus
of the hippocampus in an animal model of schizophrenia, and both
behavioral abnormalities and MF deficits can be rescued by delivery
of exogenous Reelin into the dentate gyrus of the hippocampus
(Ibi et al., 2020), supporting a role of Reelin in the remodeling of
MF during disease progression of neurodevelopmental disorders. It
is plausible that a similar pathophysiological mechanism involving
a Reelin deficit in the dentate gyrus causes the MF loss that we
detect in the epileptic brain following 1FosB downregulation. This
possibility is supported by our present results, in which 1FosB
downregulation induced a striking decrease in Reelin expression
in the dentate gyrus of the hippocampus from epileptic mice.
Altogether, these results indicate that 1FosB plays an important
role in maintaining the adaptative MF pathway in place under
epileptic conditions, perhaps through modulation of the Reelin
signaling pathway.

1FosB protein attenuates
neuroinflammation in the seizing brain

In this study, consistent with previous reports (Mazzuferi
et al., 2012; Clasadonte et al., 2013; Wang et al., 2019), a
robust neuroinflammation, characterized by astrocytic activation,
was detected in the hippocampus of pilocarpine treated mice.
Strikingly, downregulation or inhibition of 1FosB led to an
increase in astrocyte and microglia activation in seizing mice
regardless of seizure etiology. From our experimental design it
is difficult to address whether increased inflammation precedes
(directly related to 1FosB activity) or is secondary to the
dramatic changes in hippocampal cytoarchitecture. In a focal
mouse model of mTLE, increased astrogliosis or microgliosis
precede granule cell dispersion (Pernot et al., 2011). Furthermore,
more progressive granule cell dispersion correlates with increased
GFAP-positive fiber density (Heinrich et al., 2006), which is in
alignment with findings in mTLE patients (Fahrner et al., 2007).
Results from our bioinformatic analysis suggest that 1FosB via
its downstream targets like Cxcl12 (Stephens et al., 2020), a
chemokine with confirmed role in epilepsy (Song et al., 2016;
Zhou et al., 2017; Xu et al., 2019) could suppress further worsening
of neuroinflammation in epileptic brain but we cannot rule out a
possibility that increased gliosis is a consequence of mossy fiber
degeneration or granule cell dispersion or combination of these
processes.

Based on data acquired from pilocarpine mouse models and
knowledge from the literature, we propose a molecular model in
which 1FosB directly (Stephens et al., 2020), or indirectly through
multiple pathways (McClung and Nestler, 2003; You et al., 2018;
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Lardner et al., 2021), regulates expression of Reelin. This regulation,
in turn, sustains the protective actions of mossy fibers and
maintains granule cells in their correct position in the epileptic
brain. In conclusion, our study indicates that 1FosB protects the
brain from further deterioration during seizures, regardless of
seizure etiology. Moreover, we have developed a novel 1FosB-
specific inhibitor that can be utilized by the broader scientific
community.
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SUPPLEMENTARY TABLE 1

List of primary and secondary antibodies used for immunohistochemistry.

SUPPLEMENTARY TABLE 2

Full listing of GO Terms represented in network nodes in Figure 6C.

SUPPLEMENTARY FIGURE 1

Development of specific 1FosB inhibitor. (A) Selection of 1FosB and FosB
transcripts together with sequences that are targeted by developed shRNA
(highlighted in brown and red). As shown, only 1FosB mRNA can be
targeted by developed shRNA. Relative gene expression analysis by qPCR of
(B) 1FosB and (C) FosB transcripts, 4 weeks after AAV-Neg shRNA or
AAV-1FosB shRNA were injected in the dorsal hippocampus. Statistical test:
ANOVA followed by Tukey’s post-hoc test (∗p < 0.05; ∗∗p < 0.01; ns:
non-significant; n = 6–7).

SUPPLEMENTARY FIGURE 2

Measuring convulsive seizures in pilocarpine mouse model (A) Average
number of seizures per day in epileptic mice 2–4 weeks (left panel) and
from 6 to 8 weeks (right panel) after injection of vehicle, AAV-Neg shRNA
or AAV-1FosB shRNA in the dorsal hippocampus. Left panel: n = 6 animals
per group; non-parametric one-way ANOVA (Kruskal-Wallis test); p > 0.05.
Right panel: n = 5–6 animals per group; non-parametric one-way ANOVA
(Kruskal-Wallis test); p > 0.05). (B) Average duration of seizures in epileptic
mice 2–4 weeks (left panel) and 6–8 weeks (right panel) after injection of
vehicle, AAV-Neg shRNA or AAV-1FosB shRNA in the dorsal hippocampus.
Left panel: n = 6 animals per group; non-parametric one-way ANOVA
(Kruskal-Wallis test); p > 0.05. Right panel: n = 5–6 animals per group;
non-parametric one-way ANOVA (Kruskal-Wallis test); p > 0.05).
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(C) Proportion of seizures of stage 3, 4, and 5 in epileptic mice 2–4 weeks
(left panel) and 6–8 weeks (right panel) after injection of vehicle, AAV-Neg
shRNA or AAV-1FosB shRNA in the dorsal hippocampus. Left panel: 105
seizures from 6 animals for vehicle group, 71 seizures from 6 animals for
AAV-Neg shRNA group, 229 seizures from 6 animals for AAV-1FosB shRNA
group, chi-square contingency test; p > 0.05. Right panel: 119 seizures
from 6 animals for vehicle group, 171 seizures from 6 animals for AAV-Neg
shRNA group, 116 seizures from 5 animals for AAV-1FosB shRNA group,
chi-square contingency test; p > 0.05. Pooled data are shown as
mean ± SEM. (D) Examples of 1FosB protein analyses by western blotting
from pilocarpine treated mice injected with AAV-Neg shRNA or AAV-1FosB
shRNA showing 1FosB protein decrease at 4 and 8 weeks
after AAV treatment.

SUPPLEMENTARY FIGURE 3

Immunohistochemistry for Prox1 and c-Fos in the hippocampus of mTLE
mouse model. (A) Prox1 is primarily expressed in the granule cells of the
dentate gyrus and was used to confirm the cellular phenotype of the cells
that are dispersed in the hippocampus of the pilocarpine treated mice at
8 weeks. The morphology of the granular layer of the dentate gyrus was
markedly affected at 8 weeks with the 1FosB shRNA. (B) c-Fos was used as
a marker of neuronal activity in the hippocampus and immunoreactive
signal was quantified in the dorsal part of the hippocampus at (C) 4 weeks
after vehicle or AAV delivery. Data are expressed as mean with standard
error of the mean (SEM). Statistical test: ANOVA followed by Tukey’s
post-hoc test (∗p < 0.05; ∗∗p < 0.01; ∗∗∗∗p < 0.0001; ns: non-significant).
Scale bars = 500 µ m.
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Latest advances in mechanisms of 
epileptic activity in Alzheimer’s 
disease and dementia with Lewy 
Bodies
Mariane Vicente , Kwaku Addo-Osafo  and Keith Vossel *

Mary S. Easton Center for Alzheimer’s Research and Care, Department of Neurology, David Geffen 
School of Medicine at University of California, Los Angeles, CA, United States

Alzheimer’s disease (AD) and dementia with Lewy bodies (DLB) stand as the 
prevailing sources of neurodegenerative dementia, impacting over 55 million 
individuals across the globe. Patients with AD and DLB exhibit a higher prevalence 
of epileptic activity compared to those with other forms of dementia. Seizures can 
accompany AD and DLB in early stages, and the associated epileptic activity can 
contribute to cognitive symptoms and exacerbate cognitive decline. Aberrant 
neuronal activity in AD and DLB may be caused by several mechanisms that are 
not yet understood. Hyperexcitability could be a biomarker for early detection 
of AD or DLB before the onset of dementia. In this review, we compare and 
contrast mechanisms of network hyperexcitability in AD and DLB. We examine 
the contributions of genetic risk factors, Ca2+ dysregulation, glutamate, AMPA 
and NMDA receptors, mTOR, pathological amyloid beta, tau and α-synuclein, 
altered microglial and astrocytic activity, and impaired inhibitory interneuron 
function. By gaining a deeper understanding of the molecular mechanisms that 
cause neuronal hyperexcitability, we might uncover therapeutic approaches to 
effectively ease symptoms and slow down the advancement of AD and DLB.

KEYWORDS

Alzheimer’s disease, dementia with Lewy bodies, epilepsy, network hyperexcitability, 
epileptic activity

Introduction

Hyperexcitability can be defined as an increased likelihood of firing at the level of the 
neuron from certain stimuli and/or due to decreased firing thresholds (1). This heightened 
excitability can clinically present itself as epilepsy. As per the official definition by the 
International League Against Epilepsy (2), “Epilepsy is characterized by repeated spontaneous 
bursts of neuronal hyperactivity and high synchronization in the brain.” Epilepsy has emerged 
as a significant global health issue, impacting approximately 70 million individuals worldwide 
(3–6). Hyperactivity occurs in neuronal populations or brain regions when the frequency of 
activity is above normal rates. Brain activity is normally regulated with precise timing and 
regional specificity, however, high synchronization or hypersynchrony denotes an increase in 
neuronal coordination and cellular firing (7, 8). While epilepsy can manifest in any stage of 
life, it is notably more common among individuals aged 65 years and older, reaching a 
prevalence of 5.7% in the Cardiovascular Health Study (9). Increasingly, there is a growing 
recognition that late-onset epilepsy, starting after age 55, is often not an isolated condition but 
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is frequently linked to neurodegenerative diseases like Alzheimer’s 
disease (AD) and dementia with Lewy bodies (DLB) (10–12).

AD constitutes 60–70% of all dementia cases and is characterized 
by a gradual decline in memory and other cognitive functions. At 
present, there are more than 57 million people globally living with 
dementia, and this figure is predicted to double every two decades, 
reaching 74.7 million by 2030 (Alzheimer’s Disease International). The 
buildup of extracellular clusters of amyloid beta (Aβ) plaques and 
intracellular neurofibrillary tangles (NFTs) consisting of 
hyperphosphorylated tau protein in the cortical and limbic regions of 
the human brain signifies the disease’s pathological features (13–17). 
The accumulation of Aβ plaques and NFTs is connected with notable 
loss of neurons and synapses, along with neuroinflammation (18). In 
this context, there is a growing number of studies showing that 
patients with AD exhibit epilepsy, which may be  a harbinger or 
indicator of the disease (11, 19–24). The prevalence of epilepsy in 
patients with AD is around 10 to 22% (21, 25, 26), while epileptiform 
activity, with varying characteristics, can be detected in patients with 
AD and with or without diagnosed epilepsy (23, 27–34). Seizures can 
begin in preclinical or clinical stages of AD (20, 23, 35, 36). The 
preponderance of seizures in AD lacks motor characteristics, 
rendering their diagnosis complex and potentially leading to an 
underreporting of seizures (23, 36, 37). Some studies suggest seizures 
can increase the production and deposition of Aβ and 
hyperphosphorylated tau in the brain and cause a decline in cognition 
in patients with AD (24, 38–41). Late-onset epilepsy increases risk of 
AD by around three-fold (12, 42). Notably, AD predisposes patients 
to develop epilepsy and late-onset epilepsy predisposes patients to 
develop AD highlighting the bidirectionality between diseases 
(11, 19).

DLB ranks as the second most frequent neurodegenerative 
dementia among individuals above the age of 65 (43–45). Clinical 
criteria encompass cognitive fluctuations, visual hallucinations, rapid 
eye movement sleep behavior disorder, and parkinsonism (45, 46). 
The neuropathology of DLB is marked by neuronal Lewy bodies and 
Lewy neurites, consisting of aggregates of α-synuclein that impact the 
brainstem along with extensive limbic and neocortical areas (47). This 
pathology also involves the loss of midbrain dopamine cells and 
cholinergic neurons in ventral forebrain nuclei, nucleus basalis of 
Meynert (48, 49). Furthermore, Aβ plaques and NFTs are present in a 
majority of DLB cases (50, 51). Analogous to AD, individuals with 
DLB also experience seizures (52). Marawar et al. (53) demonstrated 
a higher occurrence of seizures in DLB compared to the general 
population, with a rate of 3.8% in pathologically confirmed DLB 
across the United States. Meanwhile, Beagle et al. (52) identified a 
cumulative probability of 14.7% for DLB patients to develop seizures 
and a 5.1% prevalence of new-onset seizures in a population from the 
Memory Aging Center at the University of California, San Francisco, 
while other studies observed a 2–3% seizure prevalence rate in cohorts 
from Italy, United States, and Sweden (53–55).

In spite of the presence of antiseizure medications, roughly a third 
of individuals with epilepsy are unable to manage their seizures or 
develop resistance to the impact of these medications (56–59). This 
underscores the urgent need to create novel and inventive treatment 
approaches for epilepsy. Beyond that, therapeutic interventions 
targeting the molecular mechanisms of neuronal hyperexcitability 
have promise for treating disorders linked to increased excitability, 
such as AD and DLB. For example, Vossel et al. (60) showed that low 
doses of levetiracetam can improve spatial memory and executive 

function in AD patients with detectable epileptic activity. 
Levetiracetam also improved attention, oral fluency, and overall 
cognition in AD patients in a case–control study (61). Also, the 
clinical trial HOPE4MCI (NCT03486938) uses low dose levetiracetam 
which has been shown to decrease hippocampal hyperexcitability and 
attenuate cognitive decline by improving task related memory 
performance in amnestic mild cognitive impairment (62, 63). These 
studies show that levetiracetam can improve diverse cognitive 
functions in various stages of AD, reflecting multiple cortical regions 
that exhibit hyperexcitability in the disease. As a potential marker of 
neurodegeneration and pathology progression in AD and DLB, the 
early detection of cortical hyperexcitability and its mechanistic 
understanding is instrumental. Hyperexcitability may begin or be a 
result of neuropathology and may arise due to a number of different 
factors at varying time points in AD and DLB. Though 
hyperexcitability has been previously explored in the context of AD 
(1, 24, 31, 60, 64, 65), the role and mechanisms of hyperexcitability in 
DLB (66–69), as well as its similarities and differences with AD 
requires more research. In this review, we explore shared and distinct 
molecular mechanisms associated with hyperexcitability in AD and 
DLB, encompassing factors such as genetic risk factors, Ca2 and 
glutamate contributions, cholinergic pathways, AMPA and NMDA 
receptors, mTOR, pathological Aβ, tau and α-synuclein, genetic risk 
factors, altered microglial and astrocytic activity, and impaired 
inhibitory interneuron function (Figure 1).

Genetic risk factors

APOE
The apolipoprotein E (APOE) ε4 allele is implicated in 

cerebrovascular, mental, and neurological disorders but stands as the 
primary genetic susceptibility factor for AD, and also increases the 
severity of neuropathology in DLB (70–75). In the context of 
hyperexcitability, APOE ε4 (APOE4) has not been associated with 
early-onset epilepsy, within 12 months of age, (76), but APOE4 has 
been linked to an increased risk of late-onset epilepsy, starting after 
age 60, and there exists an allele dose dependence on the incidence of 
late-onset epilepsy of 2.87, 4.13, and 7.05 per 1,000 person-years for 
0, 1, and 2 APOE ε4 alleles, respectively (42, 77). These results 
persisted when participants with strokes were censored, suggesting 
that APOE4 confers epilepsy risk through mechanisms beyond its 
effects on cerebrovascular disease (42). A meta-analysis demonstrated 
that individuals carrying the APOE4 allele and experiencing temporal 
lobe epilepsy exhibit seizure onset nearly 4 years earlier than those 
without the allele (78). Another investigation revealed that individuals 
with temporal lobe epilepsy and APOE4 have an elevated risk of 
experiencing verbal learning deficits, particularly among those with a 
longer epilepsy duration (79). Similarly, mice expressing the human 
APOE4 allele develop a seizure phenotype that is either absent or less 
pronounced in mice expressing human APOE2 or APOE3 (80).

The exact mechanisms by which APOE4 promotes heightened 
neural excitability remain to be fully elucidated. APOE is involved in 
cholesterol metabolism and transportation, stabilization and 
solubilization of lipoproteins, and maintaining lipid homeostasis. 
Additionally, it plays a role in synaptic plasticity, signal transduction, and 
immunomodulation (81–83). In vitro studies utilizing human induced 
pluripotent stem cell-derived neurons expressing APOE4 demonstrate 
increased excitability compared to APOE3 isogenic controls. This 

131

https://doi.org/10.3389/fneur.2024.1277613
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Vicente et al.� 10.3389/fneur.2024.1277613

Frontiers in Neurology 03 frontiersin.org

heightened excitability might be attributed to an elevated expression of 
synaptic proteins like synaptophysin and PSD-95, the upregulation of 
genes involved in neuronal differentiation, and alterations in cholesterol 
metabolism (84). Due to the critical importance of APOE in shaping 
neuronal structure, establishing synapses, and regulating ion channels, 
changes in cholesterol and lipid concentrations can significantly impact 
neural excitability (85). For example, in rat hippocampal neurons, 
changed cholesterol levels differentially affect fast transient currents and 
delay rectifying currents modulating hyperexcitability (86). A clinical 
demonstration of importance is evident in Niemann-Pick type C (NPC) 
disease. In NPC, dysregulation of cholesterol transport and 
accumulation, can result in an AD-like phenotype, including cortical 
neurodegeneration, tau hyperphosphorylation, Aβ deposition, and 
hyperexcitability (87, 88). Vivas et al. (88) has shown that decreased 

transport of cholesterol from lysosomes disrupts ion channel activity and 
ultimately results in neuronal hyperexcitability. This mechanism is 
mediated by the reduction in phosphatidylinositol 4,5-bisphosphate in 
the plasma membrane resulting in a decrease in KCNQ2/3 current and 
increased excitability (88). Finally, microglia and astrocytes harboring 
APOE4 exhibit slowed uptake of extracellular Aβ (84). Consequently, 
elevated Aβ levels can also lead to increased neural activity. The plethora 
of physiological functions APOE is involved in results in numerous 
pathways by which APOE can contribute to hyperexcitability and 
targeted with therapeutics in AD and DLB (Table 1).

APP, PSEN1, and PSEN2
Early-onset familial AD, which constitutes less than 1% of cases, 

can be triggered by highly penetrant mutations in genes encoding 

FIGURE 1

Molecular mechanisms resulting in cellular hyperexcitability associated with Alzheimer’s disease and dementia with Lewy bodies in a glutamatergic 
neuron surrounded by a microglial cell (peach) and an astrocyte (purple). Pharmacological interventions (red) are displayed by their receptor or protein 
of action. Aβ, amyloid beta; AMPA-R, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; EAAT, excitatory amino acid transporters; mAbs, 
monoclonal antibodies; NMDA-R, N-methyl-D-aspartate receptor; TLR4, toll like receptor 4; TREM2, triggering receptor expressed on myeloid cells 2; 
mTOR, mechanistic target of rapamycin; SV2A, synaptic vesicle glycoprotein 2A; vGLUT, vesicular glutamate transporters. Created with BioRender.com.
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amyloid precursor protein (APP) on chromosome 21, presenilin 1 
(PSEN1) on chromosome 14, and presenilin 2 (PSEN2) on 
chromosome 1 (89–91). Among the roughly 35 distinct APP 
mutations associated with AD pathogenesis are gene locus 
duplications and point mutations in the coding region, leading to 
amino acid substitutions. Duplication of the entire gene or locus 
results in elevated APP and Aβ levels, favoring the formation of Aβ 
plaques (92, 93). PSEN1 and PSEN2 are not only involved in 
γ-secretase but also in cleaving other type I integral proteins like the 
Notch receptor (94). Likewise, mutations in PSEN1 and PSEN2 
hinder γ-secretase activity, causing an imbalance in the Aβ1–42 to 
Aβ1–40 ratio due to Aβ1–42 overproduction or Aβ1–40 underproduction, 
or a combination thereof. The Aβ1–42 to Aβ1–40 ratio is significant 
because an increase in this ratio increases the aggregation and 
neurotoxicity of the Aβ protein while a decrease in the ratio can 
decrease deposition (95–98). APP, PSEN1, and PSEN2 mutations 
contribute to neural excitability by activating the mentioned 
mechanisms via elevated Aβ levels and amyloid plaque formation. 
It is important to note that early-onset AD is not only related to 
APP, PSEN1, and PSEN2. Alterations in these three genes only 
account for 5–10% of early-onset AD with remaining genes and risk 
factors still to be discovered and studied (89, 99–101). Beyond these 
known genetic variants causing AD, individuals with Down 
syndrome possess an extra copy of chromosome 21, housing APP, 
and face an elevated risk of early-onset AD and seizures (102, 103). 
Estimates indicate that more than 50% of people with Down 
syndrome will develop Alzheimer’s with symptoms emerging in 
their 50s and 60s (104, 105).

SNCA
Mutations in the SNCA gene, which encodes α-synuclein, lead to 

parkinsonian disorders, notably including DLB (106–108). Among 
the numerous mutations, A30P, E46K, G51D, and duplications and 
triplications of the SNCA gene, of specific interest is the A53T point 
mutation (106, 109, 110). Recent investigations have uncovered that 
mice expressing human α-synuclein with the A53T mutation 
manifest a phenotype akin to the human condition (110). They 
exhibit deficits in long-term potentiation and learning and memory. 
Furthermore, these mice display a left shift in electroencephalography 
(EEG) spectral power, mirroring the EEG slowing observed in 
patients with DLB (110–112). The EEG slowing and shift in spectral 
power to more delta signifies network dysfunction, a loss of 
cholinergic neurons, and symptoms of DLB (66, 68). Similarly, Morris 
et al. (66) demonstrated that neuronal overexpression of wild-type 
α-synuclein in transgenic mice (Thy1-SYN line 61) also leads to EEG 
slowing. Both of these models experience seizures and present 
molecular alterations in the hippocampus that suggest abnormal 
network excitability, including a depletion of calbindin in the dentate 
gyrus. These collective findings suggest that higher levels or 
dysfunction of α-synuclein may contribute to the neuronal 
hyperactivity found in DLB.

Degeneration of cholinergic pathways

Acetylcholine is an ester of acetic acid and choline that is released 
by cholinergic neurons (113, 114). Acetylcholine plays a crucial role 
as one of the neurotransmitters implicated in cognitive functions like 

memory and executive function. In both DLB and AD, deficiencies in 
cholinergic activity are observable (115, 116). These deficiencies 
manifest as reduced acetylcholine levels and irregularities in the 
expression of nicotinic and muscarinic receptors. Notably, the extent 
of cholinergic deficits tends to be more pronounced in DLB when 
compared to AD, even though DLB typically exhibits less brain 
volume loss (49, 117). The decline of cholinergic neurons projecting 
to the cortex contributes to a deceleration of cortical oscillations as 
seen on EEG, resulting in a shift of spectral power from higher 
frequency bands (alpha, beta, gamma) to lower ones (delta, theta) 
(118, 119). DLB patients experience a more significant loss of 
cholinergic neurons, displaying more pronounced EEG slowing (49). 
Additionally, DLB patients demonstrate greater clinical improvement 
with the usage of common acetylcholinesterase inhibitors such as 
donepezil, rivastigmine, and galantamine compared to AD patients 
(120, 121). It is unknown whether neurodegeneration of cholinergic 
neurons contributes to hyperexcitability. However, animal models 
suggest that early changes in cholinergic tone could contribute to 
epilepsy in preclinical stages of AD. Interictal spikes have been 
observed during the rapid eye movement stage of sleep in Tg2576 
mice expressing human amyloid precursor protein (APP) at a very 
young age (5 weeks old), long before the deposition of Aβ (122). After 
administration of muscarinic cholinergic receptor antagonist, 
atropine, the investigators observed a reduction in interictal spikes, 
suggesting that there may be  a phase of high cholinergic tone, 
contributing to epilepsy, prior to reductions in acetylcholine (122). In 
contrast, donepezil, a cholinesterase inhibitor had no significant effect 
on interictal spikes (122). Another study using the APPswe/PS1dE9 
mouse model presenting with spike–wave discharges (SWDs), showed 
that donepezil does not have a significant effect on epileptic activity 
whereas atropine decreases SWDs and results in EEG slowing (123). 
This information suggests that before the degeneration of cholinergic 
neurons in AD and DLB, there could be  a phase of increased 
cholinergic tone that contributes to an increase in neuronal activity 
and epilepsy.

Glutamate

Glutamate, among the most extensively studied neurotransmitters 
within the central nervous system, is a non-essential amino acid 
synthesized within neurons and glial cells using glucose and 
α-ketoglutarate. It is ubiquitously distributed throughout the brain 
(124). Glutamate holds significance in cognitive functions like 
memory and learning, playing a pivotal role in neuronal excitability 
by expediting swift synaptic activity in neurons—a process regulated 
by astrocytes and other glial cells (125). The distribution of glutamate 
across distinct brain compartments is orchestrated by specific 
transporters and enzymes accountable for its metabolism. Surplus 
glutamate is eliminated by glial cells through excitatory amino acid 
transporters (EAAT1, EAAT2) (126). Notably, reduced expression 
levels of EAAT1 and EAAT2 have been observed in cases of epilepsy 
(127, 128), while mutations in the SLC1A3 and SLC1A2 genes that 
encodes EAAT1 and EAAT2, can result in episodic ataxia 6, 
characterized by symptoms of epilepsy, long lasting ataxia attacks and 
headaches, and epileptic encephalopathies, respectively (129, 130).

Inside astrocytes, glutamate undergoes a transformation into 
glutamine, subsequently being released and taken up by the neuronal 
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presynaptic compartment. There, it is converted back into glutamate, 
which then accumulates within synaptic vesicles via vesicular 
glutamate transporters (vGLUT1/vGLUT2). Although astrocytes are 
commonly discussed collectively, they are an extremely diverse cell 
population. A recently described subpopulation of astrocytes 
specifically mediates the release of glutamate (131). Ultimately, this 
intricate process facilitates highly efficient neurotransmission within 
tri or tetrapartite synapses (132, 133).

An imbalance in the expression of vGLUT1 was observed in post-
mortem human brain samples at the advanced stages of both AD and 
DLB (134). Similarly, Liraz et al. (135) discovered reduced levels of 
vGLUT in the hippocampal neurons of APOE4 mice. Previous 
research studies have pointed to a decline in the capacity and protein 
expression of glutamate transporters, as well as a specific loss of 
vGLUT in AD patients (136–138). A postmortem study showed 
increases in EAAT1 levels in a subset of pyramidal neurons exhibiting 
degeneration in the AD brain (139), whereas another postmortem 
study and in vitro assay showed impaired function of EAAT2 in the 
AD brain (140). Pharmacological administration of riluzole increases 

glutamate transporter expression, and in the P301L mouse model 
reverses glutamate related alterations and associated cognitive decline 
(141). Consequently, elevated levels of glutamate contribute to 
excitotoxicity and neuronal cell death (142). These findings collectively 
suggest that as the disease advances, the transporters responsible for 
glutamate reuptake become less effective, potentially leading to 
increased neuronal excitability.

Glutamate toxicity primarily arises from an excessive influx of 
Ca2+ (143, 144). Dubinsky (145) demonstrated that hippocampal 
neurons exposed to toxic levels of glutamate maintained elevated Ca2+ 
levels for around 1 h before returning to baseline levels. As calcium 
signaling governs a spectrum of cellular processes, the outcome of 
Ca2+ overload entails the activation of catabolic enzymes like calpain 
I (146), phospholipases, and the release of arachidonic acid (147). This 
cascade results in an escalation of reactive oxygen and nitrogen species 
and the eventual collapse of neuronal cells through cytoskeletal 
degradation and membrane deterioration. Clinically, this associates 
with the progressive decline in cognition and memory, as well as brain 
atrophy in AD patients (148, 149). This is further evident in epilepsy 

TABLE 1  Summary of molecular mechanisms cause hyperexcitability and intervention strategies associated with Alzheimer’s disease and dementia with 
Lewy Bodies.

Molecular mechanisms Cause of hyperexcitability Intervention strategies

Cholinergic pathways 	•	 Increased cholinergic tone before symptom onset 	•	 Cholinergic receptor antagonist during 

preclinical stages of AD or DLB

Excess glutamate 	•	 Excessive Ca2+ influx

	•	 Overstimulation AMPA and NMDA receptors

	•	 Increase transporters (EAAT1, EAAT2, 

vGLUT1/vGLUT2)

(e.g., riluzole)

	•	 Antagonists of ionotropic and metabotropic 

glutamate receptors (e.g., perampanel)

	•	 Antiseizure medications – SV2A mechanism 

(e.g., leviteracetam, brivaracetam)

Overactive mTOR 	•	 Reduced autophagy; buildup of epileptogenic disease proteins 	•	 Inhibition of mTOR

(e.g., rapamycin)

Higher levels of α-synuclein 	•	 Overactivation of astrocytes and microglia 	•	 Inhibitors of aggregation (e.g., ENT-01)

	•	 Inactivation of astrocytes and microglia (e.g., 

minocycline)

Tau protein 	•	 Enables seizures

	•	 Can facilitate presynaptic glutamate release

	•	 Tau reduction (e.g., BIIB080)

Amyloid beta (Aβ) 	•	 Changes in voltage-dependent channels that maintain neuronal 

membrane potential

	•	 Stimulation of voltage-gated calcium channels

	•	 Formation of pores in the membrane thereby increasing 

Ca+ influx

	•	 Antibody-mediated clearance (e.g., anti-amyloid 

monoclonal antibodies)

	•	 Inhibitors of aggregation

	•	 Inhibitors of voltage-gated calcium channels

Over-stimulation of microglia and astrocytes 	•	 Increases glutamate release

	•	 Decreases levels of the astrocytic glutamate transporter EAAT2

	•	 Endocytosis of neuronal ionotropic GABAA receptors

	•	 Activation of TLR4 receptors

	•	 Increases extracellular K+ levels by astrocytes

	•	 Glial inhibition (e.g., minocycline)

	•	 Increase glutamate transporters (e.g., 

ceftriaxone)

GABAergic neuron dysfunction 	•	 Mutations in genes encoding GABA receptor subunits

	•	 Decreases voltage-gated sodium channels

	•	 Medications that increaese GABAergic tone

(e.g., gabapentin and pregabalin)

Genetic risk factors: APOE ε4, APP, PSEN1, 

PSEN2, Trisomy 21, SNCA

	•	 Elevated levels of APP and Aβ, and α-synuclein

	•	 Impairment in γ-secretase activity

	•	 Gene editing (e.g., CRISPR – in development 

for humans)

Aβ, amyloid beta; AD, Alzheimer’s Disease; AMPA, receptor, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; APOE, apolipoprotein E; APP, amyloid precursor protein; 
CRISPR, clustered regularly interspaced short palindromic repeats; DLB, dementia with Lewy Bodies; NMDA receptor, N-methyl-D-aspartate; PSEN, presenilin; SNCA, synuclein alpha; 
SV2A, synaptic vesicle glycoprotein 2A.
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where the seizures ultimately cause excitotoxicity by starting the 
aforementioned cascade and leading to neuronal cell death and loss 
(150, 151).

Upon release from synaptic vesicles, glutamate initiates the 
activation of diverse ionotropic (AMPA, kainate, NMDA) and 
metabotropic (mGluR1 and mGluR5  in group I, mGluR2 and 
mGluR3  in group II, and mGluR4,6,8  in group III) glutamate 
receptors, primarily located in the postsynaptic region (152). The 
overstimulation of these receptors contributes to the generation of free 
radicals, possibly as a result of the continued calcium influx, inducing 
oxidative stress and subsequently disrupting mitochondrial functions 
(152, 153). This mitochondrial dysfunction plays a role in initiating 
and advancing epilepsy by triggering sequences of apoptosis (154).

Recent research highlights NMDA receptors (NMDARs) as 
contributors to neuronal hyperexcitability, suggesting that abnormal 
activation of these receptors, particularly through Ca2+ influx, is 
implicated in hyperexcitability (155, 156). NMDARs possess a 
significantly higher permeability for calcium ions compared to other 
ionotropic glutamate receptors (iGluRs), thus facilitating hyperactivity 
through calcium influx (155, 156). Memantine, an NMDAR 
antagonist, has been found to reduce Ca2+ influx and improve 
cognition and behavior in moderate-to-advanced AD (157). On the 
other hand, direct links between AMPA receptors and epilepsy in AD 
and DLB are more limited. Elevated levels of AMPA receptors have 
been observed in the brains of various epilepsy types, in humans and 
animal models (158, 159), and there is evidence of changes in receptor 
function through increased levels of AMPA and NMDA receptor 
subunits in human and mouse epileptic brains (160, 161).

Studies such as that by Teravski et  al. (110) involving A53T 
α-synuclein-expressing neurons have indicated postsynaptic 
dysfunction, including reduced amplitude of miniature postsynaptic 
currents and a lower ratio of AMPA to NMDA receptor currents. Such 
changes coincide with the development of epileptic activity in this 
model. If the loss of AMPA receptors occurs in GABAergic inhibitory 
neurons, this could enhance the activity of neurons receiving their 
projections, potentially leading to neural network hyperactivity in 
DLB. Further exploration of the roles of NMDA and AMPA receptors 
in AD and DLB could yield valuable insights into potential treatments 
for epilepsy associated with these diseases.

Overactivation of mTOR Pathway

mTOR, mechanistic target of rapamycin, is a highly conserved 
serine/threonine protein kinase that forms two distinct complexes, 
mTORC1 and mTORC2. External triggers including energy, oxygen, 
DNA damage, and amino acids activate the mTOR complexes, and 
they are implicated in a breadth of physiological functions including 
cell survival, growth, proliferation, metabolism, protein synthesis and 
signaling (162). In the brain, mTOR expression is widespread, 
affecting many neuronal and glial cell types playing a role in axonal 
development, synaptic plasticity, and neuronal excitability (163). 
Another crucial role function of mTOR signaling is autophagy, the 
process of degrading and recycling components of dysfunctional cells 
and proteins (164). Recently however, the role of autophagy has been 
expanded and shown to affect neuronal excitability (165). An ATG5 
deficient mouse model shows impairment and decreases in protein 
kinase A (PKA) signaling from the lack of PKA subunit turnover 

(165). In addition to increased excitatory neurotransmission, 
alterations in synapses and disruption in AMPA receptor function, 
seizures also present as a common phenotype in these mice. This 
further highlights mTOR’s myriad functions and its contribution to 
hyperexcitability and warrants further investigation in the context 
of neurodegeneration.

Overactivation and dysregulation of mTOR can result in severe 
pathological changes. mTOR association with hyperexcitability and 
seizures can be attenuated pharmacologically (125, 166, 167). mTOR 
hyperactivation is observed in Tuberous Sclerosis Complex (TSC) 
which presents with epileptic seizures and autism-like traits (162). 
Loss of the TSC gene in mouse models results in seizures and epilepsy 
that can be attenuated with the mTOR inhibitor, rapamycin (168). 
mTOR overactivation can also be activated by seizures evidenced by 
an increase in phospho-S6 expression in a kainic acid seizure mouse 
model (169). Inhibition of mTOR and restoration of the excitatory 
imbalance causing seizures and epilepsy may provide additional 
benefit for AD and DLB where hyperexcitability may participate in a 
positive feedback loop (40).

Pertaining to AD and DLB, postmortem examinations revealed 
increased mTOR activation in AD, DLB, and Parkinson’s disease and 
associations with deficits in autophagy (170–173). Seizures have been 
shown to both activate mTOR and worsen AD pathology and 
cognitive deficits. Rapamycin administration can attenuate cognitive 
deficits in AD models through an increase in autophagy and/or 
decrease in hyperexcitability, further linking overactivation of mTOR 
activity and its contribution to AD (174, 175). Within the context of 
hyperexcitability, mTOR in DLB may be  underappreciated and 
understudied. Since autophagy deficits have been implicated in DLB, 
hyperexcitability may be a mechanistic link with mTOR. A better 
understanding of these mechanisms and connection to 
hyperexcitability in AD and DLB may allow for more targeted 
therapeutics beyond rapamycin in lessening the overactivation of 
mTOR and burden of its wide-ranging effects.

Proteinopathies

Alpha-synuclein
Alpha-synuclein is a protein composed of 140 amino acids. It was 

initially identified in association with synaptic vesicles within the 
presynaptic nerve terminal and has demonstrated interactions with 
membranes (176, 177). This protein modulates synaptic transmission, 
influences the density of synaptic vesicles, and contributes to neuronal 
plasticity (178, 179).

Beyond its synaptic functions, extracellular alpha-synuclein has a 
pivotal impact on neuroinflammation, neurotoxicity, and the 
propagation of pathological changes (180). It is transported into the 
extracellular space following active secretion or release from dying 
neurons. The exact mechanism behind the secretion of alpha-
synuclein is unknown. However, research by Paillusson et al. (181) 
indicated that enteric neurons can release it via conventional 
endoplasmic reticulum/Golgi-dependent exocytosis, which is driven 
by neuronal activity.

Clinical and experimental studies demonstrate that α-synuclein 
expression participates in epilepsy (182–185). Tweedy et  al. (186) 
demonstrated hippocampal network hyperexcitability in young 
transgenic mice expressing human mutant alpha-synuclein. Yang et al. 
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(185) identified anomalous accumulations of this protein in 
hippocampal samples taken from individuals with mesial temporal 
lobe epilepsy (MTLE). These deposits were correlated with the loss of 
neuronal cells and reactive gliosis, indicating a potential link between 
the presence of the protein and the pathological changes seen in 
MTLE. Another clinical study in children with epilepsy showed that 
higher levels of serum α-synuclein correlated with disease severity 
(182). In the same way that α-synuclein levels are associated with 
seizures in epilepsy patients, it may also be associated with epileptic 
events in AD and DLB. A mechanism by which α-synuclein 
contributes to epilepsy could be activation of astrocytes and microglia, 
enhancing glial proinflammatory activity cytokines, nitric oxide, and 
reactive oxygen species (184, 187). More investigations are warranted 
to determine whether lowering α-synuclein levels or inhibiting its 
aggregation in the brain modulates epilepsy.

Tau protein
The microtubule-associated protein tau predominantly resides 

within axons, where it plays a vital role in assembling microtubules. 
Tau can also be located in various neuronal compartments, such as 
somatodendritic regions and nuclei, and it is even detectible within 
glial cells (188, 189). In cases of pathology, tau undergoes 
hyperphosphorylation within neurons, diminishing its affinity for 
tubulin. This leads to the aggregation of tau into neuropil filaments or 
NFTs, giving rise to tauopathies (190–192).

Brain aggregates of hyperphosphorylated tau have been noted in 
patients with epilepsy as well as various models of epilepsy (40, 68, 
193). This indicates that the abnormal aggregation of phosphorylated 
tau might play a role in the pathogenesis of epilepsy. Additionally, the 
tau protein seems to contribute to the development of epilepsy in the 
context of AD and DLB. Referencing Hwang et al. (40), endogenous 
tau acts as an enabler of hyperexcitability and seizures and, within the 
context of epilepsy and AD, a complex balance may occur in an 
attempt to decrease hyperexcitability. Total tau is reduced after 2 
months in a status epilepticus (SE) model of epilepsy (194). After 4 
months, tau levels return to normal while phosphorylation at tau sites 
S202/T205 is reduced by about 50%. This may highlight how tau 
changes in response to hyperexcitability over time in an attempt to 
reach homeostasis.

Numerous investigations have demonstrated that genetically 
altering tau or diminishing tau levels can result in an increase or 
decrease in seizures and epileptic activity across different animal 
models. Ablating both tau and Fyn in a mouse model shows robust 
neuroprotection from pentylenetetrazol, including increased seizure 
latency, reduced seizure stage, and reduced gliosis (195). Roberson 
et  al. (196) demonstrated that reducing normal tau prevents the 
occurrence of spontaneous epileptiform activity across multiple lines 
of transgenic mice expressing human APP. Conversely, transgenic 
mice that overexpressed wild-type human tau or tau with an A152T 
mutation exhibit epileptiform activity and heightened susceptibility to 
seizures (197). The A152T tau mutation induces more pronounced 
network hyperexcitability compared to wild-type tau (197). In vitro 
studies using the rTg4510 mouse model, which features mutant 
(P301L) human tau, revealed increased neuronal excitability in the 
cortex’s layer 3 even before the formation of NFTs. In the CA1 region 
of the hippocampus, pyramidal neurons display heightened firing, 
while inhibitory interneurons exhibit reduced activity, indicating a 
breakdown in inhibitory synaptic transmission (198, 199).

Recent investigations involving mice expressing human 
α-synuclein with the A53T mutation highlighted that endogenous tau 
contributes to hyperexcitability and that epileptic activity diminishes 
in the absence of tau (68). Delving deeper into the pathways influenced 
by tau, Decker et al. (200) demonstrated that hyperphosphorylated tau 
could stimulate presynaptic glutamate release, resulting in 
hyperexcitability. The toxicity of glutamate has been linked to 
tau-mediated neuronal cell death and behavioral deficits in 
drosophila (201).

The observation that physiological endogenous tau levels in adult 
mice impact seizure susceptibility suggests that similar relationships 
might exist in humans, potentially influencing the risk of developing 
seizures. This supports the notion that reducing tau could contribute 
to preventing seizures (202) and offers an opportunity for 
pharmacological intervention targeting tau.

Amyloid beta (Aβ)
Amyloid precursor protein (APP) is a transmembrane protein 

encompassing a sizable extracellular domain and a smaller 
intracellular segment. Amyloid-beta (Aβ) peptides stem from the 
proteolytic cleavage of APP, sequentially catalyzed by β-secretase 
and γ-secretase. In pathological conditions, Aβ peptides amass into 
dense fibrillary plaques. Aβ has been demonstrated to incite 
network dysregulation, culminating in heightened synchronicity 
and seizures. This increased neuronal activity, in turn, exacerbates 
neurodegeneration (203). Recent investigations indicate that Aβ 
possesses epileptogenic properties and can significantly influence 
the trajectory of cognitive decline (12, 204). Ovsepian and O’Leary 
(205) proposed that seizures might foster the deposition of Aβ 
plaques. This epileptogenic potential of Aβ was validated in the 
APP/PS1 model, where neurons exhibiting epileptic discharges were 
found to colocalize with Aβ plaques (206). Evidence also suggests 
that Aβ could have epileptogenic effects even during pre-plaque 
stages. Hyperactivity among hippocampal neurons during the initial 
phases of Aβ pathology, when Aβ fibrils remain soluble, has been 
observed in APP/PS1 mice (122, 207). APP/PS1 mice also present 
with an increase in soluble and insoluble Aβ1-42 and an increase in 
seizure susceptibility with corneal kindling (208). Aβ oligomers, 
being synaptotoxic, might trigger epileptic discharges prior to 
plaque deposition (209). Exposure to Aβ oligomers can also lead to 
spontaneous neuronal firing in hippocampal neurons (210).

Studies indicate that Aβ-triggered neuronal epileptic activity is 
tied to alterations in voltage-dependent channels that regulate the 
neuronal membrane potential. In a drosophila model expressing 
human Aβ42, Ping et al. (211) demonstrated that fewer Kv4 channels 
in neurons promote hyperexcitability, while Kv2 and Kv3 channels 
remained unaffected. Other research has shown that Aβ can perturb 
calcium homeostasis by either stimulating voltage-gated calcium 
channels or creating membrane pores, thereby augmenting calcium 
influx (212). Additionally, Aβ can influence glutamate release. 
Talantova et al. (213) illustrated that Aβ interacts with α7 nicotinic 
acetylcholine receptors, leading to the release of astrocytic glutamate, 
which subsequently activates extrasynaptic NMDA receptors on 
neurons. Similarly, Zott et al. (214) employed Aβ-amyloidosis models 
to reveal that hyperactivity is initiated by dampening glutamate 
reuptake. Soluble Aβ oligomers hinder the uptake of glutamate and 
intensify extrasynaptic NMDAR activation. Thus, Aβ can trigger a 
sequence of molecular events culminating in neural hyperexcitability.
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Glia and neuroinflammation

Glial cells are brain defense cells comprising microglia, astrocytes, 
and oligodendrocytes. When stimulated, microglia and reactive 
astrocytes release modulators to facilitate the recovery of the tissue 
from damage (215, 216). However, the continuous stimulation of the 
glial network causes a cascade of molecular events leading to 
neuroinflammation (215, 217). Investigators have previously proposed 
that neuroinflammation stimulates heightened neuronal activity and 
seizures, and the disruption of glial immunoinflammatory function is 
considered a factor that could predispose to or play a role in the 
emergence of seizures (218, 219). Therefore, inflammatory mediators 
and epileptic seizures form a vicious positive feedback loop, 
reinforcing each other (220). This vicious cycle can be  found in 
diseases with neuroinflammatory conditions such as AD and DLB and 
to be responsible for epileptogenesis.

Elevated concentrations of pro-inflammatory cytokines, notably 
interleukin-1β (IL-1β), IL-6, and tumor necrosis factor-α (TNF-α), 
have been linked to epileptic seizures (221). The increased 
concentration of pro-inflammatory mediators can participate in 
hyperexcitability by increasing glutamate release via decreasing 
levels of the astrocytic glutamate transporter EAAT2 (excitatory 
amino acid transporter 2) (222, 223). Before and after seizures, there 
is an increase in the levels of pro-inflammatory cytokines and the 
expression of their receptors in both glial cells and neurons (221). In 
epileptic and AD patients, TNFα levels are elevated in the brain (224, 
225), and TNFα increases the sensitivity of AMPA and NMDA 
glutamatergic receptors in the postsynaptic neuron, leading to 
excitotoxicity (223, 226). TNFα also induces endocytosis of neuronal 
ionotropic GABAA receptors, so that neurotransmission becomes 
more excitatory, leading to epilepsy (227). Furthermore, Xiaoqin 
et al. (85) found that the intracerebroventricular injection of IL-1β 
in rats leads to a reduction in cortical and hippocampal GABA 
concentration, while simultaneously increasing glutamate release. 
This alteration in neurotransmitter balance enhances the brain’s 
vulnerability to seizures.

Another potential mechanism underlying seizure activation is the 
engagement of TLR4 receptors (228). TLR4 acts as the primary 
receptor for the proinflammatory mediator High Mobility Group Box 
1 (HMGB1). Activation of TLR4 via HMGB1 sets off seizures by 
initiating a Ca2+ influx subsequent to the phosphorylation of the NR2B 
subunit of the NMDAR. In support of this, Maroso et  al. (229) 
revealed an elevation in TLR4 expression in hippocampal samples 
from individuals with drug-resistant temporal lobe epilepsy compared 
to control subjects. Furthermore, inflammation triggers the release of 
reactive oxygen species and reactive nitrogen species, thereby 
heightening susceptibility to seizures and intensifying the 
inflammatory milieu in the brain (230). This inflammatory 
environment gives rise to mediators like pro-inflammatory cytokines, 
transforming growth factor-β, and prostaglandin E2 (231). These 
mediators stimulate astrocytes and impact glutamate release, 
culminating in hyperexcitability.

Triggering receptor expressed on myeloid cells 2 (TREM2) are 
primarily expressed by microglia and play a role in the immune 
response. TREM2 expression in the brain has been found to 
be increased in AD and thought to provide an adaptive response to 
AD pathology, while reduction in TREM2 and mutant variants 
increases susceptibility to hyperexcitability and epileptic activity (232, 
233). In regards to DLB, results are mixed as to whether soluble 

TREM2 is increased, and more research is needed to determine 
TREM2’s influence on DLB-related hyperexcitability (234–236).

In addition to releasing inflammatory mediators, glial cells, 
particularly astrocytes, play a role in maintaining ion balance by 
clearing extracellular potassium (K+) during neuronal repolarization. 
Wang et al. (237) demonstrated that the onset of seizures is linked to 
elevated extracellular K+ levels due to astrocytic activity. Notably, the 
protein expression of the astrocytic potassium channel Kir4.1 is 
diminished in both a mouse model of AD and in the brains of AD 
patients (238).

Astrocytes often undergo reactive changes, termed reactive 
astrocytosis, characterized by increased astrocyte size and number. 
These changes are frequently observed alongside neuronal loss and 
synaptic reorganization (239). Reactive astrocytosis is present in 
conditions such as epilepsy, AD, and DLB, and it might contribute to 
neural hyperexcitability by influencing the function of astrocytic 
membrane K+ channels (240–242). In light of these insights, 
understanding the underlying mechanisms of inflammation in the 
development of epilepsy could pave the way for the discovery of 
promising antiseizure medications.

GABAergic dysfunction

Gamma-aminobutyric acid (GABA) serves as the primary inhibitory 
neurotransmitter within the central nervous system. It is synthesized by 
the enzyme glutamic acid decarboxylase (240). This neurotransmitter is 
primarily found in interneurons that establish synapses on cell bodies 
and nearby axon segments. Released into the synaptic cleft, GABA exerts 
its influence through activation of GABAA and GABAB receptors. 
GABAA receptors function as ligand-gated ion channels, promptly 
inducing inhibition by enhancing chloride influx into cells. In the context 
of AD, studies have shown moderate reductions in GABAA receptors 
within the brain (243, 244). GABAB receptors, on the other hand, are G 
protein-coupled ion channels that augment extracellular potassium 
transport while concurrently decreasing calcium influx. Mutations in 
genes encoding GABA receptor subunits have been linked to a range of 
epileptic disorders (245).

Investigations point to a potential mechanism involving 
GABAergic dysfunction contributing to hyperexcitability by 
influencing voltage-gated sodium channels. Studies by Verret et al. 
(246) and Hamm et  al. (247) demonstrated variable decreases in 
Nav1.1 and Nav1.6 within hippocampus and somatosensory cortex 
mouse models of AD. These channels enhance gamma oscillations 
during exploration, which can help suppress epileptiform discharges. 
Consequently, Nav1.1 and Nav1.6 hold potential as targets for 
addressing epileptic seizures in the context of AD.

Conclusion

In conclusion, hyperexcitability in AD and DLB arises from a 
combination of multiple factors working together to disrupt regulation 
of neuronal excitability. In this context, we  observe that genetic 
predispositions, initial elevations in cholinergic activity, excessive 
calcium influx causing glutamate toxicity, heightened NMDA and 
AMPA receptor sensitivity, overactivation of mTOR, disruptions in 
calcium homeostasis due to Aβ, tau, and α-synuclein, hyperstimulation 
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of microglia and astrocytes, and GABA dysfunction collectively 
contribute to the promotion of hyperexcitability in AD and DLB. By 
understanding the specific dysfunctions within these pathways, it 
becomes possible to develop targeted therapeutic strategies aimed at 
restoring proper neuronal excitability. Such interventions hold the 
potential to alleviate the symptoms associated with these 
neurodegenerative disorders, offering hope for improved treatments 
and better quality of life for affected individuals.
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Due to shared hippocampal dysfunction, patients with Alzheimer’s dementia 
and late-onset epilepsy (LOE) report memory decline. Multiple studies have 
described the epidemiological, pathological, neurophysiological, and behavioral 
overlap between Alzheimer’s Disease and LOE, implying a bi-directional 
relationship. We  describe the neurobiological decline occurring at different 
spatial in AD and LOE patients, which may explain why their phenotypes overlap 
and differ. We provide suggestions for clinical recognition of dual presentation 
and novel approaches for behavioral testing that reflect an “inside-out,” or 
biologically-based approach to testing memory. New memory and language 
assessments could detect—and treat—memory impairment in AD and LOE at an 
earlier, actionable stage.

KEYWORDS

late onset epilepsy, Alzheimer’s disease, neuropsychology, mild cognitive impairment, 
memory, language, hippocampus, interictal epileptiform discharge

1 Introduction

Both patients with Alzheimer’s disease and epilepsy patients report difficulty with episodic 
memory, or remembering autobiographical events (see Box 1) (1, 2). Common complaints 
including forgetting conversations, losing personal items, or repeating questions or stories. 
Besides similarity in clinical presentation, the epidemiological, pathological, and 
neurophysiological overlap between Alzheimer’s Disease and late-onset epilepsy (LOE, first 
seizure after the age of 60) has been well-described (3–5) (see Box 1). Epidemiologically, AD 
patients have a seizure incidence of 12%–28% (6), while patients with LOE have a 3-fold higher 
risk of developing dementia (3). After a diagnosis of LOE, patients have a median time of 
3.66 years to dementia ascertainment (2).

When should clinicians suspect AD pathology in the older patient presenting with their 
first lifetime seizure, and seizures in dementia patients? The authors propose that 
understanding the shared and distinct biology between AD and LOE will improve diagnosis 
and management, especially during early stages of each condition.

In this review, we will describe the pathological, neurophysiological, and neuroimaging 
overlap between AD and LOE. With this biological foundation, we review their cognitive 
phenotypes as revealed in neuropsychological testing and suggest a few diagnostic approaches. 
Finally, we propose new behavioral assays that reflect an “inside-out,” or biologically-based 
approach to testing memory. New memory assessments could be  used to detect—and 
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treat—memory impairment in AD and LOE at an earlier, actionable 
stage (11–13).

Search terms used in PubMed for this review include Alzheimer’s 
disease; late-onset epilepsy; early-onset epilepsy; Alzheimer’s Disease 
pathology; late-onset epilepsy; early onset-Alzheimer’s; late-onset 
epilepsy clinical presentation; neuropsychology and epilepsy; 
neuropsychology and Alzheimer’s disease; cognitive and epilepsy; 
cognitive and Alzheimer’s disease; cognitive phenotype and epilepsy; 
cognitive phenotype and Alzheimer’s disease; memory and epilepsy; 
memory and Alzheimer’s disease; naming and epilepsy; naming and 
Alzheimer’s disease; language and epilepsy; language and Alzheimer’s 
disease; executive functions and epilepsy; executive functions and 
Alzheimer’s disease; Natural Language Processing and Epilepsy; 
Natural Language Processing and Alzheimer’s Disease; Automated 
Speech Analysis and Alzheimer’s Disease; and Eye tracking 
and Memory.

The authors acknowledge the heterogeneity in AD presentation 
and etiology but will focus this review on typical AD, which presents 
with memory dysfunction as a chief complaint. AD includes both 
early and late onset AD, which share pathology and clinical features. 
Atypical presentations of AD, or “non-amnestic” AD have been 
estimated to comprise less than one-third of young AD patients 
(<65 years) (14), and thus only 6%–7% of the total AD cohort. While 
atypical AD is a rare but important condition to recognize, we will 
focus on typical AD and its overlap with LOE. Likewise, familial (i.e., 
genetic etiology due to APP, PSEN1, or PSEN2 mutations) and 
sporadic AD share similar neuropathology and clinical features, but 
familial AD presents earlier. Because familial AD is relatively rare (5% 
of total AD prevalence), we will not treat familial AD separately from 
sporadic AD (1).

Furthermore, the terminology LOE will be used in this paper to 
include both known and unknown causes of seizures in older age. AD 
pathology can co-exist with other known structural causes in older 
age, especially vascular etiologies such as stroke or microvascular 
disease. AD pathology may also comprise a meaningful portion of the 
one-third of older patients with epilepsy of unknown cause. Of note, 
TLE is the dominant cohort of focal epilepsy patients and represents 
the largest cohort of LOE cases (15). The grouping of late-onset 
temporal lobe epilepsy (TLE) and TLE has been used in neuroimaging 
and neuropsychology, and thus will be used in this review.

2 Shared pathological processes in AD 
and LOE

AD and LOE mainly affect temporal lobe and specifically 
hippocampus (5, 15, 16) at early stages. Several MRI, pathological, 
neurophysiological, and behavioral studies demonstrate the 
pathophysiological overlap between the AD and LOE pathways, which 
may explain similar cognitive presentations (17, 18).

2.1 Pathological amyloid and tau 
accumulation

Similar accumulation patterns of extracellular amyloid-beta 
peptides (A-beta) and intracellular tau tangles (Box 1) (8, 19) that have 

been well described in the AD population with recent rodent and 
human work suggesting a similar process in LOE patients (19). 
Amyloid precursor protein (APP) is an essential membrane 
glycoprotein that supports numerous physiological functions, 
including neuronal development, signaling, and intracellular transport 
(20). Normally, APP cleavage results in several types of a-beta 
peptides. An imbalance between a-beta production and degradation 
and clearance leads to extracellular accumulation in hippocampus, 
neocortex, and the cerebral vasculature, likely initiating AD (20–22). 
a-beta accumulation outside of neurons blocks cell to cell signaling in 
the brain and triggers microglial activation. Chronic low-level 
inflammation characterizes AD, can overwhelm the glial response, 
and leads to brain atrophy. A-beta’s role in contributing to 
hyperexcitability and seizures has recently been reported (8, 13). 
Pathologically high CSF a-beta levels are measured in 37.5% of LOE 
patients compared to healthy age-matched controls and are associated 
with a 3.4-fold higher risk of progression to dementia (23).

Tau is an intracellular micro-tubule associated protein whose 
pathologic accumulation results in impairment of intracellular 
function including glucose transport and direct neural degeneration. 
Phosphorylated tau (p-tau) is seen multiple degenerative and epilepsy 
conditions, including AD, movement disorders, temporal lobe 
epilepsy, post-traumatic epilepsy, autism, Dravet’s syndrome, focal 
cortical dysplasia, and tuberous sclerosis (9). Examination of resected 
temporal lobe tissue in a cohort of older TLE patients (n = 33, age 
50–65) revealed excess tau pathology in 94% of samples (24). Tau 
burden correlated with the degree of cognitive impairment (24) 
(Figure 1).

2.2 Brain atrophy

Both amnestic mild cognitive impairment (aMCI), the 
precursor to AD, and LOE patients show atrophy of the bilateral 
medial temporal lobe structures—including entorhinal, 
parahippocampal, hippocampal, temporal pole, and fusiform 
regions (18, 25). LOE patients posssess greater left entorhinal and 
temporal pole thinning, while patients with amnestic MCI show 
greater thinning of the bilateral middle temporal cortex and right 
inferior temporal cortex (Figure 1). Patients with LOE show thinner 
motor cortex compared to healthy controls (HCs) and amnestic 
MCI subjects. There has been recent interest in the piriform cortex, 
a small region sitting adjacent to MTL that supports olfaction and 
memory and contributes to seizure kindling (26, 27). The piriform 
cortex is bilaterally atrophied in patients in MCI and AD, and 
unilaterally atrophied on the side of mesial temporal sclerosis in 
epilepsy (26).

What is the effect of epilepsy duration? Lifetime seizure frequency 
may not be the sole driver of cortical thinning (28), as pathological 
decline can start earlier than clinical presentation in LO-TLE patients 
(2, 18). Slightly different patterns emerge in early and late onset 
epilepsy. Patients with LOE demonstrate greater atrophy of the 
fusiform gyri and similar cognitive profiles compared to patients with 
early-onset TLE (EO-TLE), even though the latter group endured over 
30 years of seizures. As would be expected from this shared pattern of 
brain atrophy, both LOE and aMCI patients demonstrate memory 
impairment compared to HCs (17, 18).
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BOX 1  Definitions

Episodic Memory is memory for personally-experienced events, for example, what one ate for lunch, a conversation with a friend, a movie narrative, and or the birth of 

one’s child. These memories may include people, context, perceptual detail, timing and sequence, emotion, and meaning. Episodic memory includes 3 phases: encoding, 

consolidation, and retrieval. The hippocampus is thought to be critically involved in these three stages during waking and sleep. Patients with hippocampal dysfunction, such 

as patients with Alzheimer’s Disease, traumatic brain injury, and temporal lobe epilepsy commonly report memory impairment as a cognitive comorbidity.

Alzheimer’s Disease (AD) is the most common neurodegenerative disorder in the US, affecting 1 in 9 people aged 65 or older in the US (6.7 million). Age is the greatest 

risk factor for AD: 13.1% of people ages 75 to 84, and 33.3% of people age 85 or older have AD (1). Classically, AD presents as impairment in episodic memory function, then 

language and executive function. While there are no effective cures, there are medications which can slow cognitive decline or address comorbid symptoms. Recent work 

suggests that between 12% and 28% of patients with AD have seizures arising from the mesial temporal lobe (7).

Early onset Alzheimer’s Disease (EOAD) is the clinical presentation of Alzheimer’s Disease before the age of 65. Clinical features and pathology are similar to late-onset 

Alzheimer’s disease (LOAD).

Amyloid Beta. Accumulation of the protein beta-amyloid outside neurons defines early pathophysiological changes in AD. Extracellular a-beta accumulation is associated 

with neuronal cell dysfunction, inflammation, and cell death (8).

Tau. Tau is an intracellular microtubule associated protein whose pathologic accumulation impairs intracellular function, including glucose transport, and contributes to 

direct neural degeneration. Phosphorylated tau (p-tau) is seen multiple degenerative and epilepsy conditions, including AD, movement disorders, temporal lobe epilepsy, 

post-traumatic epilepsy, autism, Dravet’s syndrome, focal cortical dysplasia, and tuberous sclerosis (9).

Seizures are events of abnormal sustained electrical activity in the brain that manifest silently or as sudden changes in awareness, sensation, movement, or behavior. Seizures 

can be provoked by transient medical factors such as excessive alcohol, recreational drug use, or infection. Seizures can also recurrent event arising from abnormal brain activity.

Epilepsy is a neurological disease defined by the potential for recurrent seizures, and may be treated by medications, devices, or surgery. Epilepsy can be caused through 

many mechanisms, such as genetics, developmental malformations, traumatic brain injury, or stroke. A Many patients with epilepsy do not have a known cause to seizures, 

and are classified as “cryptogenic-onset epilepsy”.

Late-Onset Epilepsy (LOE) is presentation of first seizure in an epilepsy patient after the age of 60. In two thirds of cases of LOE, a structural cause can be determined, such 

as cerebrovascular disease (stroke, 30%–50%), neurodegenerative disease (10%–20%), traumatic brain injury (TBI, ≤25%) and brain tumors (10%–30%). Other less common 

causes of seizures are infection, drug and alcohol toxicity and withdrawal, and autoimmune encephalitis (10).

Late-Onset Epilepsy of Unknown Etiology (LOUE). For the one-third of patients without an identified structural cause, or cryptogenic epilepsy, occult cerebrovascular 

disease and/or prodromal neurodegenerative disease, are highly suspected.

FIGURE 1

Overlapping patterns of MTL cortical atrophy in TLE and amnestic MCI. Patterns of cortical thinning for (A) TLE and (B) amnestic MCI patients relative to 
healthy elderly control subjects (HC). Dark blue represents cortex thinner than healthy controls while turquoise regions demonstrate the most thinning. 
Both patient groups showed prominent cortical thinning in bilateral medial temporal lobe (MTL) regions highlighted by dashed lines; TLE patients also 
showed thinning of the primary motor cortex compared to HCs. From Kaestner (2020) with permission (18).
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2.3 Patterns of hippocampal subfield 
dysfunction

The hippocampus and adjacent medial temporal lobe structures 
are affected in AD and temporal lobe epilepsy, as well as several 
cognitive and psychiatric disorders such as vascular disease, 
schizophrenia, depression, and PTSD (29). Our understanding of the 
heterogeneity of cell types, gene expression profiles, and related 
function has been studied across the long and transverse axes within 
the hippocampus. The entorhinal cortex (EC) is considered a gateway 
to the hippocampus, receiving monosynaptic input from various 
cortical regions, including the perirhinal cortex (the “what” 
pathway), the parahippocampal cortex (the “where” pathway), the 
amygdala, and the sensory cortex (Figure 2A). The EC relays this 
topographically organized information to the hippocampus. Anterior 
structures such as the amygdala have direct and indirect (via EC) 
connections to the anterior hippocampus, or head. Conversely, 
posterior structures such as visual and association cortex have 
extensive direct and indirect connections with the posterior 
hippocampus, or tail (29). Along the transverse axis, the entorhinal 
cortex connects with the dentate gyrus, CA3, CA1, and the 
subiculum. In the tri-synaptic pathway, information from EC is 

delivered to DG → CA3 → CA1→ subiculum (Figure 2B). Within 
CA3, there are auto-association fibers with extensive connections 
along the hippocampal long axis. Information largely flows out 
through CA1 and subiculum to be delivered directly or indirectly to 
cortext through EC, in a topographically preserved manner (29).

High-resolution structural and functional MRI, CT perfusion, and 
post-mortem studies suggest that hippocampal subfields along the 
anterior and posterior hippocampus are differentially vulnerable in the 
spectrum of neuropsychiatric disorders, likely due to differential gene 
expression profiles (29). A functional differentiation of hippocampal 
subfields has been proposed (Figure  3), which may be  useful to 
distinguish patient groups. Because each subfield serves as a conduit 
of information flow, upstream injury will impair downstream 
functioning and result in more severe memory deficits.

For example, imaging and pathology studies show that the dentate 
gyrus (DG) is particularly important in “pattern separation,” or 
representation of similar events as distinct and non-overlapping items 
(Figure 3) shown in rodents and humans (30–34). DG is particularly 
vulnerable to aging across species (35). Behaviorally, aged rats and 
humans have difficulty in distinguishing between similar contexts (36).

AD involves early cell loss in entorhinal cortex (EC) which affects 
downstream structures such as DG, CA3, CA1, and subiculum 
(Figure 4), the primary outflow tracts (25, 37). AD patients therefore 
present with difficulty in all stages of memory, including maintaining 
information over brief delays (e.g., delayed match to sample tasks, 
pattern separation deficits, consolidation, and retrieval). In contrast, 
temporal lobe epilepsy begins with cell loss in dentate gyrus and CA3/
CA1, with relatively preserved subiculum, CA2 and EC entorhinal 
cortex (Figure 4) (38). Therefore, one may expect that TLE patients 
have difficulty with separation of details (DG), association and 
consolidation between present and past (CA3/CA1), but less difficulty 
with forming and retrieving memories per se. Both pathological 
patterns differ from the decline of dentate gyrus function seen in 
normal aging (35, 39).

FIGURE 3

Hypothesized functional organization of the hippocampal transverse 
axis. Rodent and human studies suggest a functional specialization 
between the hippocampal subfields. From Small (2023) with 
permission (29).

FIGURE 2

Hippocampal functional organization. (A) The hippocampus receives 
and delivers input from cortex in a topographically organized 
manner. Anterior cortical regions such as amygdala and frontal lobe 
relay information directly and indirectly (via entorhinal cortex, EC) to 
anterior hippocampus (head) and amygdala. Likewise posterior 
regions such as occipital cortex connect directly and indirectly to 
posterior hippocampus (tail). (B) The hippocampal transverse axis 
shows how input received by EC is processed within the 
hippocampus, then delivered back to cortex directly via CA1/
subiculum and indirectly through EC with a preserved topographical 
gradient. From Small (2013) with permission (29).
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Indeed, patients with amnestic MCI have demonstrated poorer 
delayed memory performance relative to late onset TLE (18, 40). 
Knowledge of differing subfield patterns of early stages of AD and TLE 
could be  used to design more behaviorally specific tasks to aid in 
diagnosis and to provide a benchmark for performance (29). Of course, 
as each of these disease progresses, pathology spreads to nearby regions.

2.4 Interictal epileptiform discharges

Interictal epileptiform discharges (IEDs) are pathological bursts 
of neuronal activity suggestive of cortical hyperexcitability. These 
subclinical epileptiform events have been observed in 20–50% of AD 
patients (5, 16, 41), and are associated with accelerated cognitive 
decline (16). A-beta’s role in contributing to hyperexcitability and 
seizures has been reported (8, 13). Converging evidence demonstrates 
that IEDs impair encoding, maintenance, consolidation, and retrieval 
of verbal material (42–47). Left temporal and parietal neocortical 
IEDs are associated with impaired memory for word list items and 
word pairs (44, 47). IEDs outside the seizure onset zone (SOZ) in 
higher order visual processing regions have been associated with 
impaired encoding and retrieval performance for words (47). 
Hippocampal IEDs during encoding of a face-profession pair can 
reduce odds of recall by 15%; IEDs during recall can reduce odds of 
recall by 25%, potentially by acutely decreasing hippocampal sharp 
wave ripples (SWRs). Hippocampal IEDs during sleep impair long-
term memory consolidation of verbal and visual material (48). 
We hypothesize that hippocampal IEDs, prevalent in AD and LOE, 
can occur during critical memory stages during wake and sleep states 
to directly compete with physiological processes (49). These 
interactions contribute to dynamic fluctuations in memory function, 
and a potential target for closed loop neurostimulation protocols to 
remediate memory function.

3 Characterizing AD and LOE 
cognitive phenotypes

While neuroimaging and neurophysiology (i.e., EEG) play an 
essential role in making the clinical diagnosis of AD or LOE, 

neuropsychological assessment is the gold standard for the assessment, 
characterization, and tracking of cognitive impairment.

The impairments arising in these conditions differ in the onset, 
severity, and course from the decline seen in normal aging, including 
decreased processing speed, memory, language, and executive 
function (50). Episodic memory and language are the neurocognitive 
domains most affected in typical AD and TLE and emphasized during 
neuropsychological testing in both clinical and research settings. 
Episodic memory has been evaluated by using list-learning, story 
recall, and figural reproduction tasks (e.g., Rey Auditory Verbal 
Learning Test & Wechsler Memory Scale) (51). Language tasks have 
included measures of picture naming (e.g., Boston Naming Test) and 
verbal fluency (e.g., letter & category). Measures of executive 
functioning, including tests of rapid mental tracking and problem 
solving (e.g., Trail Making Test & Wisconsin Cart Sorting Test) are 
also used in patients with other etiologies such as frontotemporal or 
vascular dementia. The neuropsychological tests used today for these 
purposes are criticized for using outdated methodology and for 
extensive time required to administer and score the tests (52).

Patients with AD and TLE both exhibit deficits on 
neuropsychological tests requiring recall of newly learned material 
after a delay period of 20-min or more (53, 54). Results from 
neuropsychological studies show subtle but important differences 
in the cognitive presentation between these two groups. Deficits 
in episodic memory, or difficulty remembering personally 
experienced events, are commonly  the first manifestation of 
AD. This deficit may involve a combination of reduced encoding 
of new information and a disturbance of the ability to transfer that 
information into long-term storage, or a consolidation deficit 
(54). These cognitive deficits may be due to early involvement of 
entorhinal cortex (hippocampal input and output, short term 
retention), (Table 1; Figures 3,4).

The memory deficits seen in TLE are believed to result from 
difficulty consolidating newly learned information. On testing, this 
is displayed as rapid forgetting (58). These could be secondary to 
early involvement of dentate gyrus/CA3 and CA1, subfields 
responsible for pattern separation and integration (Figures  3,4; 
Table 1) (29, 35). Furthermore, difficulty with long term consolidation 
could be secondary to increased frequency of interictal discharges 
during NREM sleep (59, 60) or decreased spindle activity seen during 

FIGURE 4

Differential vulnerability of hippocampal subfields in early AD, TLE, and normal aging. Subfields include EC: entorhinal cortex; Sub: subiculurm; DG: 
dentate gyrus; CA3; CA1. Early involvement of subfields varies between neurological disorders and normal aging, causing local and downstream 
cognitive dysfunction. Adapted from Small et al. (2013) (29).
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NREM sleep (61). Additionally, TLE patients with unilateral onset of 
left or right hemisphere seizures may exhibit a material-specific 
impairment in memory for verbal or nonverbal material (62). Finally, 
there is converging evidence suggesting that subclinical discharges 
may disrupt consolidation processes causing accelerated rates of 
forgetting in both conditions (48, 63).

Patients with AD are believed to progress to more widespread and 
profound declines in language and other domains as the 
neuropathology spreads from medial temporal lobe structures to 
association cortices of the temporal, frontal, and parietal lobes (55). 
Deficits in confrontation naming and semantic fluency (i.e., number 
of words generated within a category such as animals or fruits) result 
from loss of semantic knowledge stores. In contrast, naming deficits 
present when seizures arise from the language dominant hemisphere 
and are characterized by a deficit in semantic retrieval (64). Executive 
dysfunction can be  identified in early and later stages of both 
conditions, but is milder than the executive dysfunction associated 
with other variants of dementia and epilepsy, including frontotemporal 
dementia (FTD) and frontal lobe epilepsy (FLE) (65, 66).

The profiles of neurocognitive disturbance in AD and TLE are 
generally studied at the group level. Individual patients exhibit a more 
heterogenous profile of deficits in episodic memory, language, and 
executive function than what is reported in group studies. 
Neuropsychology has recently transitioned to a more empirical 
approach to identify cognitive phenotypes associated with AD and 
TLE. Using data science methods, studies of AD have identified a 
number of phenotypes presenting with generalized cognitive deficits 
or focal profiles of impairment in memory, language, or other function. 
These phenotypes may differ in rates of progression and can 
be distinguished by unique genetic and biomarker profiles (67, 68). A 
similar literature in TLE has yielded a set of 3–4 cognitive phenotypes 
initially identified by Hermann and colleagues (55) and replicated, and 
differ in rates of cognitive decline and brain atrophy (69, 70).

Historically, study of neurocognitive impairment in TLE has 
focused on children and younger adults. Attention is shifting to 
older patients with longstanding epilepsy (EOE) and/or those with 
LOE to better understand how decades of seizures contribute to 
cognitive decline (71). Surprisingly, patients with EOE demonstrate 
a pattern of impairment on neuropsychological tests analogous to 
the decline seen in LOE to and aMCI patients (17). However, direct 

comparisons of MCI and TLE groups find that MCI patients exhibit 
greater impairment on tests of delayed memory while LOE patients 
have a more widespread profile of deficits in language, executive 
dysfunction, and visuospatial skills (18, 72, 73).

Several studies have demonstrated accelerated cognitive decline 
in patients with epilepsy, correlating with findings of increased 
atrophy on neuroimaging (2, 74). Research progress has been hindered 
over the years by a lack of an accepted taxonomy to classify cognitive 
disorders in patients with epilepsy across the lifespan (75). Studies 
using methods for diagnosing MCI in non-epileptic populations have 
found that approximately 60% of older individuals with epilepsy 
would meet diagnostic criteria for MCI (72, 73). Questions have arisen 
whether these findings are reflective of the effects of early cognitive 
deficits interacting with effects of normal aging, an accelerated form 
of aging, or chronic accumulation of environmental and health-related 
factors that reduce cognitive reserve (76).

While there is significant overlap in AD and TLE cognitive 
profiles, subtle differences exist. Patients with neurodegenerative 
conditions would be expected to decline over time while patients 
with well controlled epilepsy may not have significant memory 
decline. A more sophisticated understanding of their pathological, 
anatomical, and neurophysiological profiles could guide clinical 
phenotyping and diagnosis, especially at early stages of cognitive 
decline or seizure presentation.

4 Clinical diagnosis and differentiation

For guidance on diagnosing Alzheimer’s Disease and late-onset 
epilepsy, we refer readers to published guidelines (77, 78). However, 
even clinicians who diagnose and manage dementia or epilepsy may 
have difficulty recognizing seizures in AD patients or vice versa, 
especially at initial presentation. We offer several recommendations 
based on this review of the literature and our clinical experience with 
both populations.

	 1	 A careful medical and family history should be  taken to 
identify vascular causes which can cause cognitive decline 
or contribute to accelerated AD; sleep apnea; alcohol and 
drug use; family history of early onset dementia and 

TABLE 1  Patterns of cognitive impairment seen in Alzheimer's disease and temporal lobe epilepsy using traditional neuropsychological testing.

Neuropsychological 
domain

Representative 
neuropsychological tests

Alzheimer's disease Temporal lobe epilepsy

Episodic memory List learning (e.g., RAVLT) Reduced encoding of new information 

and consolidation information into 

long term storage (55).

Intact encoding; Disruption in consolidation of newly 

learned information (56). Material specific 

impairments in verbal and visual memory in 

lateralized cases (57).

Story recall (e.g., WMS LM)

Figural reproduction (e.g., RCFT)

Language Picture naming (e.g., BNT) Deficits in confrontation naming and 

verbal fluency secondary to a loss of 

semantic knowledge stores (55).

Intact knowledge stores with a primary difficulty in 

retrieving lexical and semantic information (61).Letter fluency (e.g., COWAT)

Category fluency (e.g., Animal 

naming)

Executive functions Trail making test (TMT) Mild deficits that do not extend to the 

severity observed in cases of 

frontotemporal dementia FTD (62).

Mild deficits that do not extend to the severity 

observed in cases of frontal lobe epilepsy (63).Sorting tests (e.g., WCST)

Planning tests (e.g., TOL)
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traumatic brain injury (which causes both cognitive decline 
and seizures).

	 2	 Patients with amnestic MCI or early AD often have difficulty 
with both information encoding and retrieval, whereas patients 
with LOE primarily have impairments in retrieval, especially 
during delayed recall. This observation is consistent with the 
concept of differential subfield vulnerability at early stages (29). 
This subtle difference can be assessed during the MMSE or 
MOCA during the clinical visit. During verbal encoding of 3 
or 5 words, patients with aMCI or AD struggle to learn words, 
require multiple registration trials, and demonstrate difficulty 
with retrieval. LOE patients show more selective weakness in 
delayed retrieval. Neuropsychological evaluation should focus 
on whether memory impairment is isolated to difficulty with 
consolidation (more likely to be TLE only) or difficulty with all 
stages of memory function, including encoding and retrieval 
(more likely to be  AD); other cognitive domains such as 
language and executive function are often more affected in 
neurodegenerative conditions than in isolated LOE.

	 3	 Clinical follow-up is important. The degree and pace of cognitive 
decline is often faster in patients with aMCI or AD than in LOE 
patients (18). Patients with well controlled LOE are more likely 
to remain cognitively stable over time if their seizures and 
other medical issues are well controlled.

	 4	 When patients with aMCI and AD report a history of fluctuating 
mental status, or discrete episodes of altered awareness, agitation, 
or psychosis, seizures should be suspected. Mesial temporal lobe 
onset seizures (mTLE) can present with psychic auras of anxiety 
and déjà vu, or viscero-sensory sensations with nausea, 
“butterflies,” and epigastric rising. Seizures can occur with or 
without alteration in awareness (focal impaired aware or focal 
unimpaired aware) and result in behavioral arrest. Seizures 
typically last from seconds to a minute, and rarely continue past 
1–2 min. Seizures involving mTLE can progress to include 
obvious motor signs, such as posturing, repetitive clonic jerking 
(unilateral or bilateral, or tonic stiffening). Patients may 
be lethargic, confused, agitated, or even psychotic after seizures. 
Occult seizures should be suspected when MCI and AD patients 
become suddenly agitated or psychotic, or demonstrate 
fluctuating mental status (although Lewy Body Dementia could 
also be in the differential). Nocturnal seizures should 
be suspected when the patient wakes up confused or disoriented.

	 5	 We recommend an MRI Brain for all patients who report 
memory or cognitive issues, and patients presenting with late-
onset epilepsy. Besides obvious structural abnormalities, special 
attention should be paid to hippocampal volumes, white matter 
disease, lobar specific atrophy, or generalized atrophy that could 
point to underlying AD (bilateral hippocampal/temporal; 
parietal) or another neurodegenerative pathology. When the 
MRI Brain is structurally normal, and a neurodegenerative 
condition is strongly suspected, we recommend a PET MRI 
Brain to assess for lobar-specific dysfunction.

	 6	 We recommend ambulatory EEG (24 h) in all patients, given that 
interictal epileptiform discharges (IEDs), especially from 
temporal lobe, are facilitated during non-REM Sleep (60, 79). 
Patients with temporal lobe epilepsy typically have unilateral 
spikes, whereas patients with aMCI or AD have bilateral 
hyperexcitability (16). AD patients with clinical seizures have 

characteristic IEDs seen on ambulatory EEG—discharges are 
bilateral, small and spiky in appearance, frequent, and 
occurring in wakefulness and REM sleep (16). Even with a 
normal ambulatory EEG, there may undetected interictal 
epileptiform discharges and silent seizures in AD patients that 
are only detected with invasive recordings (7). Besides IEDs, 
other EEG changes are apparent in aMCI and early 
AD. Bilateral frontotemporal slowing and mild slowing and 
desynchronization in the posterior dominant rhythm have 
been linked to the degree of amyloid and tau deposition, 
respectively (19). Sleep EEG in patients with temporal lobe 
epilepsy shows decreased spindle density (61). While mesial 
temporal IEDs can be difficult to detect with conventional scalp 
EEG, our center has had improved sensitivity with adding 
subtemporal (T1/T2) leads.

Taking the next step will require development of more sensitive 
and automated cognitive assays. Current neuropsychological tests are 
reliant on outdated models of cognitive functioning and depend on 
paper-pencil format (52, 80, 81). There is a clear need to “update 
testing” to reflect more contemporary cognitive models of 
development and administration through digital formats such as 
computers or smartphones, and could facilitate more frequent testing. 
Empirical study of cognitive phenotypes using network and artificial 
intelligence (AI) approaches can be used to efficiently and objectively 
analyze test findings (82, 83).

5 Novel directions in memory 
assessment

An ideal clinical assessment could (1) differentiate between early 
stages of AD and LOE, (2) detect early and subtle forms of memory 
impairment and precisely measure cognitive performance over time, 
and (3) be scaled to widespread patient populations. Testing would 
capture clinically meaningful memory behaviors, disambiguate 
language from memory, measure these behaviors sensitively and 
objectively, and allow serial assessment over time (84).

Subjective memory impairment, which correlates with initial 
amyloid accumulation in the brain, can precede AD dementia 
ascertainment by up to 18 years (56). Yet these subtle declines may not 
be detected by current neuropsychological testing methods. Many of 
the current cognitive assessments have been criticized as labor-
intensive, subjective, and data-poor estimates of human behavior (52, 
85, 86). In contrast to current practice of testing word lists, pairs, 
paragraphs, and abstract drawings, patients report difficulty with 
episodic memory, or remembrance of personally experienced events. 
Episodic memory under real-world circumstances binds perceptual 
details, spatial context, and temporal order to specific events (87), 
which may be missed in standard neuropsychological tests.

For example, development of tasks that measure subfield-specific 
functions could be  useful for early diagnosis, phenotyping, and 
tracking. Given the differing cell types and differential functions of 
the hippocampal subfields, and differential patterns of decline in early 
AD, LO-TLE, and normal aging, some have proposed a functional 
map of the hippocampus, along the transverse (subfield-level) and 
longitudinal (anterior–posterior) axes (Figures 3, 4) (29). Combining 
these behavioral insights with automated segmentation of 
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hippocampal subfields allows more precise functional-anatomical 
correlations (88). For example, CA3 is thought to be responsible for 
pattern integration (29), while dentate gyrus performs pattern 
separation (i.e., distinction between similar features or events). Some 
studies demonstrate decreased pattern separation in older individuals 
related to DG dysfunction with aging (30).

Future assessments could embrace more complex, naturalistic 
memory paradigms and computational analysis to make scoring more 
objective, sensitive, and quantifiable. Moreover, ideal testing could 
disambiguate language from memory function. Here, we highlight 
two promising directions in cognitive testing.

5.1 Eye tracking

Eye tracking, or the measurement of saccades, fixations, and 
pupillometry with high spatiotemporal precision, is an ideal method to 
readout brain-behavior relationships (57, 89). While rodents use mainly 
olfaction and locomotion to explore their environment, humans and 
other primates primarily depend on vision to extract and remember 
information about the world. Eye movements shape what is encoded 
– by chunking a continuous visual stream of information to deliver to 
widespread brain regions, including the hippocampus. Eye movement 
can track hippocampal activity at the millisecond time scale, as 
demonstrated by recent studies combining oculomotor measurements 
and hippocampal depth recordings in surgical epilepsy patients (90).

When scanning the environment, eye movements rapidly switch 
between saccades and fixations. Saccades are sudden, ballistic eye 
movements between objects or features in the environment, while 
fixations are prolonged gaze on attended objects. Eye movements are 
not random but influenced by visual properties of the object (e.g., 
color, contrast) and past experience (i.e., episodic and semantic 
memories). For example, monkeys, human infants, and healthy 
adults prefer looking at novel vs. familiar objects (91–94). More gaze 
fixations occur within new vs. repeated viewing (Figure 5A) or within 
manipulated sections of the scene (Figure 5B), even if the subject is 
unaware of the manipulation (95–97). In contrast, patients with 
hippocampal damage have impaired novelty preference, manifest as 
equal time spent looking at new and old objects (98–100).

Besides novelty detection, eye movements reveal relational 
memory between objects (99, 101–103) and temporal sequences 
(104). Finally, eye tracking could provide a means to disambiguate 
language from memory testing. The strong preference for novelty 
manifested through gaze preference has been proposed to be a useful 
means of tracking memory changes in the preclinical and clinical AD 
populations (92, 105).

5.2 Spontaneous recall and natural 
language processing

While memory impairment is characteristic of AD 
presentation, patients may also present with subtle language 
decline. Word-finding difficulties and a restricted lexicon result 
in “empty speech” or verbose but incoherent speech (106–109).

Machine and deep learning methods applied to patient 
spontaneous speech have been applied to help in diagnosis of 
psychosis (107) and schizophrenia, and could be useful for AD 

diagnosis can aid in AD diagnosis (109–111). Several studies have 
leveraged publicly available speech samples. The DementiaBank 
corpus of speech samples was collected between 1983 and 1988 from 
healthy and cognitively impaired patients at the University of 
Pittsburgh (111). Clinical information including MMSE, 
neuropsychological and physical assessment, and clinical records were 
used to classify patients as possible or probable AD (167 participants). 
Control subjects (n  = 167) were also included. The Cookie Theft 
picture description task from the Boston Diagnostic Aphasia 
Examination was used to elicit spontaneous speech, then transcribed 
at the word level, segmented into utterances, and annotated with 
pauses, paraphasias, and unintelligible words. Several of the studies 
using automatic, natural language processing-based features extracted 
from DementiaBank samples are summarized in Table 2.

AD patients typically demonstrate slowed speech rate, word 
finding, and word retrieval difficulty (111, 112). One study using 
natural language processing (NLP) analyzed speech samples of 99 
patients with probable AD to 99 healthy controls (108). Low-level 
features such as simpler syntactic structure (i.e., arrangement of words 
and phrases to create meaningful sentences) and decreased use of 
lexical components [i.e., autonomous units of language, such as words, 
prefixes (pre-, post-), suffixes (-s, -ing)] could differentiate AD patients 
from healthy controls (108). Another study found that linguistic 
features of descriptive speech (Cookie Theft task) in AD patients 
showed acoustic differences and semantic, syntactic, and informational 

FIGURE 5

(A) Representative scan path showing that a macaque spends more 
time looking at the image during the first viewing (yellow) compared 
to second viewing (blue). Circles represent fixations; lines represent 
saccades. Adapted from Jutras et al. (89). (B) Macaques fixate more 
frequently on a manipulated (novel) scene area (inside black square). 
From Smith et al. (90).
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differences, compared to healthy elderly (113). NLP methods applied 
to natural speech demonstrate that syntactic complexity combined 
with traditional neuropsychological test scores can differentiate 
between healthy elderly and MCI with high accuracy (>80%) (117).

To our knowledge, there have been no automated analyses of speech 
from epilepsy patients to detect cognitive changes. Given the widespread 
cognitive effects that have been discovered in patients with TLE (55), 
especially arising from the dominant lobe (62), word finding and speech 
changes would be expected. One study combined a questionnaire survey 
with NLP analysis of patients’ descriptions of their most recent 
description of transient loss of consciousness could predict a seizure or 
non-epileptic event with 85.5% accuracy (n = 21 epilepsy patients, n = 24 
non-epileptic patients) (118).

Existing linguistic tools and insights into AD decline could 
be leveraged to quantify memory impairment. For example, the face-
name task is an ecologically valid behavioral task that correlates with 
degree of amyloid burden in anterior hippocampus and limbic 
regions in healthy elderly individuals (119). However, to our 
knowledge, there are no existing tools to assess memory impairment 
using automated methods, that are both sensitive and scalable.

6 Conclusion

Results of MRI, pathological, neurophysiological, and behavioral 
studies demonstrate significant overlap between AD and 
LOE. Understanding the pathophysiological profiles of each disease can 

aid clinical detection at early disease stages, or once a primary diagnosis 
is made, recognize the presentation of a second diagnosis. We highlight 
the cognitive differences between early AD and LOE, but emphasize the 
need for new testing approaches, including those utilizing eye tracking 
and natural language processing, to measure subtle changes in memory 
at the preclinical or early clinical stages.
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TABLE 2  Examples of automated speech analysis in Alzheimer’s disease.

Publication Patient groups Main finding Methods

Orimaye et al. 

(2017) (108)

Probable AD (n = 99)
	•	 Probable AD group had less use of syntactical components and 

greater use of lexical components in language compared to 

Healthy Controls (HCs).

	•	 Less use of n-grams (combinations or sequences of words that 

create a unit of meaning) in probable AD group than in HCs.

	•	 DementiaBank language transcript clinical 

dataset (111).

	•	 Automatic extraction of lexical, syntactic, and 

n-gram features of transcripts.

Healthy Controls 

(n = 99)

Yeung et al. (2021) 

(114)

Healthy controls 

(n = 10) 	•	 Greater severity in word-finding difficulty and incoherence in 

MCI and AD compared to controls.

	•	 Automatically extracted features such as decreased word length 

and speech rate and increased pause frequency and length most 

strongly correlated with clinician ratings of WFD.

	•	 DementiaBank speech samples (111).

	•	 5 clinicians blindly rated each speech sample on 

word finding difficulty, incoherence, perseveration, 

and speech errors, on a Likert scale from zero (nL) 

to 3 (severe impairment).

	•	 Automatic extraction of lexical, syntactic, semantic, 

and acoustic properties.

MCI (n = 10)

AD (n = 10)

Fraser et al. (JAD, 

2016) (115)

Healthy controls 

(n = 97) 	•	 Built a model which discriminates between HCs and possible/

probable AD with 81% accuracy.

	•	 Semantic impairment, acoustic abnormality, syntactic 

impairment, and information impairment predict dementia 

diagnosis.

	•	 DementiaBank speech samples (111).

	•	 Considered 370 features including syntactic 

complexity, grammar, vocabulary richness, lexical 

content, repetitiveness, and acoustic.

Possible and Probable 

AD (n = 167)

Beltrami (Front. 

Aging Neurosci 

2018) (116)

Cognitively Impaired 

(n = 48: 32 MCI, 16 

early dementia)

	•	 Acoustic features most altered in the patients compared to 

controls (including speech rate and pauses, and 

spectral properties).

	•	 Lexical features differentiate early dementia patients (e.g., fewer 

content words and modifiers).

	•	 Syntactic features (e.g., sentence complexity, fewer embedded 

phrases) decreased in early dementia and MCI patients.

	•	 Prospective study of spontaneous speech during 

description of a picture, typical working day, and 

last remembered dream.

	•	 Automatic extraction of lexical, rhythmic, acoustic, 

and syntactic features of speech.

Healthy Controls 

(n = 48)
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