
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

At the crossroads of epilepsy and Alzheimer's disease
Investigating the role of LRP1 in the cerebral vasculature
Rozeboom, A.

Publication date
2025

Link to publication

Citation for published version (APA):
Rozeboom, A. (2025). At the crossroads of epilepsy and Alzheimer's disease: Investigating
the role of LRP1 in the cerebral vasculature. [Thesis, fully internal, Universiteit van
Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, P.O. Box 19185, 1000 GD Amsterdam, The Netherlands.
You will be contacted as soon as possible.

Download date:10 Apr 2026

https://handle.uba.uva.nl/personal/pure/en/publications/at-the-crossroads-of-epilepsy-and-alzheimers-disease(35e36570-38ae-4b1e-8270-d014cf6e5189).html


Chapter 1

General introduction



8

Chapter 1

1. Epilepsy

 Epilepsy affects over 65 million people worldwide [1], making it one of the most 
prevalent brain disorders. According to the International League Against Epilepsy 
(ILAE), epilepsy is defined as “a disorder of the brain characterized by an enduring 
predisposition to generate epileptic seizures and by the neurobiologic, cognitive, 
social, and psychological consequences of this condition” [2]. These seizures 
result from synchronized or excessive neuronal activity that causes transient 
symptoms [2]. A clinical diagnosis of epilepsy can be made when any of the 
following conditions is met: diagnosis of epilepsy syndrome; occurrence of at 
least two unprovoked seizures more than 24h apart; or one unprovoked seizure 
and a probability of further seizures of more than 60% over the next ten years 
[3]. Epilepsy can impact individuals of any age, but its prevalence peaks in both 
children and the elderly [4-8]. Unfortunately, a considerable number of people with 
epilepsy feel stigmatized [9, 10] and experience social exclusion [11]. Additionally, 
neurological and psychiatric comorbidities, including dementia, depression and 
anxiety disorders, have a negative impact on the quality of life [12].

1.1 Epileptogenesis
 Epileptogenesis refers to the process by which epilepsy develops and progresses 
after the first occurrence of spontaneous seizures [13]. This complex phenomenon 
can arise from various underlying factors such as genetic factors, structural 
abnormalities, metabolic disorders, immune responses, infections, or sometimes 
the cause remains unknown [14]. A key aspect of epileptogenesis involves a 
disturbed balance between excitatory and inhibitory neurotransmission. Various 
factors contribute to this imbalance, including the loss or dysfunction of inhibitory 
interneurons [15-17], resulting in hyperexcitability, as well as brain inflammation 
and blood-brain barrier dysfunction.

1.1.1 Brain inflammation and gliosis
Astrocytes and microglia play crucial roles in maintaining brain function and 
responding to neuroinflammation or injury [18-21]. Reactive gliosis can significantly 
contribute to immune responses in epilepsy [19, 22]. In epilepsy, pronounced 
activation of astrocytes and microglia triggers the release pro-inflammatory 
molecules, such as cytokines [19, 22-24]. For instance, IL-1β is a proinflammatory 
cytokine implicated in epilepsy pathogenesis [22] released by activated astrocytes 
and microglia [25] that can increase the glutamatergic tone [26]. Activation of 
astrocytes and microglia involves an increased expression of astrocytes and 
microglia markers, as has been shown after status epilepticus [27, 28] and in 
patients with temporal lobe epilepsy (TLE) [29-31]. Astro- and microgliosis can 
play a role in epileptogenesis. For example, when astrocytes and microglia become 
activated, they can release pro-inflammatory cytokines and other mediators 



9

General introduction

that alter neuronal excitability and promote epileptogenesis [32-34]. Vice versa, 
increased neuronal activity can trigger neuroinflammation [35]. This bidirectional 
relationship highlights a complex feedback loop: while glial activation can facilitate 
the onset and progression of epilepsy, increased neuronal firing can also stimulate 
inflammatory responses in the brain. This neuroinflammatory response may further 
exacerbate the imbalance between excitation and inhibition, perpetuating the cycle 
of seizure activity and contributing to the overall pathophysiology of epilepsy.

1.1.2 Blood-brain barrier
The blood-brain barrier (BBB) serves as a critical protective mechanism that strictly 
regulates the entry of substances from the bloodstream into the brain, as well as 
the removal of potential harmful substances from to brain into the bloodstream, 
helping to maintain brain homeostasis [36]. The BBB is composed of an endothelial 
cell monolayer, firmly connected by tight junctions which restrict paracellular 
transport. There are specific conditions under which some substances can cross 
this barrier, e.g., lipid-soluble molecules with a molecular weight under 400 Da 
can enter the brain via passive diffusion trough endothelial cells (transcellular 
transport). Other ways of transcellular transport are receptor-mediated 
transcytosis, cell-mediated transcytosis, transporter-mediated transcytosis, 
and adsorptive mediated transcytosis. Ions and small solutes can cross the BBB 
via paracellular transport using concentration gradients. To provide the brain 
with essential nutrients and remove waste substances, endothelial cells contain 
membrane specific transporters such as solute carriers (SLC transporters) for the 
transport of various solutes, including glucose, amino acids, and electrolytes into 
the brain and ATP-binding cassette (ABC) transporters (including P-glycoprotein, 
the most commonly studied ABC transporter) for effluxing potentially harmful 
substances out of the brain [37].

The endothelial cells are enclosed by the basal lamina embedded with pericytes 
and astrocytic end foot processes. The basal lamina consists of an vascular 
basement membrane secreted by endothelial cells and pericytes, and a second 
parenchymal basement membrane produced by astrocytes [38]. Astrocytes can 
regulate cerebral blood flow in response to neuronal activity [19, 39]. Pericytes 
regulate the function, integrity and permeability of the BBB [40, 41] and play a role 
in regulating neuroinflammation [42]. Together these cells are collectively known 
as the neurovascular unit [43].

BBB dysfunction has been observed in the epileptogenic brain [37, 44-46], leading 
to the entry of blood borne substances into the brain (e.g., albumin) promoting 
hyperexcitability, brain inflammation [47-49], as well as perivascular fibrosis 
(scarring) in accordance with damaged or reactive pericytes that may contribute 
to further cerebrovascular dysfunction [50-52]. Furthermore, the entry of albumin 
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into brain activates the transforming growth factor-beta (TGF-β) pathway [53], 
a critical signaling mechanism involved in various cellular processes, including 
cell growth, differentiation, immune response, and tissue homeostasis, leading 
to downregulation of inward-rectifying potassium (Kir 4.1) channels in astrocytes, 
reduced extracellular potassium buffering, and neuronal hyperexcitability [54].

1.2 Temporal lobe epilepsy
Temporal lobe epilepsy (TLE) is the most frequent diagnosis among the elderly 
with new-onset epilepsy [55] and in about 40% of the cases hippocampal sclerosis 
(HS) is evident [56, 57], which is characterized by neuronal loss and gliosis in 
the hippocampus [58]. Distinct subtypes of HS can be identified based on a 
histopathological classification system [58]: HS type 1 (the most common type of 
HS) with severe neuronal loss (majority of neurons lost) and fibrillary astrogliosis 
in in both CA1 and CA4 regions, and variable neuronal loss and gliosis in CA2, CA3, 
and the dentate gyrus (DG); HS type 2 with predominant neuronal loss and gliosis 
in CA1 and HS type 3 with predominant neuronal loss and gliosis in CA4. When 
only gliosis is present without neuronal loss, it is classified as no HS. The degree 
of HS is associated with factors such as the presence of an initial insult, seizure 
frequency, and the duration of epilepsy [59]. Furthermore, granule cell dispersion, 
characterized by the widening of the granule cell layer within the dentate gyrus 
of the hippocampus, is observed in approximately 50% of patients with TLE [60].

1.3 Anti-seizure therapies
Current anti-seizure medication (ASM) does not adequately suppress seizures in 
30% of epilepsy patients [61-63]. Moreover, for 21% of individuals with dementia 
and epilepsy, the administration of anti-seizure medications does not lead to seizure 
freedom or a reduction in seizure frequency of more than 95% [64]. There are 
several treatment options for patients with drug-resistant epilepsy. For example, 
surgical resection of the epileptic focus yields favorable outcomes for TLE patients 
[65], with approximately 50% of refractory focal epilepsy patients achieving seizure 
freedom [66]. However, only a limited number of individuals are eligible for this 
treatment, as the epileptogenic focus must be clearly delineated and should not 
overlap with functional regions, such as areas important for language. Additionally, 
this treatment is invasive and drastic, carrying potential risks including issues 
with memory [67]. Vagus nerve stimulation (VNS) results in a ≥50% reduction in 
seizure frequency in more than half of the patients [68]. However, seizure freedom 
is achieved in only 8% of patients [68], and the treatment has disadvantages 
such as the need for invasive surgery and regular battery changes. Moreover, the 
mechanism of action VNS are complex, diverse, and not well understood [69]. A 
non-invasive therapy is dietary treatment, such as the ketogenic diet, a high-fat, 
low-carbohydrate diet designed to induce ketosis, a metabolic state in which the 
body burns fat for energy instead of carbohydrates, and works through multiple 
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mechanisms to reduce neuronal hyperexcitability [70, 71]. The ketogenic diet 
shows a 50% seizure reduction in more than half of this patient population [72]. 
However, compliance issues stemming from adverse effects and the strict dietary 
requirements often render this treatment option unfavorable [73]. Since none of 
the above mentioned treatment options accomplish complete seizure freedom in 
all epilepsy patients, there is a pressing need to find novel treatment targets for 
the development of new therapeutic treatments.

1.4 Late-onset epilepsy (LOE)
Late-onset epilepsy (LOE) refers to the development of epilepsy de novo later in 
life. Since the world population is steadily growing, the number of older adults 
with epilepsy is set to rise substantially and the burden of epilepsy for society is 
expected to rise tremendously and should be an important public health concern 
[4]. The prevalence of epilepsy among the elderly is likely underestimated because 
it is often underdiagnosed or misdiagnosed [63]. Common causes of epilepsy in 
older people are degenerative conditions such as dementia, stroke, brain injury 
and brain tumors [8, 74-76]. Aging is also associated with an increased risk of 
developing status epilepticus (SE) [77, 78], a condition characterized by prolonged 
or repetitive seizures lasting for more than 5 minutes [79] that requires immediate 
medical intervention as it can lead to serious complications, including brain damage 
and even death if not treated promptly [80]. Cognitive impairments are observed in 
(aged) epilepsy patients compared to healthy controls [81-84], which is associated 
with inflammatory and vascular risk factors [83, 85]. Lower cognitive scores are 
also found among patients with late-onset epilepsy of unknown aetiology (LOEU) 
as compared to controls [86].

2. Alzheimer’s disease: a bidirectional relationship with epilepsy

Alzheimer’s disease (AD) is a neurodegenerative disease characterized by the 
deterioration of cognitive function [87]. As the disease progresses, individuals 
may experience difficulties with language, reasoning, and behavior, eventually 
requiring full-time care. It is the most common form of dementia affecting millions 
of people [88]. While treatments can help manage AD symptoms, there currently 
is no cure. The neuropathological hallmarks of AD are deposition of extracellular 
amyloid-β (Aβ) plaques, intracellular neurofibrillary tangles (NFT), dendritic spine 
loss and neurodegeneration [89], which may lead disruptions of neural networks 
[90]. The incidence of AD is higher in women compared to men [91]. Aging is a 
prominent risk factor for AD and after the age of 65 the prevalence rate increased 
exponentially affecting up to 47% of individuals over 85 years old [92, 93]. When 
the initial symptoms emerge before the age of 65 years, it is classified as early 
onset AD (EOAD), while after the age of 65 years it is termed late onset AD (LOAD). 
The familial form of AD (FAD), that accounts for the minority of all AD cases, 
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is linked to various genetic mutations in genes related to amyloid metabolism, 
including amyloid precursor protein (APP) and presenilins (PSEN)1 and PSEN2 
[94]. The more prevalent sporadic form from AD may arise from interactions 
between genetic and environmental factors [94]. Mild cognitive impairment (MCI) 
is a prodromal stage of AD that denotes a condition involving noticeable cognitive 
decline beyond typical age-related changes but not severe enough to disrupt 
daily activities [95]. Numerous therapeutic interventions aimed at modifying the 
progression of AD have been subjected to clinical trials, but ultimately demonstrate 
lack of success [96]. The first FDA-approved disease-modifying drugs that could 
slow down the progression of AD are two anti-amyloid monoclonal antibodies 
that enhance the clearance of brain Aβ aggregates: aducanumab targets 
aggregated forms of Aβ, including insoluble fibrils and soluble oligomers [97], while 
lecanemab targets soluble Aβ protofibrils, which are intermediate forms between 
soluble monomers and insoluble fibrils [98]. However, adverse events including 
amyloid-related imaging abnormalities (ARIA), characterized by edema (ARIA-
E) or hemorrhages (ARIA-H) have been a major concern. The drug development 
pipeline is investigating novel therapies aimed at different facets of AD biology 
beyond solely addressing Aβ accumulation, encompassing targets such as tau 
accumulation, inflammation, and altered cell metabolism [99].

2.1 Increased risk of dementia in epilepsy
People with epilepsy have a 2.5 times greater risk of developing dementia 
compared to people without epilepsy [100]. Individuals with LOE face a two to 
three times greater risk of developing dementia in later life compared to adults of 
similar age without epilepsy [101, 102], which is confirmed by two recent meta-
analysis studies [103, 104]. LOEU patients have a similar risk factors for developing 
dementia [105]. Among LOEU patients, the prevalence of dementia development 
within 5 years ranges from 10% [106] to 16.7% [107], with 22% developing dementia 
within 10 years [108], and with 40% within 13 years [106]. After the first seizure 
is reported the average time to dementia diagnosis is 5 years in LOEU patients 
[108]. Moreover, the age of dementia onset in LOEU patients is 6 years earlier 
compared to that in the control patients [106]. In a recent meta-analysis study in 
which it is found that there is a 2-fold higher risk of developing AD among epilepsy 
patients [109]. Similarly, LOE is linked to a 2.4-fold increased risk of developing 
AD [104]. Among LOEU patients, 17.5% converts to AD within a follow-up period 
of 3 years [110]. Moreover, multiple studies reveal that a significant proportion of 
LOEU patients met the criteria for MCI, with rates ranging from 54.2% [107] to 56% 
[111], and even reaching 59% [112]. Interestingly, LOEU-MCI patients have worse 
cognitive performance compared to non-epileptic MCI patients [112]. Therefore, 
the risk of progressive cognitive impairment emphasizes the necessity for a deeper 
understanding of the mechanisms underlying cognitive dysfunction associated 
with epilepsy.
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2.2 Epilepsy and seizures in dementia
Dementia patients face a twofold increased risk of developing epilepsy [102] and 
a 2.5-fold increased risk of developing LOE [113]. It is estimated that 1 in 10 AD 
patients encounters at least one seizure [114] and the prevalence of active seizures 
in AD dementia increases by 0.64% per year of disease duration [115]. Among 
AD patients, the incidence of seizures is 2-6 times higher than in non-demented 
controls [116]. In two recent meta-analyses, it is further confirmed that AD patients 
have a threefold increased risk of seizures or developing epilepsy compared to 
controls [109, 117].

Seizures occur especially frequently in autosomal familial dominant AD [118], in 
almost 50% of the cases [119], even prior to the onset of cognitive symptoms [120]. 
The risk of developing of epilepsy at 10 years following diagnosis is higher in early 
onset (9.4%) compared to late onset (2.5%) AD patients [121]. In another study, a 
similar prevalence of epilepsy (8.8%) is reported in mostly young-onset AD patients 
[122]. Moreover, younger AD patients (age 50-59) face a 87-fold increased risk of 
seizures, whereas the older AD population (age 85+) has a threefold increased risk 
[123]. These studies highlight that an earlier age of AD onset is associated with 
a more rapid progression of the disease, including an elevated risk of seizures.

High prevalence rates are reported in neuropathologically confirmed AD cases: 
seizures in 31% [124] and a history of epilepsy in 17% [125]. Furthermore, in 18% 
from AD patients with confirmed AD CSF biomarkers a seizure is reported within a 
period of 5 years [126]. Lower prevalence rates are reported retrospective studies, 
likely due to reliance on medical records for diagnoses: at diagnosis 2% [127], 
within five years 4% [128], and 14% within ten years [129] have epilepsy. Also, the 
prevalence of seizure in patients with AD dementia is 5% at 11.0 years of disease 
course based on medical records, observation and an interview [115].

Since in over half of the cases seizures in AD patients present as non-convulsive 
[130], and therefore are easily missed and go unrecognized, high prevalence rates 
of seizures are reported in a study in which it is reported that 28% of those patients 
exhibit features suggestive of epilepsy [131]. When specific seizure detection 
methods are employed for an extensive time period in addition to the assessment 
of medical history a relatively high prevalence of seizures is observed, as it is 
found using a 24-hour EEG that a total of 24% of AD patients experience seizures 
[132]. Lower prevalence of seizures (13%) is found in AD patients when seizure 
diagnosis primarily based on medical records and merely a minority of patients 
had undergone EEG recordings [133]. In an AD patient, a subclinical silent seizure 
can be detected using foramen ovale electrodes aimed at the mesial temporal lobe 
region, while it is not visible on scalp EEG [134]. This observation implies that silent 
seizures may occur even when scalp EEG findings remain unchanged, likely due to 
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subcortical epileptogenic foci, and thus the prevalence of seizures in many studies 
might be underestimated since they lack proper intracranial seizure detection.

Cognitive decline in AD patients with seizures suggests a potentially faster disease 
progression, as seizures are linked to an earlier onset of cognitive symptoms [115, 
130, 135], a younger age at AD onset [126] and more severe cognitive impairment 
[115, 126, 136, 137]. In LOEU patients who progress to AD, cognitive decline begins 
3.6 years earlier than in those without an epilepsy history [138]. AD patients with 
epilepsy also experience a longer disease duration and are diagnosed at a younger 
age [125]. The recurrence of seizures in 70% of AD patients within 7.5 months 
[115] underscores the need for effective seizure management in this population.

2.3 Hyperexcitability in dementia patients without seizures
Since (sub)clinical seizures are infrequent or absent in AD patients, screening for 
other markers of epileptiform activity may yield valuable insights. For instance, an 
epileptiform spike is a brief electrical discharge resulting from hypersynchronous 
neuronal firing [139]. Spikes are typically observed in epilepsy patients detected 
via EEG or other diagnostic tools [140]. Subclinical epileptiform activity, in AD 
patients without a history of seizures, is observed in 19.8% of awake individuals 
during a 13-minute scalp EEG [141] and in up to 22% of early-stage patients during 
a 24-hour ambulatory scalp EEG [142]. In a recent meta-analysis study, it is found 
that the incidence of subclinical epileptiform activity among AD patients is 21% 
[117]. Other studies report that the prevalence of subclinical epileptiform activity is 
detected in more than 40% of AD patients without a documented history of seizures 
[132, 143-145]. Additionally, 11.6% of MCI patients without a history of seizures 
have subclinical epileptiform activity using a full-night video-polysomnography 
including EEG recording [146].

The prevalence of pathological hyperexcitability in AD may be considerably higher, 
as epileptiform events often escape detection due to multiple reasons described 
hereafter. First, more sensitive detection methods targeting deeper brain regions 
are needed, given that 95% of spikes detected by intracranial electrodes go 
undetected by scalp EEG in AD patients and predominantly originate in the temporal 
lobes [130, 134, 141-143, 145]. Second, extended monitoring is essential, as routine 
short EEG sessions do not detect epileptiform activity in 60% of MCI or AD patients 
with a seizure history, while long-term video EEG monitoring detects it in 83% 
[130]. Third, monitoring during sleep is crucial, as in AD patients without seizures, 
epileptiform activity occurs predominantly (90-92%) during sleep [142, 143, 145]. 
In AD patients with epilepsy, such activity also appears during wakefulness, though 
primarily (80%) during sleep [142, 147].
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Controlling epileptiform activity is essential to prevent further cognitive decline, as 
AD patients with subclinical epileptiform activity experience faster deterioration 
than those without [141, 143, 145]. Additionally, subclinical epileptiform activity 
is linked to an earlier onset of AD [130, 132] and increases with disease severity, 
affecting 16.7% of patients with very mild, 19.8% with mild, 23.4% with moderate, 
and 33.3% with severe dementia [141]. Hippocampal spikes also impair cognition in 
epilepsy patients [148, 149] and in rats with recurrent seizures [150]. Furthermore, 
spikes are observed in various AD animal models [151-158]. For example, 
transgenic hAPP-J20 mice, which overexpress human APP with two familial AD-
linked mutations (Swedish and Indiana), exhibit spikes [156] originating in the 
hippocampus [158] as early as 4 weeks of age [155]. Furthermore, in Tg2576 mice, 
which overexpress human APP with the Swedish familial AD mutation (APPSwe), 
spontaneous epileptiform activity is observed from the age of 6 weeks [154] with 
especially large amplitude spikes in the dentate gyrus (DG) granular cell layer [153] , 
and are detected primarily during rapid-eye movement (REM) sleep [151]. In APP/
PS1 mice, which carry the APPswe mutation and mutant human presenilin 1 (PS1-
dE9), epileptiform spikes [157] and giant spikes originating in the hippocampus 
[152] are observed. Treatment with ASM ameliorates cognition and aberrant 
network activity in a prodromal stage of AD [159], in AD patients [160] and in a 
mouse model of AD [161].

3. Pathophysiological mechanisms underlying epilepsy 
and dementia

The important clinical bidirectional link between epilepsy and dementia [162, 163] 
suggests overlapping pathophysiological mechanisms [164]. A wide range of 
potential neurobiological mechanisms that drive these persistent effects of seizure 
induced cognitive dysfunction may play a role, ranging from neuroinflammation to 
structural brain alterations. TLE and AD share several neuropathological features, 
such as the fact that especially the hippocampal circuitry is damaged in both 
neurodegenerative diseases [165], possibly caused by excitotoxic neuronal death 
[166]. Smaller hippocampal volumes are found in TLE patients compared to controls 
[82], and in the AD brain the hippocampus is one of the affected regions [167]. 
Similar proteomic differences are found in epilepsy and AD hippocampal tissue 
[168]. Furthermore, brain glucose hypometabolism manifests early in the clinical 
course of AD [169], and has also been found in LOEU patients compared to controls 
[86, 170].

3.1 The role of Aβ
According to the amyloid cascade hypothesis, Aβ is assumed to be a key factor 
behind the development of AD [171]. Aβ buildup in the brain begins more than a 
decade before clinical symptoms of AD appear [172]. In the non-amyloidogenic 
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pathway, APP is cleaved by α-secretase that prevents the formation of Aβ [173]. 
In the amyloidogenic pathway, the processing of APP by beta-site APP cleaving 
enzyme 1 (BACE1) [174] and γ-secretase [175] leads to the generation of Aβ peptides 
of various lengths. Aβ40 consists of 40 amino acids and constitutes approximately 
80% of all Aβ peptides, while Aβ42, with 42 amino acids, is produced less frequently 
(about 5–10%) but is more hydrophobic making it more prone to aggregation 
into diffuse parenchymal plaques [173, 176]. Aβ40 is more commonly deposited 
in vascular walls, as observed in cerebral amyloid angiopathy (CAA) [177]. 
Physiological concentrations of the Aβ peptide are important for memory formation 
[178, 179]. However, at higher concentrations Aβ monomers self-assemble into 
oligomers, fibrils and ultimately deposit into plaques. The intermediate forms are 
thought to be more toxic compared to mature aggregates [180]. Brain amyloid 
deposition does not correlate with worse cognitive function in elderly individuals 
[181]. Soluble Aβ levels can rise in the brain before the formation of amyloid plaques, 
and increase exponentially with age when plaques are present [182]. Instead of 
amyloid deposits, the concentration of soluble Aβ significantly distinguishes AD 
patients from non-demented controls who meet the criteria for AD neuropathology 
[183]. In AD patients, disease severity strongly correlates with soluble Aβ levels, 
whereas the presence of insoluble Aβ merely indicates the existence of the disease 
[184]. Furthermore, soluble Aβ extracted from human AD cortex has been shown 
to impair memory function in rats [185].

3.1.1 Abnormal Aβ levels in epilepsy
A reduction in Aβ cerebral spinal fluid (CSF) levels serves as a biomarker for 
pathological Aβ buildup in the brain [186] and is increasingly used to support the 
diagnosis of AD [187]. Interestingly, AD patients with epilepsy exhibit lower CSF Aβ42 
levels compared to those without [188]. Similarly, AD patients with seizures show a 
trend towards lower CSF Aβ42 levels compared those without [126]. LOEU patients 
show lower CSF Aβ42 levels compared to controls [86], with pathological Aβ CSF 
levels identified in nearly 40% of LOEU patients [110]. Moreover, LOEU patients 
with MCI show lower CSF Aβ levels than those without cognitive impairments [112]. 
Finally, a notable proportion of drug-resistant TLE patients, aged 25 to 55 years, 
exhibited abnormal CSF Aβ42 levels [189].

A subset of TLE patients have increased brain Aβ expression [190-196]. Likewise, 
hippocampal expression of levels of APP are higher in a subset of TLE patients 
compared to controls [192, 197, 198]. Furthermore, in models of epilepsy and 
seizures accelerated or increased levels of Aβ or pro-amyloidogenic changes are 
found in a subset of animals compared to controls, such as in kainic acid mouse [199] 
and rat [200] models, pilocarpine mouse model [201], and after pentylenetetrazol 
kindling [202]. For instance, adult rats treated with kainic acid show elevated 
hippocampal levels of Aβ40 and Aβ42 from day 2 onward compared to control rats 



17

General introduction

[200]. Kainic acid treatment in mice elicits pro-amyloidogenic changes [199]. In 
the triple transgenic AD mouse model (3xTg-AD), which expresses mutant human 
APPswe, PSEN1 M146V, and microtubule-associated protein Tau (MAPT P301L), 
pilocarpine-induced chronic epilepsy prompts extracellular brain Aβ expression 
to appear several months earlier than the typical age of Aβ plaque formation 
[201]. In the five times familial AD mouse model (5xFAD), which overexpresses 
human APP with the Swedish (K670N/M671L), Florida (I716V), and London (V717I) 
mutations, along with human PSEN1 carrying the M146L and L286V mutations, 
pentylenetetrazol-kindled seizures intensified Aβ neuropathology, including 
plaque deposition and increased levels of soluble Aβ42 [202]. In hippocampal 
brain extracts from mice that are exposed to repetitive mild traumatic brain injury, 
which is a risk factor for LOE [75], increased levels of soluble Aβ1–40 en Aβ1–42 are 
reported [203].

3.1.2 The role of Aβ in brain excitability
A role for Aβ in epileptogenesis is highlighted by studies showing epileptiform 
activity, including seizures and spikes, in AD animal models overexpressing Aβ in 
the brain [158]. Furthermore, neuronal hyperactivity near Aβ plaques is observed 
in APP/PS1 mice [204]. Additional evidence comes from studies demonstrating 
increased susceptibility to spontaneous or induced seizures in mice overexpressing 
Aβ [157, 202, 205], as well as enhanced susceptibility to corneal kindling in mice 
with elevated soluble Aβ1–42 levels [206, 207]. Similarly, the lowered threshold for 
pentylenetetrazole-induced seizures at a young age before Aβ plaque formation 
in an AD mouse model suggests that soluble Aβ, rather than plaque formation, 
significantly contributes to hyperexcitability [208]. This is supported by findings 
that neutralizing soluble Aβ species with antibodies reduces seizure occurrence 
induced by intrahippocampal kainate injection in pre-plaque AD mice [209]. 
Similarly, hippocampal neurons exhibited hyperactivity in vivo at a young age 
before plaque formation in an AD mouse model, which is alleviated by reducing 
soluble Aβ levels with a γ-secretase inhibitor [210]. Moreover, application of soluble 
Aβ oligomers in hippocampal slices from wild-type mice results in heightened 
neuronal excitability [211]. Neuronal hyperactivity has been demonstrated to 
contribute to Aβ deposition in the hippocampus [212]. Together, these findings 
suggest a reciprocal relationship where soluble Aβ can induce hyperexcitability, 
and in turn, hyperexcitability or seizures can exacerbate soluble Aβ accumulation, 
creating a detrimental cycle.

Although the precise mechanisms through which soluble Aβ induces 
hyperexcitability in the brain are not fully elucidated, there are several indications 
that soluble Aβ directly affects neurons. Soluble Aβ depolarizes the membrane 
potential of hippocampal granule cells and enhances the activity of excitatory 
neuronal populations in rodent brains [157]. Additionally, Aβ promotes glutamate 
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release from astrocytes [213] and neurons via activation of α7 nicotinic 
acetylcholine receptors [214], while it may also inhibit astrocytic glutamate 
reuptake [215]. Furthermore, oligomeric Aβ42 can induce glutamate release from 
astrocytes, leading to NMDA receptor activation [213]. Notably, Aβ increases cell 
surface expression of NMDA receptors and enhances NMDA-induced calcium 
levels, which coincide with excitotoxicity [216]. Moreover, Aβ induces neuronal 
hyperexcitability by upregulating the expression of voltage-gated sodium channels 
[217] and reducing potassium channels at the neuronal membrane [218]. Finally, 
in response to Aβ the release of interleukin 1 beta (IL-1β) [219] from astrocytes 
is triggered. Thus, changes in the expression of Aβ are found in epilepsy might 
potentially contribute to epileptogenesis, but its role is not well understood.

3.2 The role of tau
Tau is a microtubule-binding axonal protein expressed in neurons that plays 
a role in microtubule stabilization [179]. Despite the fact that tau deposition is 
a better predictor of cognitive decline than Aβ [220], mutations in the tau gene 
cause frontotemporal dementia without the presence Aβ pathology [221]. Several 
preclinical studies support the evidence that Aβ drives tau alterations. For example, 
crossing Tg2576 mice, which overexpress human mutant APP, with JNPL3 mice, 
which overexpress mutant tau, results in increased NFT load without affecting Aβ 
depositions [222]. Further evidence comes from a study in which it is shown that 
that soluble Aβ oligomers isolated from the cortex of AD patients is able to induce 
hyperphosphorylation of tau and neuritic degeneration in cultured rat neurons [223].

3.2.1 Abnormal tau levels in epilepsy
In several studies, neuropathological tau alterations have been identified in epilepsy. 
Increased CSF levels of total tau and phosphorylated tau (p-tau) are a biomarker 
for AD pathology [187, 224]. In AD patients with epilepsy CSF total tau and p-tau 
levels are higher compared to AD patients without epilepsy [188]. Furthermore, 
seizures development is associated with higher CSF total tau protein levels in 
AD patients [126], although CSF p-tau levels does not differ from AD patients 
without seizures. Similarly, higher total tau and p-tau proteins are found in LOEU 
patients compared to controls [86]. CSF p-tau levels were associated with poorer 
cognitive performance in drug-resistant TLE patients, aged 25 to 55 years [189]. 
Hyperphosphorylated tau is found in epilepsy patients and animal models [168, 
192-196, 199, 225-231]. Transgenic mice overexpressing human mutant tau exhibit 
spontaneous seizures and epileptic activity [232] and increased susceptibility to 
induced seizures [233, 234]. Tau reduction lowers seizure latency and duration in 
an Aβ overexpressing mouse model for AD [235]. Neuronal hyperactivity enhances 
tau pathology [236].
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3.3 Clearance of Aβ and tau
Aβ can be cleared through multiple pathways, including degradation either 
extracellularly or intracellularly following phagocytosis by various proteins 
[237-242]. Aβ is cleared by various Aβ-degrading enzymes, including matrix 
metalloproteinases (MMPs), serine and cysteine proteases, thiol-dependent 
metalloendopeptidases, zinc metalloendopeptidases, and others [242]. For 
example, the thiol metalloprotease insulin-degrading enzyme (IDE) [239, 240] 
and the plasma membrane glycoprotein zinc metalloendopeptidases neprilysin 
(NEP) [243] degrade Aβ. Activated astrocytes and microglia are involved in clearing 
accumulated Aβ from the brain [244, 245]. Intracellular degradation of Aβ relies on 
systems such as the ubiquitin–proteasome system (UPS), endosomal/lysosomal 
pathways, and autophagy [246]. Intriguingly, the efflux of Aβ from the brain into 
the bloodstream via the BBB contributes to approximately 25% of its clearance 
[247]. In the periphery, Aβ is cleared systemically through the liver, kidneys, and 
spleen [242]. The receptor for advanced glycation end products (RAGE) mediates 
the influx of Aβ into the brain [248]. The neurovascular hypothesis of AD posits 
that compromised efflux of Aβ at the BBB is the cause for increased levels of brain 
Aβ and neurovascular dysfunction [249]. Impaired brain Aβ clearance is shown 
in late-onset AD patients rather than increased production when compared to 
controls [250]. A dysfunctional BBB with impaired clearance function can result 
in the accumulation of harmful substances in the brain, as has been described for 
AD [251].

4. The role of low-density lipoprotein receptor-related 
protein 1 in the brain

Low-density lipoprotein receptor-related protein 1 (LRP1) is a multifunctional 
transmembrane receptor that has an endocytic and signaling function and is a 
member of the low density lipoprotein receptor (LDLR) gene family [252]. The LDLR 
family is a well-conserved family of receptors that bind a diverse array of ligands, 
including Aβ [241, 253]. LRP1 has a more rapid endocytosis rate compared to other 
members of the LDLR family [254]. It functions primarily as a scavenger receptor 
and mediates the endocytosis of various ligands, including lipoproteins, hormones, 
and proteases. LRP1 is expressed in various tissues including liver, lungs, adipose 
tissue and brain [255]. In the liver, LRP1 is involved in lipoprotein metabolism [256]. 
The extracellular domain of LRP1, the heavy α-chain (515 kDa), contains four ligand-
binding clusters (I–IV) that bind over a 100 ligands (Figure 1). The intracellular 
domain, the light β-chain (85 kDa), consists of transmembrane segment and the 
cytoplasmic domain, that control endocytosis or serves as a docking site for 
cytoplasmic adaptor proteins. The importance of LRP1 is demonstrated by the 
fact that it is essential for embryonic development, due to vascular defects in mice 
lacking it [257-259]. Conditional LRP1 forebrain knockout mice show reduced brain 
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cholesterol levels, highlighting LRP1’s role in brain cholesterol metabolism [260, 
261]. LRP1 is located at the abluminal side of the brain endothelium [262]. LRP1 is 
an important protein for Aβ efflux at the BBB [249, 262-268]. LRP1 at the BBB has 
a higher affinity for Aβ1–40 than for Aβ1–42 [269]. After Aβ is internalization by LRP1, 
it is subsequently transferred to P-glycoprotein (P-gp) for transcytosis across 
the BBB [270]. P-gp is expressed at the luminal side of the brain endothelium 
and is important for mediating Aβ efflux from the brain [271, 272]. LRP1 also 
mediates Aβ clearance in brain vascular smooth muscle cells [273] and pericytes 
[274]. LRP1 expression decreases in the human brain with age and in AD patients 
[275]. Brain Aβ deposition is linked to a LRP1 polymorphism in AD patients [276]. 
Membrane-bound LRP1 can be cleaved by α-secretase and β-secretase [277]. 
Subsequently, the α-chain is released into plasma as soluble LRP1 (sLRP1) [278], 
where it sequesters approximately 70% Aβ in the bloodstream [279].

LRP1 also plays an important role in the inflammatory response modulation [281-
283]. For example, LRP1 deletion in macrophages in vitro strongly increases the 
expression of proinflammatory cytokines [281]. Moreover, silencing LRP1 causes 
the activation of microglia and astrocytes [284] and the release of proinflammatory 
cytokines, such as IL-6, IL-1β and TNF-α [261]. This process is mediated by Toll-like 
receptor 4 (TLR4) activation, which triggers the transcription factor nuclear factor 
kappa-light-chain-enhancer of activated B cells (NF-κB) and mitogen-activated 
protein kinase (MAPK) [285, 286].

The expression of brain capillary LRP1 is studied during aging and in AD by several 
studies [265, 266, 287-290]. The gene mRNA expression of LRP1 from isolated 
cerebral microvessels is reduced during aging in rats [288]. Furthermore, at protein 
expression level there is a similar loss of capillary LRP1 during aging in rats and this 
is also shown by immunostainings [289]. Moreover, its loss during aging correlates 
with Aβ42 accumulation [289]. During aging, the number of LRP1 positive vessels 
decreases from 94% in 2 month old mice to only 52% in 9 month old mice [265]. 
In human frontal cortex, LRP1 immunostaining in vessels of AD patients reduces 
when compared to age-matched controls [265]. Moreover, the number of LRP-
positive cerebral vessels reduces from 45% in age-matched controls to ∼12% in 
AD [266]. Similarly, a reduction of LRP1 levels of 74% is found in brain endothelial 
cells in AD patients when compared to controls [290]. Finally, in AD hippocampi 
microvasculature LRP1 immunoreactivity decreases compared to age-matched 
controls [287]. 
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Figure 1. Structure of low-density lipoprotein receptor-related protein (LRP1) (Figure 
adapted and reprinted from [280]). The extracellular domain of LRP1, the heavy α-chain 
(515 kDa), contains four ligand-binding clusters (I–IV) that bind over a 100 ligands. The in-
tracellular domain, the light β-chain (85 kDa), consists of transmembrane segment and the 
cytoplasmic domain, that control endocytosis or serves as a docking site for cytoplasmic 
adaptor proteins.

At pathological concentrations, Aβ promotes the proteasomal degradation of brain 
capillary LRP1 [266]. Moreover, the reduced expression of capillary LRP1 can be 
attributed to conditions that are known to play a role in the pathophysiology of 
epilepsy, such as the natural aging process [4, 265, 288], but also hypoglycemia 
[291, 292] or hypoxia [293, 294]. Furthermore, LRP1 is found to be oxidized in the 
hippocampus of AD patients [295], that results in even more impaired binding of 
LRP1 to Aβ [279]. Oxidative stress is implicated in the pathophysiology epilepsy 
[296, 297], aging and AD [298]. However, the role of brain endothelial LRP1 in 
epilepsy has not been studied in detail.
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Reduced expression of LRP1 in brain endothelial cells exacerbates brain Aβ 
accumulation, leads to cognitive impairment in a mouse model of AD [263, 264] and 
has a detrimental effect on BBB permeability [299]. Similarly, higher levels of brain 
endogenous mouse Aβ and impaired cognition are observed in mice using i.c.v. 
injection of antisense directed against LRP1 [300]. Furthermore, ankyrin repeat 
and SAM domain containing 1 A (ANKS1A) facilitates the transport of LRP1 from the 
endoplasmic reticulum towards the membrane, and its endothelial deficiency in an 
AD mouse model results in aggravated Aβ pathology and cognitive decline [301].

In neurons, LRP1 facilitates the clearance of Aβ from the extracellular space 
through LRP1-mediated endocytosis followed by lysosomal degradation [302]. 
However, LRP1 is capable of internalizing APP and promoting its subsequent 
amyloidogenic processing into Aβ, resulting in a situation where the net production 
of Aβ surpasses its clearance function [303]. LRP1 expressed in neurons also 
regulates the endocytosis and propagation of tau protein [304]. Neuronal LRP1 
expression may contribute to the spread of harmful substances in the brain that 
may further disrupt brain network excitability. Thus, neuronal LRP1 may play a 
role in the spread of harmful substances within the brain, potentially contributing 
disruptions in brain network homeostasis.

In glia, LRP1 clears Aβ by cellular uptake and degradation [305]. Furthermore, 
depleting LRP1 in astrocytes leads to diminished levels of several Aβ-degrading 
enzymes, including insulin-degrading enzyme and matrix metalloproteases MMP2 
and MMP9 [305], underscoring the significant involvement of astrocytic LRP1 in 
modulating extracellular Aβ degradation. Mice lacking LRP1 in radial glial cells and 
their progeny, including both hippocampal astrocytes and neurons, experience 
seizures shortly after birth and exhibit hyperexcitability in hippocampal neurons 
[284], implying the involvement of astrocytic LRP1 in modulating neuronal 
excitability. In an animal model for epileptogenesis an upregulation of LRP1 
expression was found that was likely due to astrogliosis [306], indicating an 
important function of astrocytic LRP1 after SE.

5. Research in animal models

5.1 Epilepsy animal models
Further research on the mechanisms of epilepsy in humans is necessary, though 
it comes with certain limitations. As a result, studies are often conducted using 
animal models of epilepsy, which also have their own limitations but offer distinct 
advantages over human research. These animal models allow for the investigation 
and manipulation of specific processes during epileptogenesis, which allows 
for probing causal relationships and gaining mechanistic insights [13]. During 
epileptogenesis, various circuit and molecular changes occur in the animal 
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brain resembling human epilepsy neuropathology, including gliosis, synaptic 
reorganization, BBB dysfunction, and neurodegeneration [13]. Several chronic 
models of epilepsy share a common feature: an initial chemically or electrically 
[307] induced insult, known as status epilepticus (SE). This is followed by a latent 
period characterized by neuropathological changes such as cell loss, gliosis, 
synaptic reorganization, and inflammation [308], leading to a chronic stage during 
which spontaneous recurrent seizures occur. To chemically evoke SE several 
convulsants are used, such as pentylenetetrazole (PTZ) that antagonizes the 
inhibitory GABAA receptors [309], or kainic acid and pilocarpine that are used 
to stimulate the brain by activating ionotropic kainate receptors and muscarinic 
receptors [310], respectively. In the electrically induced post-SE rat model, SE is 
induced by electrically stimulating the hippocampus through the angular bundle 
[311-313]. The initial stimulus elicits periodic epileptiform discharges (PEDs) that 
last for several hours. Starting from the acute phase (1 day after SE) neuronal 
loss is observed and this is most extensive in rats with a progressive seizure 
development [16]. Following a latent period (1 week after SE) characterized by 
hippocampal spikes, spontaneous recurrent seizures develop during the chronic 
phase. Furthermore, the post-SE model develops gliosis, and BBB dysfunction [46, 
314] and synaptic reorganization, such as mossy fiber sprouting [28, 311]. Cognitive 
dysfunction is observed in several epilepsy animal models [315]. Additionally, 
greater cognitive impairment is linked to an increasing number kindled seizures 
[316, 317].

5.2 AD animal models
Various animal models of AD are currently available that reproduce at least 
several aspects of AD and allow for a more mechanistic approach to study AD 
etiology [318-320], see Figure 2 for phenotypes of widely utilized AD mouse 
models. The aggregation of endogenous mouse Aβ into plaques is unlikely due 
to differences in its amino acid sequence compared to human Aβ, making it less 
prone to aggregation into plaques as compared to human Aβ [321]. Therefore, many 
transgenic mouse models for AD overexpress genes causing familial AD in human 
AD patients. This initially led to the development of transgenic mice expressing 
human mutant APP, which progressively exhibit the pathological hallmarks of AD, 
such as Aβ deposits, synaptic loss, and gliosis [322]. Transgenic animal models 
are now available that replicate other aspects of AD, including abnormal Aβ and 
tau expression, neurodegeneration, and/or neurobehavioral deficits, such as the 
3xTg-AD mice [323, 324]. The 5xFAD mouse model co-expresses five mutations in 
genes that cause familial AD, including three mutations in APP and two mutations 
in PSEN1, under control of the forebrain neuronal Thy-1 promotor [325, 326]. This 
mouse model for AD exhibits Aβ deposition, astro- and microgliosis starting from 
the age of two months [325, 326], epileptiform spikes were reported at the age of 
4 months [327] and cognitive dysfunction at 4 to 5 months of age [325]. Similar 
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to patients, 5xFAD female mice are more cognitively affected [328]. Moreover, 
female 5xFAD mice have more amyloid neuropathology than males [325, 326]. 
At the age of 9 months, 5xFAD mice exhibit spatial learning impairment [329]. In 
order to test spatial learning and cognitive flexibility in mice, a multiple-choice 
learning paradigm in a home-cage setting can be used [330, 331]. This setup 
shows impaired spatial learning [330] and impaired cognitive flexibility at 3 months 
of age [331] in APP/PS1 mice. Spontaneous seizures are detected in multiple AD 
mouse models using intracranial electrodes [151, 152, 155, 157, 158].
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Figure 10.1 Phenotypes of commonly used ADmouse models generated from Alzforum. (See color
plate section for the color representation of this figure.)

of AD [37]. However, while many of these transgenic mice develop Aβ plaque pathology
and cognitive impairment, they do not develop NFT (Figure 10.1).
To address the role of tau protein hyperphosphorylation and NFT in the pathogenesis

of AD, several other mouse models have been developed that overexpress either
wild-type or mutated human MAPT protein. A total of 30 transgenic mouse models
based on mutations in MAPT can be identified from the Alzforum database [10].
The introduction of human tau proteins containing FTD mutations does result in
NFT formation [17, 38, 39]. However, if the introduced tau protein contains G272V,
P301L, and P301S this results in both NFT formation and severe cognitive deficits [40].
Although they develop motor and learning deficits, mice expressing only mutant tau
do not develop Aβ plaques.
Transgenic mice expressing human APP Swedish (K670N/M671L) and PS1 (M146V)

as well as tau protein (P301L) develop both Aβ plaques and NFT pathology. Addition-
ally, the mice develop other pathological and behavioural characteristics similar to
AD including gliosis, synaptic damage, and memory impairment [8]. As described in
Table 10.1 and Figure 10.1, different transgenic models show significant differences in
the onset and development of neuropathological and behavioural phenotypes.

Figure 2. Phenotypes of widely utilized AD mouse models (Figure adapted and reprinted 
from [319], source: Alzforum.org).
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6. Scope and outline of the thesis

Epilepsy and Alzheimer’s disease (AD) are complex neurological disorders that 
share a significant, bidirectional clinical link, particularly concerning epileptiform 
activity and cognitive impairments, for which no cure currently exists. These 
conditions exhibit overlapping neuropathological features to a certain extent, 
including neuroinflammation, homeostatic imbalances, and structural brain 
alterations. Comprehensive understanding of the neurobiological mechanisms 
underlying epileptiform activity-induced cognitive dysfunction is crucial for 
developing and improving therapeutic strategies. Therefore, the aim of this thesis 
is to unravel mechanisms of dysregulated processes in the epileptogenic brain and 
utilize this knowledge to identify new treatment strategies.

In chapter 2, we explored changes at the BBB (endothelial cells), neurons and glial 
cells in epilepsy and AD by examining the endothelial, neuronal and glial expression 
of LRP1. This investigation utilized resected hippocampi from drug-resistant TLE 
patients and the electrically induced post-SE rat model to study epileptogenesis. 
Additionally, we assessed its expression levels in hippocampi from autopsy AD 
patients. Furthermore, we studied soluble Aβ and amyloid plaque deposition in 
human and experimental epilepsy.

Chapter 3 aimed to further investigate the effects of inducible knockout of brain 
endothelial LRP1 on epileptogenesis in transgenic mice using the 5xFAD model of 
AD. We also studied the expression of markers from glial cells that are important 
for the neuroinflammatory response, as well as soluble Aβ and amyloid plaque 
deposition in these mice.

In chapter 4, we examined the potential effects of inducible knockout of brain 
endothelial LRP1 on cognition in transgenic mice, again using the 5xFAD model. 
Additionally, we investigated the expression of hippocampal proteins related to 
neuroplasticity and cognition in these mice.

Finally, chapter 5 aims to summarize and discuss in depth the main findings of 
this thesis in relation to epileptiform activity-induced cognitive dysfunction from 
a broader perspective and to suggest various novel therapeutic strategies for 
epilepsy and AD.

1
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