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Summary
Seizures in the human temporal lobe transiently impair cognition and steadily damage
hippocampal circuitry, leading to progressive memory loss. Similarly, the toxic accumulation of
Aβ peptides underlying Alzheimer’s Disease triggers synaptic degeneration, circuit remodeling,
and abnormal synchronization within the same networks. Since neuronal hyperexcitability
amplifies the synaptic release of Aβ, seizures create a vicious spiral that accelerates cell death and
cognitive decline in the AD brain. The confluence of hyperexcitability and excitotoxicity,
combined with the challenge of seizure detection in the human hippocampus, make epilepsy in
these individuals extremely important to correctly diagnose and treat. Emerging clinical evidence
reveals an elevated co-morbidity of epilepsy in AD, particularly when linked to mutations in the
APP/Aβ gene pathway. Experimental models in genetically engineered mice confirm and extend
these findings, highlighting the presence of subclinical seizures and overlapping
pathophysiological cascades. There is an urgent need for more clinical and basic investigation to
improve the early recognition of hippocampal seizures arising during the course of dementing
disorders, and to validate molecular blockers of Aβ-induced aberrant excitability that can slow and
potentially reverse the progression of cognitive decline.
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The molecular pathology underlying neural degeneration in Alzheimer’s Disease has been
dramatically clarified over the last decade, however our understanding of the pathogenesis
and therapy of human dementia, a foremost clinical problem in our society, is unclear and
remains stalled at the level of progressive cell death and altered plasticity at single synapses.
Co-morbid conditions such as epilepsy that interfere with memory formation and retrieval in
the temporal lobe further complicate the goal of preserving normal cognition. While
degenerative processes in the nervous system ultimately result in loss of neural signaling,
when active inhibitory mechanisms fail early, the resulting disinhibition may destabilize
network oscillatory activity at formative stages of the disease. Critical new evidence
implicating cellular hyperexcitablility, hypersynchronous circuit activity, extensive rewiring
of hippocampal networks, and subclinical “silent” seizures in the temporal lobe identified in
validated mouse models of AD implicates a new level of circuit-based pathophysiology that
could lead to the appearance of epilepsy and further aggravate memory loss. Human
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pathological studies confirm that, much like the positive feedback loop of heat and moisture
powering the ‘heat engine’ of a tropical storm, the combination of synaptic hyperactivity
with elevated Aβ in AD brain fuels a pathological cascade of cell death and synaptic
reorganization within hippocampal networks. These findings identify APP, along with
related AD genes leading to aberrant cleavage and toxic accumulation of its Aβ protein
fragments, as members of a new gene pathway for temporal lobe epilepsy, and challenge the
assumption that the elevated risk of epilepsy in individuals with familial AD is a simple
coincidence. The magnitude of the clinical problem justifies a concerted search to unravel
the shared mechanisms leading to hyperexcitable networks in AD, and new treatment
strategies for dementia focused on stabilizing dynamic network signaling patterns in the AD
brain.

Epilepsy and Dementia: Clinical Comorbidity, Diagnostic Uncertainty
The appearance of seizures in individuals with Alzheimer type dementia (AD) has been
noted for many years and recently has become the subject of closer epidemiological
scrutiny. An increased incidence of seizures is highest among younger persons with early
onset dementia (50–60 years), an age when their general incidence in the poulation remains
low; even in the more elderly with advanced dementia, seizure incidence remains increased
at least threefold over age-matched populations (Figure 1).

In the majority of AD cases, but particularly in those with early onset, these seizures are
classified as complex partial with or without generalized convulsive episodes (Rao et al,
2009). However a variety of factors, rooted in the multifactorial causes, subtle clinical
onsets, and episodic phenotype of epilepsy obscure an accurate determination of the co-
incidence of these two disorders, leading to difficulties in ascertainment. Temporal lobe
epilepsy, when subtle, can masquerade as "pure" dementia for a period of years, and case
reports of non-convulsive, subtle seizures point out the diagnostic uncertainty attached to
these two diagnoses. Typically an EEG is performed only once clinical symptoms become
strongly episodic or following the emergence of overt behavioral seizures, leading to the
diagnosis of ‘epileptic pseudodementia’, although this too can generate further error by
masking the potential concurrent presence of AD (Tatum et al, 1998; Hogh et al, 2001;
Tombini et al, 2005; Ito 2009; Laurentani 2009). Clearly, a dual diagnosis remains tenable.

Two Disorders or One?
Although their manifold etiologies are well documented, the biological basis for seizures in
what has been traditionally held to be a purely neurodegenerative (yet also heterogeneous)
disorder has never been clearly explained, and the mechanisms for hyperexcitability in AD
brain are largely unknown. A commonly held view, particularly in the dementia research
community, is that dementia and seizures represent fundamentally independent disorders,
since overt seizures are not reported in most AD cases (Scarameas et al, 2009), nor do all
individuals with generalized seizures develop progressive cognitive deficits, although this is
certainly the case in temporal lobe epilepsy with hippocampal sclerosis (Helmstaedter and
Egler, 2009). Instead, seizures in AD patients could represent the unfortunate co-occurrence
of two disease genes or acquired encephalopathies leading to the presence of cortical
atrophy. Alternatively, seizures could arise from highly specific neuronal excitability
changes related to the molecular pathogenesis of certain subtypes of dementia that give rise
to both phenotypes. In fact, seizures are part of the natural history of many pedigrees with
autosomal dominant early-onset AD, including those with mutations in presenilin-1,
presenilin-2, or the amyloid precursor protein (APP), or with duplications of wild-type APP.
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Epilepsy in Human Genotyped AD Cases
In contrast to sporadic dementia, epilepsy is a striking co-morbid phenotype in individuals
with genotyped cases of familial AD (Table 1). Multiple studies reveal probands and
affected family members with compex partial seizures as a salient neurological co-morbidity
of mutations in genes encoding the amyloid precursor protein APP, and the gamma-
secretase modulatory genes Presenilin1 (PS1) and Presenilin 2 (PS2). Since individuals with
these familial forms of AD present earlier in life, they are likely to account for the striking
increase in risk of epilepsy found between 50–60 years of age (Amatniek et al, 2006). It is
worth noting that a family history is not the sole criterion for early seizures, since de novo
mutations in PSEN1, the most common gene for AD, may also produce dementia
phenotypes accompanied by epilepsy (Alberici, 2007).

The human evidence strongly implicates a tight genetic association between Aβ
overexpression and epilepsy, but does not exclude the chance occurrence of a second
pathogenic basis for epilepsy in these families, nor does it prove the seizures arise
exclusively from the presence of any particular Aβ peptide fragment, since mutant AD genes
may give rise to cleavage patterns in intra- and extracellular peptides of alternative lengths
and toxicity, or exert other deleterious effects (LaFerla et al, 2007). Fortunately,
experimental mouse models have proven useful for providing further insight into the basic
mechanisms of epileptogenesis.

Convulsive Epilepsy in Mouse Models of Abnormal Abeta Expression
Confirmation that accumulation of abnormal AB fragments actually lead to epilepsy was
obtained from early studies investigating genetically engineered overexpression of mutant
alleles of APP in experimental mouse models. Lowered convulsant thresholds and
spontaneous convulsive seizure phenotypes have been observed in AD mouse models for
some time, but did not figure strongly in models of the overall pathogenesis of dementia
(Laferla et al, 1995; Moechars et al, 1996; Kumar 2000; Lalonde 2005). Interestingly,
deletion of APP (Steinbach et al, 1998) and BACE1, the secretase that participates in Aβ
release (Hu et al, 2010) also cause an epileptic phenotype, indicating that normal APP
signaling is important in the development of hippocampal excitability. In some models,
lower thresholds for induced or spontaneous seizures are found even in the absence of
amyloid deposits, further implicating the soluble forms of Aβ as the pathogen (Steinbach et
al, 1998; Del Vecchio et al, 2004; Kumar et al, 2000).

Non-convulsive Seizures in AD Mouse Models
The presence of subtle seizure phenotypes in AD mouse models and hippocampal pathology
characteristic of epilepsy was not appreciated until videoEEG and molecular pathology
studies were performed. To demonstrate the presence of neuronal hypersynchronous
discharge activity, chronic EEG monitoring was performed in our laboratory in a mouse
model engineered to overexpress a gene containing a human familial Alzheimers Disease
(FAD) mutation, the J20 mouse (Palop et al, 2007). These recordings revealed the first
evidence of abnormal synchronous interictal EEG discharges, both cortical and
hippocampal, as well as clinical seizure activity of two types.

The most frequent seizures were purely electrographic, i.e. non-convulsive without
behavioral arrest (Figure 2); in addition, rare and unprovoked motor convulsions were also
observed. These transgenic mice therefore demonstrate that simple genetic overexpression
of a human mutant form of Aβ is sufficient to create non-convulsive seizure semiology, and
their appearance also raised the question of whether abnormal hippocampal neuronal
synchronization might go clinically undetected in human AD patients, and indeed whether
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this network level abnormality might contribute to the more rapid cognitive decline in at
least a subset of patients with genotyped familial AD.

In patients with sporadic Alzheimer’s disease, scalp-recorded EEG patterns typically show
abnormalities predominantly composed of slowed background rhythms, and cortical
interictal discharges are unusual in routine EEG scalp recordings from individuals with
idiopathic dementia. Even in patients with confirmed temporal lobe epilepsy, scalp-recorded
interictal discharges are seen in fewer than half the cases (Nilsson et al, 2009). Three factors
may lead to this apparent lack of evidence for cerebral hyperexcitability in AD patients in
contrast to mouse AD models. First, EEG studies are not routinely performed in individuals
with cognitive decline, and in any event would typically consist of a brief sample of activity
rather than prolonged monitoring. Second, most AD cases are sporadic, and true monogenic
familial cases comprise a rare cause of AD. Thus few individuals with dementia who are
examined by EEG have been genotypically proven to have mutations in the APP gene.
Third, unlike the ~1 mm proximity of mouse hippocampus to the cortical recording surface,
detection of seizure activity originating in the human medial temporal lobe is difficult
without intracranial if not depth electrode recordings (Nilsson et al, 2009). Unfortunately,
other non-invasive measures of human temporal lobe ictal activity such as
magnetoencephalography are relatively insensitive to aberrant electrical activity in the
medial temporal lobe (Shigeto et al, 2002).

Network Remodeling in AD and TLE mouse models
Based on a growing appreciation of network level dysfunction in AD, Palop (Palop et al,
2007) examined the hippocampus in J20 mice and discovered striking evidence for
hippocampal network axon remodeling that is similar, but not identical to, the changes
identified in both patients with temporal lobe epilepsy and experimental models of
hippocampal seizures (Figure 2). The cellular changes included ectopic sprouting of dentate
granule cell mossy fibres and sprouting of fibers containing the inhibitory neurotransmitter
NPY, two structural alterations long known to be present in human and experimental models
of temporal lobe epilepsy and believed to be the direct result of excess glutamate toxicity
and seizure-induced cell death (de Lanerolle et al, 1989; Sutula and Dudek, 2007). An
additional feature noted in the AD models was loss of calbindin, a calcium binding protein,
staining in granule cell bodies. Convulsive seizures with associated hippocampal network
plasticity have been confirmed in other AD mouse models (Minkevienne et al 2008).

Recent examination of the progenitor population of dividing cells responsible for adult
neurogenesis in the dentate gyrus in several AD mouse models has revealed a further
similarity with epilepsy models (Parent and Murphy, 2008), namely an increased number of
immature newborn cells at early stages of the disease (Gan et al 2008; Jin et al 2004a; Sun et
al 2009). Interestingly, fewer of these cells are likely to mature into gabaergic neurons, and
impairments of GABA transmission in the J20 brain provide an interesting basis for
epileptogenesis in these models. Increased adult neurogenesis is found in both human AD
and TLE cases (Jin et al, 2004b; Sutula and Dudek, 2007), can be replicated in vitro by
selective exposure to AB42 (Lopez-Toledano and Shelanski, 2004), and figures prominently
in the ‘gating’ function of the dentate gyrus with its central role in hippocampal
epileptogenesis (Scharfman, 2007).

Overlapping Regional Pathologies in Human AD and TLE
While many detailed cellular abnormalities remain to be described in cortical microcircuits
contributing to dementia and temporal lobe epilepsy, imaging studies of human cases
demonstrate regional overlap in AD and TLE pathology (Figure 3). While the boundaries
are dynamic, and ‘averaging’ across cases to obtain representative disease territories
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obscures the variation due to individual differences in age, disease duration, severity, and
treatment course, digital analyses using MRI-based volummetry in both disorders reveal
cortical volume loss that predominates in mesial, lateral temporal and frontal cortices at all
stages of the disease, corresponding with the patterns seen in temporal lobe epilepsy
(Thompson et al, 2003;Berhardt et al, 2008).

Regional brain metabolic studies using PET tracer imaging show hypometabolism in inferior
temporal regions in both diseases (Carne et al, 2007; Edison et al, 2007). Without serial
longitudinal studies, it remains unclear which of these two structural and functional
biomarkers has temporal precedence, as well as their relationships to aberrant excitability
patterns. Nevertheless, their regional confluence is sufficient evidence of risk to presume a
major effect of hippocampal epilepsy in aggavating ongoing AD pathology.

Epileptic Excitotoxicity and AD Pathology
The multiple lines of evidence discussed above show that soluble forms of Aβ are cytotoxic,
induce the appearance of aberrant excitatory neuronal network activity in vivo, and trigger
complex molecular and cellular patterns of compensatory inhibitory and excitatory
mechanisms in hippocampal circuitry. While many additional biological signaling pathways
contribute to the emergence of this complex lesion, at least two positive feedback
mechanisms intersecting with seizure-related pathophysiology have been identifed that
synergistically enhance the further release of Aβ by seizures. The first is that the release of
Aβ from synapses is activity-dependent, and has been shown to share the same presynaptic
exocytotic mechanisms as vesicular glutamate release. In vivo microdialysis studies reveal
that kainate-induced seizures actively elevate soluble AB levels in the hippocampal
extracellular space and can be blocked by presynaptic inhibitors of vesicular transmitter
release and clathrin-mediated endocytosis (Cirrito et al, 2005, 2008). The second is that
excessive glutamate release activates NMDA receptors which in turn stimulate a shift from
α- to β-secretase cleavage of the amyloid precursor protein APP, facilitating Aβ release
(Lesne et al, 2005). Both pre- and postsynaptic mechanisms provide a molecular basis for
the model of an unchecked vicious cycle at the neuronal network level capable of
accelerating AD pathology progression (Figure 4).

Pathological evidence supporting this model has been demonstrated in a key study
comparing the cellular pathology of human hippocampal autopsy specmens obtained from
individuals bearing PSEN1 E280A mutations (Velez-Pardo et al, 2007). When such cases
were compared between individuals with, and without a reported seizure history, a clear
aggravation of hippocampal pyramidal cell death was found in AD individuals with a history
of seizures (Figure 4). This exacerbation not only supports the cyclical model of excitotoxic
neurodegeneration, but offers an explanation of why dementia onset is earlier in inherited
forms of AD, where the linked expression of seizures is highest.

Future Perspectives
Whether it is subconvulsive seizures or other derangements of normal oscillatory activity
patterns due to plasticity within hippocampal circuitry (Chauviere et al, 2009) that contribute
to the memory impairment of AD, new insights into the neurobiology of epilepsy and
Alzheimers Disease are coalescing into an understanding that the two share major
pathogenic elements of interest in the search for new avenues of disease modification. While
these two maladaptive reactive cascades may not coincide in every patient presenting with
AD, the incendiary co-expression of hyperexcitability and seizures within overlapping brain
circuits in temporal and extratemporal regions critical for cognitive processing poses an
enormous risk to memory function in those with familial forms of the disorder. Since this
pathogenic cycle amplifies dysfunction within the neural circuit, it is intuitively clear that
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preventing or interrupting epilepsy could prove to be an important new approach to slowing
the progression of cognitive decline in individuals with genotyped Aβ pathology. Further
translational exploration of these issues in animals and human studies over the coming
decade will determine which patients may benefit from new therapeutic approaches directed
at selectively suppressing aberrant network excitability in the temporal lobe.
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Figure 1.
Elevated co-incidence of epilepsy and Alzheimers-type dementia in the elderly. Left:
Seizure disorders of all etiologies increase in the second half of life, beginning around the
age of 50. The incidence ratio of epilepsy in individuals diagnosed with AD is elevated
nearly 87 fold at this age. Seizure incidence at ages beyond 70 remains elevated three-fold
over patients of a similar age without AD. Modified from Cloyd et al (2006), and Amatniek
et al (2007)
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Figure 2.
Non-convulsive hippocampal seizures and network remodeling in transgenic mouse model
of AD. Left: spontaneous seizure with first appearance of epileptiform discharges (arrows)
in hippocampal depth electrodes and subsequent generalization in the hAPP J20 mouse. No
behavioral signs were evident during or after the seizure episode. Right: seizure-related
plasticity absent in wild type hippocampus is clearly demonstrated in hippocampal circuitry
of hAPP J20 mice, including mossy fiber sprouting (upper), ectopic NPY expression in
mossy fibers (center), and loss of calbindin staining (lower) in dentate granule cells.
Modified from Palop et al. (2007).
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Figure 3.
Confluence of paths of epilepsy and early Alzheimer’s Disease in the human temporal lobe.
Above: MRI-based volumetric analysis of TLE cases reveals atrophy in both lateral
temporal and frontal cortices, overlapping regions affected in AD. Below: Regional PET
based imaging demonstrates hypometabolism in the basal temporal lobe in both disorders.
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Figure 4.
Potentiating cytopathic effects of seizures in Alzheimer’s Disease. Above: Model depicting
self-amplifying neurodegenerative cascade leading to hyperexcitability and networking
reorganization. Damage is accelerated by linked effects of seizure excitotoxicity on
hippocampal circuitry and augmented release of toxic Aβ peptides. Below: Comparison of
hippocampal cell death at postmortem examination of genotyped PSEN1 AD patients with
no overt seizure history (middle), and those with positive seizure history (right). Seizures
were accompanied by extensive cell death, consistent with positive feedback model above.
Modified form Velez-Pardo, (2004).
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Table 1

Human AD Gene Mutations Leading to Elevated Aβ and Epilepsy

Gene Mutation Phenotype Reference

APP Val1717gly seizures Rossor et al, 1993

APP Thr714Ala seizures Lindquist et al, 2008

APP duplication seizures Cabrejo et al, 2006

APP Trisomy 21 seizures Menedez et al, 2005

Presenilin 1 M139V seizures Fox et al, 1997

Presenilin 1 1S169L seizures Takao et al, 2001

Presenilin 1 L420R seizures Shrimpton et al, 2007

Presenilin 1 E280A seizures Velez-Pardo et al, 2004

Presenilin 1 multiple seizures Larner, 2010

Presenilin 2 M239V seizures Marcon et al, 2005

Presenilin 2 N141L seizures Jayadev et al, 2010
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