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Abstract. Increasing evidence coming from both experimental and humans’ studies strongly suggest the existence of a link
between epilepsy, in particular temporal lobe epilepsy (TLE), and Alzheimer’s disease (AD). Patients with mild cognitive
impairment and AD are more prone to have seizures, and seizures seem to facilitate amyloid-$ and tau deposits, thus
promoting neurodegenerative processes. Consistent with this view, long-lasting drug-resistant TLE and AD have been shown
to share several pathological and neuroimaging features. Even if studies addressing prevalence of interictal and subclinical
epileptiform activity in these patients are not yet conclusive, their findings raise the possibility that epileptiform activity
might negatively impact memory and hasten cognitive decline, either directly or by association with unrecognized silent
seizures. In addition, data about detrimental effect of network hyperexcitability in temporal regions in the premorbid and
early stages of AD open up new therapeutic opportunities for antiseizure medications and/or antiepileptic strategies that might
complement or enhance existing therapies, and potentially modify disease progression. Here we provide a review of evidence
linking epileptiform activity, network hyperexcitability, and AD, and their role promoting and accelerating neurodegenerative
process. Finally, the effects of antiseizure medications on cognition and their optimal administration in patients with AD are
summarized.
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INTRODUCTION similar age without dementia. In the past, the general

belief about relationship between seizures and AD

It is well known that patients with Alzheimer’s
disease (AD) have a greater risk of seizures than
age-matched non-demented patients [1, 2]. Seizure
prevalence in this group ranges from 1-22% [3,
4], and the incidence is well above the subjects of

*Correspondence to: Mario Tombini, MD, Neurology, Campus
Bio-Medico University, Via Alvaro del Portillo 200, Trigoria,
00128, Roma. Tel.: +39 06 225411220; Fax: +39 06 225411936; E-
mail: m.tombini @unicampus.it.; orcid.org/0000-0002-0328-7815

was that they were a consequence of neurodegener-
ation characterizing AD, thus becoming a frequent
complication of late stage of this condition [5, 6].
Recent evidence indicates that seizures and network
hyperexcitability can occur also in the early stages
of AD and contribute to cognitive decline [7-9]. In
particular, younger age at AD onset was found to be
an independent risk factor and significant predictor
for seizures [10, 11].
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Besides the overt seizures, estimates of subclini-
cal epileptiform activity in AD vary depending on
types of patients enrolled and different methods used
(i.e., routine versus long-term electroencephalograms
(EEG)). Recent findings suggest that subclinical
epileptiform activity might be more common in AD
than previously recognized, and raise the possibility
that epileptiform activity and network hyperexcitabil-
ity might accelerate cognitive decline, either directly
or by association with unrecognized silent seizures
[12]. Anyway, at the moment clinical data are not
conclusive about this issue and there is a lack of
clear guidelines indicating whether and how treat
subclinical epileptiform abnormalities in AD patients
without overt seizures. Indeed, antiseizure medica-
tions (ASMs) may have more negative than positive
cognitive effects, and their use in AD as potential
disease-modifying agents needs clear demonstration
through further rigorous clinical trials.

In this review we will provide an update of the evi-
dence and mechanisms subtending the relationship
between epileptiform activity, network hyperex-
citability, and AD, and their role promoting and
accelerating neurodegenerative process. Finally, as
the impact of epileptiform activity and/or ASMs on
cognitive performances in patients with dementia is
crucial [6], we will review the evidence related to
cognitive effects of ASMs and their optimal admin-
istration in patients with AD.

EVIDENCE FROM ANIMAL MODELS OF
ALZHEIMER’S DISEASE

Evidence from animal models helps us to better
understand overlaps between AD and epilepsy.

Experimental studies in the past years demon-
strated that amyloid-3 (Ap) and tau deposits might
facilitate or even cause seizures [13]; at the same
time there is evidence that seizures can increase brain
deposits [14, 15] (Fig. 1).

Evidence of a relationship between AD and
epilepsy comes from two animal models primar-
ily human amyloid precursor protein (hAPP) (J9,
J20 and ARC48) [13] and APPSwPS1dE9 (APdE9)
[16] transgenic mice. These strains of mice present
sporadic unprovoked seizures along with increased
A deposits and cognitive impairment. Palop et al.
(2007) [13] managed to prove for the first time that
hAPP mice (J20 line), one of the most common
models of AD, showed frequent subclinical epileptic

activity. J20 mice do not have evidence of neural loss
or clear neural damage, and this suggests that high
levels of A3 alone are sufficient to elicit spontaneous
epileptiform activity in vivo in the absence of neu-
rodegeneration [13]; moreover, sprouting of mossy
fiber collaterals in the dentate gyrus was evident in
hAPP-J20 mice but not in the nontransgenic con-
trols. This was a shattering finding since it suggested
that humans affected from AD could also be sub-
ject to subclinical seizures, and that these seizures
could have a role in promoting the progression of
AD [6]. Such findings were later also confirmed in
the APdE9 mice model [16], in which it was shown
an increase in cortico-thalamic excitability [17], that
is, parenthetically, a typical feature of many patients
with generalized epilepsy [18-20].

Many similarities emerged, comparing the histo-
pathological features of hAPP mice and mice with
temporal lobe epilepsy (TLE) induced by status
epilepticus. Similar features among the two condi-
tions include: hilar neuronal loss, reduced calbindin
expression, mossy fiber sprouting, and GABAergic
sprouting. The main difference is that TLE mice
present a greater degree of mossy fiber sprouting,
which is a hallmark of status epilepticus animal
models [13, 21-24]. These similarities suggest that,
ignoring brain deposits, the histopathological alter-
ations in AD and in epilepsy appear to be much alike.

Moreover, one of the most relevant features
involved in both AD and epilepsy is represented by
tau pathology [25]. Tau protein belongs to the fam-
ily of microtubule-associated proteins that ensures
cytoskeleton stability in neuronal cells. In normal
cell function, tau protein is processed via phos-
phorylation; however, with hyperphosphorylation, it
loses its functional role and deposits in neuronal
cells, forming intraneuronal neurofibrillary tangles
[26]. Hyperphosphorylated tau may contribute to a
series of events, implicated in epilepsy onset, such as
neuronal network reorganization, unusual synchro-
nization of networks, and aberrant hyperactivation.
Even though the exact shared molecular mechanisms
are unclear, hypotheses about it have been made.
Altered activity of kinases and phosphatase implied
in tau metabolism (mainly protein phosphatase 2A
and Cyclin dependent kinase 5) is present in both
AD and epilepsy animal models [27].

The link between AD and epilepsy is also con-
firmed in the opposite direction since seizures seem
to facilitate the deposit of tau and A3. Changes in two
regulators of tau protein phosphorylation (GSK33
and PP2A) were observed after pilocarpine-induced
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AP and tau deposits might facilitate seizures in animal models:

High levels of AB elicit spontaneous epileptiform activity(13
AB peptides triggers synaptic degeneration, circuit remodelling and synchronization(®!

Tau hyperphosphorylation promotes the destabilization of cytoskeleton microtubules,

leading to axonal transport abnormalities, neuronal death, neuronal network
reorganization and aberrant hyperactivation(?!
Approaches reducing tau or AB produce a parallel decrease of seizures/30-33)

245

Association between TLE and AD in

humans

* Both TLE and AD patients may share:
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enhancing neurodegeneration!”3!

higher expression of ABPP in

hippocampal lobe!73!
ABPP is linked to an altered axonal
transport that leads to
neuroinflammation and axonal damage
in drug resistant TLE patients(74
Pathological levels of AB in the CSF of
non-dement patients with epilepsy!”s]
Hyperphosphorylated tau pathology in
94% of samples of resected TLE
patients(71
Interictal and subclinical epileptiform
activity in patients with MCl and AD
(potentially contributing to memory
impairment) [12,83-86,88]

.

Tau deposits

Seizures may increase AR and tau deposits in animal models:

Changes in regulators of tau protein phosphorylation were observed after
pilocarpine-induced status epilepticus, leading to increased tau phosphorylation!14)
Kainate-induced seizures increase the levels of AB detected extracellularly (15281
Excessive glutamate release activates NMDA receptors, which in turn stimulate a
shift from a- to B-secretase cleavage of the ABPP, facilitating AB releasel28-29],

Small series with MCl and AD patients
with and without epilepsy documented
an ameliorative effect of LEV on
cognition and EEG connectivity in the

short-term period (not exceeding 1 year)
[103,139,145,146]

Fig. 1. Inthe figure, the key points of the mutual relationship between epilepsy and Alzheimer’s disease (AD) are displayed. The experimental
evidence in animal models has clearly evidenced the potential presence of a “vicious loop”: AP and tau deposits may be cause of seizures
(box on the top) and seizures lead to increase in brain AR deposits and tau phosphorylation (box at the bottom). In the box on the right,
the main findings supporting the association between temporal lobe epilepsy (TLE) and AD in humans are summarized. A, amyloid-
B; ABPP, amyloid-B protein precursor; NMDA, N-methyl-D-aspartate; CSF, cerebrospinal fluid; MCI, mild cognitive impairment; LEV,

Levetiracetam.

status epilepticus, leading to increased tau phospho-
rylation [14]. Experimental evidence showed that
excessive synaptic activity such as seizure activ-
ity in animals increases the levels of A detected
extracellularly [15, 28, 29]. Further evidence of
the correlation between AD and epilepsy in animal
models is provided by the observation that several
approaches aimed at reducing tau or A3 produce
a parallel decrease seizures [30-32] and that hAPP
mice, knockout for the tau protein gene, suffers less
seizures [33].

Altogether, these seminal studies grounded the
hypothesis that A and its byproducts might affect
the balance between excitation/inhibition facilitating
seizures. There is an interesting working hypothesis
that proposes that AR and tau deposits can destabilize
the synaptic cleft [9], influencing both ion channels
[34, 35] and the development of neural plasticity
[36, 37]. Based on transgenic mouse models, it has
been proposed that seizures could be facilitated by
the AB-related downregulation of the Nav1.1 sodium
channel in a subset of GABAergic interneurons [38].
Other important seminal papers link AR to alteration
in ion channel functioning [39—41]. Notably, Navl1.1

channel mutations are associated with two forms of
genetic epilepsy: generalized epilepsy with febrile
seizures plus (GEFS+) and Dravet syndrome [42].
Since the same channels result to be down regulated
by AR, this co-occurrence strengthens the hypothesis
of a potential link between deposits of neurofilament
and epilepsy, mediated by AP interaction with ion
channels known to be altered also in genetic forms of
epilepsy.

Some limitations regarding the generalization of
animal model findings to human brain pathology
must be addressed. Most AD mice models come from
genetic pedigrees, while in human population most
cases of AD are sporadic [43]. Moreover, mice mod-
els do not replicate perfectly the clinical features of
human AD [44, 45]. Anyway, despite these limita-
tions, molecular models provided new insights and
interesting proofs of concept regarding the connec-
tions between epilepsy and AD.

In conclusion, in animal models, AP and tau
deposits may be cause of seizures [13, 25]. Their
potential epileptogenicity is related to a destabilizing
effect on the elements of the synaptic cleft. Likewise,
seizures lead to increase in brain A3 deposits and
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tau phosphorylation. This mutual relationship could
potentially trigger a “vicious loop” fostering AD pro-
gression [44] (Fig. 1).

EVIDENCE FROM STUDIES IN HUMANS

Epidemiological studies in humans

Many epidemiological studies support a strong
association between epilepsy and AD: patients with
AD have an increased risk of developing epilepsy
[11], and late onset or long-lasting epilepsy can be
also complicated by cognitive impairment at a rate
that is significantly higher than that of general pop-
ulation [46, 47]. The most significant association
is probably represented by a causal link. Indeed,
compared with healthy individuals of the same age,
patients with sporadic AD present a 6- to 10-increased
risk of developing clinical seizures during the course
of their disease, with a lifetime prevalence of epilepsy
in AD patients varying from 1.5 to 64% as demon-
strated by both prospective and retrospective studies
[1, 48-50]. In sporadic late onset AD patients with
epilepsy, 70% of seizures are focal with impaired
awareness [7, 8, 51]; in addition, generalized tonic-
clonic seizures are also commonly observed in AD
[52]. However, it is important to consider that the
characterization of the clinical semiology of seizures
is usually based on information provided by the
patient or the caregiver, and it may challenging for
caregivers to describe seizures’ manifestations and
to distinguish them from other transitory manifes-
tations commonly observed in AD patients (i.e.,
fluctuations in awareness, hallucinations, confusion,
delusions) [48, 53]. Seizures occur more frequently in
patients with AD than in those with non-AD demen-
tias [54]. Myoclonus, which is generally considered
to be due to cortical hyperexcitability, is also com-
mon in patients with AD, with a prevalence of 7-10%
and a cumulative risk as high as 80% in the late
stages of disease [55, 56]. Seizure prevalence seems
to increase with AD duration, and it seems to occur
more often in early-onset familial AD compared to
sporadic one. Indeed, seizures have been described
in 20-30% of patients with the presenilin 1 muta-
tion (PSENI) [57, 58], in 57-66% of patients with
amyloid-[3 protein precursor (ABPP) duplication [58,
59], and in 15-30% of patients with presenilin 2
mutation (PSEN2) [58, 60]. In an 8-year prospec-
tive assessment [61], 41 (84%) of 49 patients with

both AD and Down’s syndrome, carrying an addi-
tional copy of chromosome 21 that contains the ARPP
gene, developed seizures. According to some studies,
patients with a younger age of AD onset present a
higher risk of seizures compared with age-matched
population: seizure incidence increases 3-fold around
the age of 70, and nearly 87-fold around the age
of 50 [1, 48]. Moreover, most studies, but not all,
have evidenced that seizures were more likely to
occur in later stages of dementia [62—64]. The higher
rates of seizures in more advanced dementia could
be explained by different hypotheses. A possible
explanation for these findings could be that sever-
ity of dementia and neurodegenerative process, rather
than disease duration, may be associated with higher
risk of seizures [11]. Of note, a prolonged preclin-
ical phase of AD in which A deposition reaches
threshold of positivity many years before the onset
of dementia has been previously demonstrated [65].
Alternatively, an intriguing hypothesis could be that
seizures can cause a faster progression of cognitive
decline. Observational studies [8, 11, 12] suggest that
both mechanisms are possible, although the first sce-
nario is usually considered more likely. There is still
a relative lack of knowledge concerning the possi-
ble impact of seizures and seizures’ frequency in the
progression of AD course and severity. Other risk
factors for unprovoked seizures in patients with AD
have been reported including African American eth-
nicity and focal epileptiform activity [11]. On the
other hand, some small series [66] reported cogni-
tive decline after epilepsy onset but are limited in
sample size and did not account for the possible
cognitive side effects of antiseizure drugs. Patients
with epilepsy can experience cognitive impairment
throughout the course of their illness [46]. The preva-
lence of dementia in patients with epilepsy has been
described to range from 0.6 to 17.5%, with a higher
rate for AD compared to vascular dementia [67]. In a
large cohort of patients with AD, a history of epilepsy
with onset in the adulthood before cognitive decline
was found to be 17 times more frequent than in the
general population [68]. In some cases, seizures may
begin concurrently with onset of cognitive decline or
even precede onset of AD [7, 8], possibly reflecting
the epileptogenic potential of AP, which begins to
accumulate more than 10 years before clinical signs
of dementia [65]. Actually, it should be noted that the
direction of the association between epilepsy and AD
is tricky to detect since neurodegenerative disorders’
processes begin several years prior to the develop-
ment of clinical symptoms.
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Pathological association between epilepsy and
Alzheimer’s disease

The pathological hallmark of AD is represented
by the extracellular deposition of AP into insol-
uble plaques, known as “senile plaques”, and the
accumulation of hyperphosphorylated tau protein
in neurofibrillary tangles [69]. Growing evidence
shows a possible link between cognitive impair-
ment and certain forms of drug-resistant epilepsy.
In particular, human TLE is strongly related to cog-
nitive dysfunction and shares several pathological
and neuroimaging features of AD, including hip-
pocampal sclerosis [70]. Patients with drug-resistant
TLE, who experienced higher frequency of seizures,
are more likely to have cognitive comorbidity as
well [71]. The association is even stronger as far
as molecular pathways are concerned. AP peptides
are derived from ABPP, which can be processed by
either non-amyloidogenic a-secretase or amyloido-
genic [3-secretase pathway [72]. Insoluble ABi-42
deposits enhance neurodegeneration in hippocampal
lobe in both AD and epilepsy [73]. A study con-
ducted on a group of patients with drug-resistant TLE
[73] who underwent anterior temporal lobe resection
demonstrated a higher expression of ABPP in hip-
pocampal lobe. Similar findings have been reported
in brains of AD patients. Moreover, in these patients
ABPP is processed mostly through amyloidogenic
pathway, leading to a remarkable deposition of Af,
which is associated with memory impairment. As
far as ABPP expression is concerned, another study
revealed a possible role of this protein in the patho-
genesis of refractory epilepsy: ABPP is linked to
an altered axonal transport that leads to neuroin-
flammation and axonal damage [74]. A study of
Costa et al. [75] evaluated the cerebrospinal fluid
(CSF) level of ABi-4> levels as a possible marker
of cognitive status changes in patients with epilepsy
of unknown origin. Pathological levels of A3 were
found in the CSF of a group of 40 non-dement
patients with epilepsy of unknown origin. A signifi-
cant percentage of these patients (17.5%) drives over
athree-year period to AD. To summarize, A3 pathol-
ogy has a defined role in driving inflammation and
neurodegeneration in both AD and epilepsy: address-
ing markers of amyloid in people with epilepsy could
allow an early diagnosis of cognitive decline and AD.
A study of Aboud et al. [76] exploring the possible
associations between APOE genetics, neuroinflam-
mation, and epilepsy found that APOE could directly
influence acute adaptative response to stress factors,

promote microglial and astrocytic activation and ulti-
mately neuronal survival. APOE &4/g4 is the allele
combination less associated with neuronal resiliency,
leading to early neuronal loss, altered inflammatory
response in both AD and epilepsy [76].

In addition, other studies revealed the presence
of tau pathology on cases of long-lasting chronic
or drug-resistant epilepsy. In a postmortem study,
chronic epilepsy was associated with increased tau
neurofibrillary tangles at mid-Braak stages in patients
aged 40-65 years [77]. Another clinicopathologi-
cal study [71] on resected temporal lobe tissues of
33 patients with drug-resistant TLE demonstrated
the presence of hyperphosphorylated tau pathology
in 94% of samples; a positive correlation between
post-operative cognitive decline and tau deposition
was found in these patients. Moreover, an associa-
tion between tau burden and history of secondary
generalized seizures was identified, supporting the
hypothesis of abnormal ictal activity contributing to
an epilepsy-tau pathology in TLE. In this form of
epilepsy, a high frequency of focal seizures grad-
ually damages the hippocampal region of temporal
lobe, leading to a significant memory loss. Synapse
damage and synaptic protein loss are strongly
related to the severity of dementia. Altered synaptic
receptors endocytosis such as a-amino-3-hydroxy-
5-methyl-4-isoxazole propionic acid (AMPA) and
N-methyl-D-aspartate (NMDA) has been reported to
be crucial in the development of AD. Tau load could
act as a promoting role in epilepsy development by
enhancing excitotoxicity of NMDA receptors and
increasing gamma-aminobutyric acid A (GABA,)
receptors-mediated excitability [78].

Neurophysiological evidence of cortical
hyperexcitability in epilepsy and Alzheimer’s
disease

The excitability of cerebral cortex has been ext-
ensively investigated using transcranial magnetic
stimulation (TMS), a noninvasive technique of stimu-
lation of the human brain, both in AD and in epileptic
patients. Using TMS related techniques, it is possible
to perform a functional evaluation of glutamatergic,
GABAergic, and cholinergic circuits of the intact
human brain [79]. Several abnormalities have been
describedin AD (see [80] for areview) and in epilepsy
[81] with some overlaps in these two conditions, in
particular an enhanced cortical excitability has been
extensively reported in both diseases.
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SUBCLINICAL AND INTERICTAL
EPILEPTIFORM ACTIVITY IN AD
PATIENTS

When approaching the review of literature about
AD and epileptiform activity, there are several lim-
itations hindering comparison among studies: lack
of definition of interictal epileptiform abnormali-
ties (IEAs), different electroencephalogram (EEG)
techniques used, methods of evaluation of IEAs by
different researchers, etc. Criteria for IEAs defini-
tion were only recently validated [82]. In particular,
the IEAs are defined as paroxysmal sharp waveforms
(di- or tri-phasic waves with sharp or spiky morphol-
ogy) on EEG, lasting 20 to 200 ms and followed by an
associated slow after-wave, that disrupt background
activity. Moreover, estimates of epileptiform activity
in AD are limited by the use of non-invasive scalp
recordings, a limitation that does not occur in ani-
mal models, in which subdural or depth electrodes
are commonly used.

Epileptiform activity is named interictal when
detected in patients with seizures, and subclinical
when detected in patients without known seizures.

Interictal epileptiform activity

Consistent with studies addressing epilepsy in
older adults, routine EEG detects interictal epilep-
tiform activity in about a third of patients with mild
cognitive impairment (MCI) or dementia and comor-
bid seizures. The sensitivity of the EEG increases
with extended recordings that capture sleep states
and with serial EEGs [83]. The retrospective eval-
uation by Vossel and colleagues (2013) [8] revealed
epileptiform activity in 62% of patients with amnesic
MCI or AD who were evaluated for seizures and
in 6% (7 of 113) of those without known seizures,
by means of the analysis of 20-min EEGs. In AD
patients with epilepsy, epileptic foci were mainly
focal and unilateral with a temporal lobe predomi-
nance. Notably, authors reported an electro-clinical
topographical matching between epileptiform activ-
ity and impaired cognitive domains. Sarkis et al.
(2016) [84] retrospectively evaluating patients with
dementia and unprovoked seizures reported a 36%
prevalence of epileptiform activity. They did not find
any difference of occurrence of epileptiform activity
between early and late-onset AD patients. How-
ever, in both studies neither an epileptiform activity
definition nor an EEG interpretation by expert epilep-
tologists has been provided.

Subclinical epileptiform activity

The occurrence of subclinical epileptiform activity
in AD may vary and the usefulness of EEG monitor-
ing in AD patients without suspected seizures has not
yet been defined. Liedorp and colleagues (2010) [85]
retrospectively examined 1.674 consecutive patients
of a memory clinic and found prevalence of subclin-
ical epileptiform activity in only 42 (3%) patients,
without any association with specific dementia diag-
nosis. However, authors examined only wakefulness
routine EEGs in different types of cognitive impaired
patients (AD, MCI, other dementia). Later, Vossel
and colleagues (2016) [12] prospectively evalu-
ated subclinical epileptiform activity in 33 AD
patients and 19 controls without cognitive impair-
ment through overnight long-term video-EEG and
a 1-h resting magnetoencephalography exam with
simultaneous EEG. Experienced epileptologists and
clinical neurophysiologists reviewed EEG record-
ings and authors provided an accurate definition of
epileptiform activity even if not completely fulfill-
ing the recent criteria [82]. They detected subclinical
epileptiform activity in 42.4% of AD patients and
10.5% of controls and reported its prevalence in
temporal lobes and during NREM sleep. At the
time of monitoring, AD patients with epileptiform
activity did not differ clinically from those with-
out such activity, but they showed faster declines
in global cognition as evaluated by Mini-Mental
State Examination (MMSE) and in executive func-
tion. Opposite findings were reported by Brunetti
and colleagues [86] who recently explored noctur-
nal EEG-polysomnography in a prospective cohort
of non-epileptic AD, MCI patients, and healthy
controls; they found low frequency of epileptiform
activity, without any difference among groups (about
6%). The different prevalence of epileptiform activ-
ity in these two studies could be partially explained
by the different techniques the authors used: con-
secutive 24-h EEG in Vossel et al. [12] versus full
night EEG in the work of Brunetti et al. [86]. In addi-
tion, in the Brunetti study the epileptic discharges
were automatically detected by a dedicated software
and then visually reviewed by clinical neurophysiol-
ogists. Finally, differences in the clinical features of
patients’ samples may further explain these conflict-
ing results: while in the work of Brunetti et al., the
enrolled patients probably suffered from the typical
form of AD, Vossel et al. recruited for their study
both typical and atypical AD with younger age and
more atypical symptoms, potentially subtended by
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different neuropathological features [87] that may
affect detectable spiking activity on EEG.

Horvath and colleagues (2018) [83] prospectively
and retrospectively evaluated 42 AD patients using
24-h ambulatory EEG and identified subclinical
epileptic activity (detected by two expert epileptol-
ogists) in 28% of subjects and seizures confirmed by
EEG in 24%. Recently, Lam and coworkers (2020)
[88] in a cross-sectional study compared the inci-
dence of epileptiform activity in 24-h ambulatory
scalp EEGs of 43 cognitively normal elderly healthy
controls, 41 participants with early-stage AD with no
history or risk factors for epilepsy, and 15 participants
with early-stage AD with late-onset epilepsy related
to AD. A panel of 9 concordant epileptologists con-
firmed the occurrence of epileptiform abnormalities,
respectively in 4.7%, 22%, and 53% of subjects.

In conclusion, current literature about the preva-
lence and significance of interictal and subclinical
epileptiform activity in AD patients is limited and
not conclusive, due the low number and heterogene-
ity of available studies. In particular, at the moment
it is not absolutely known whether the epileptiform
abnormalities are the consequence of the neurode-
generative process or can contribute to it. Anyway,
these findings raise the possibility that epileptiform
activity might negatively impact memory and acceler-
ate cognitive decline, either directly or by association
with unrecognized silent seizures. Recently, clini-
cally silent hippocampal seizures and epileptiform
spikes during sleep were identified in two AD patients
without a history or EEG evidence of seizures, using
intracranial foramen ovale electrodes [89]. A careful
clinical and EEG assessment for epileptiform activity
and silent seizures in MCI and AD patients should be
performed, especially if they present fluctuations in
cognition and/or myoclonus.

COGNITION AND EPILEPTIFORM
ACTIVITY

Effects of ictal and interictal epileptiform activity
on cognition

Even if the role of epileptiform activity detected
in some cases of patients with AD is not clearly
understood, the detrimental effects of this activity on
cognition should be taken into account. Both ictal
(subclinical) and interictal epileptiform activity could
interfere with cognition. If the ictal and post-ictal
effects of seizures on cognition are clearly under-
standable, the IEAs are typically considered to be

asymptomatic. Anyway, in recent years robust evi-
dence has been gathered that IEAs are also related
to brief lapses in cognition [90-92]. Several stud-
ies have found that the occurrence of IEAs recorded
with intracranial electrodes correlates with impaired
behavioral performance in working memory [92,
93] and delayed free recall tasks [94]. Moreover,
it was found that IEAs outside a left hemispheric
seizure onset zone impacted memory encoding,
recall, and retrieval, while those inside the seizure
onset zone did not [92]. Very recently, utilizing
single-neuron recordings in patients with medically
refractory epilepsy, some authors [95] demonstrated
that hippocampal IEAs transiently changed firing of
hippocampal neurons and disrupted selectively the
retrieval, but not encoding, of declarative memories;
the extent of the modulation of the individual firing
of hippocampal neurons by IEAs predicted the extent
of reduction of subjective retrieval confidence. These
findings have been observed in patients with refrac-
tory seizures by use of depth electrodes. However,
such invasive testing is rarely performed in patients
with AD, and the exact extent and acute cognitive
effects of hippocampal epileptiform discharges in the
AD population are unknown.

In addition to these ‘acute’ effects on cognition
due to the epileptiform activity, the impact of comp-
ensatory (inhibitory) changes in brain networks
and cortical excitability should be considered. Alt-
hough such changes can limit overall network
hyperexcitability, they can also have deleterious con-
sequences for neural plasticity, particularly in the
hippocampus [6]. Experimental evidence from ani-
mal studies demonstrated that soluble forms of A
are cytotoxic, induce the appearance of aberrant exci-
tatory neuronal network activity in vivo, and trigger
complex molecular and cellular patterns of com-
pensatory inhibitory and excitatory mechanisms in
hippocampal circuitry; on the other hand at least
two positive feedback mechanisms intersecting with
seizure-related pathophysiology have been identified
that synergistically enhance the further release of
AP by seizures, thus providing a molecular basis an
unchecked vicious cycle at the neuronal network level
capable of accelerating AD pathology progression [6]
(Fig. 1). In mouse models [96—101] of AD, interven-
tions aiming at suppressing the epileptiform activity,
including genetic ablation of tau and cellular prion
protein [97], and treatment with some ASMs [96],
reduce synaptic and cognitive deficits. In these mouse
models, the acute suppression of epileptiform activ-
ity with ASMs does not improve cognitive function,
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whereas prolonged treatment over 3 weeks or longer
improves both synaptic function and cognition [96,
98,99, 101]. Thus, even if we are well aware that these
findings coming from animal models’ studies are not
directly transferable to the human clinical setting of
AD patients with seizures, they raised the hypothe-
sis that deleterious effects of epileptiform activity on
cognition in AD may occur more frequently through
chronic remodeling of neuronal circuits than through
abrupt disruptions of network functions [6, 9].

Network hyperactivation in patients with
Alzheimer’s disease

Also in humans, network hyperexcitability in tem-
poral regions has been related to memory dysfunction
and AD pathogenesis. In patients with MCI due
to AD, task-based functional magnetic resonance
imaging (fMRI) studies have shown increased hip-
pocampal activation during memory encoding [102],
probably linked to compensatory recruitment of neu-
ral reserves. Nevertheless, the findings of the study
indicate that compensatory hyperactivation of the
hippocampus and multiple other cortical and sub-
cortical brain regions during encoding is ineffective,
might contribute to AD pathogenesis and predict
future cognitive decline [102]. Interestingly, treat-
ment with Levetiracetam (LEV) (125mg twice a
day) in patients with amnestic MCI, suppressing hip-
pocampal dentate gyrus and CA3 hyperactivation,
normalized fMRI changes and improved their per-
formance on a hippocampal-based pattern-separation
task [103]. Additionally, functional studies with PET
[104] evidenced that network hyperactivation may
spread to regions outside the hippocampus in early
stages of AD, including the default mode network
(precuneus and posterior cingulate cortex), indicated
by failure to deactivate this network during mem-
ory encoding. Finally, resting-state MEG has shown
network hypersynchronization across multiple fre-
quency bands in frontoparietal and interhemispheric
networks in patients with amnestic MCI [105].

ANTISEIZURE MEDICATIONS AND
ALZHEIMER’S DISEASE

Antiseizure medications that worsen cognitive
performance and dementia

ASMs are increasingly used in the elderly not
only for treatment of epilepsy but also for manage-
ment of psychiatric diseases, neuropathic pain, and

behavioral disorders observed in dementia with a spe-
cial regard for AD [106, 107]. It has been an object
of debate if use of ASMs in the geriatric population,
notoriously more susceptible to drugs’ adverse effects
in reason of age-related altered pharmacodynam-
ics, polytherapy, and comorbidities, could represent
a predisposing factor for dementia itself. Currently
only two studies have explored this correlation. The
first one is a case-control study of Carter and col-
leagues [47] who analyzed a cohort of more than
5,000 elderly subjects with a five-year follow-up
period and concluded that people reporting ASMs
use at baseline had an overall odds ratio (OR) of
2.11 for developing dementia compared to controls.
Taipale et al. [108] taking into consideration the same
topic found a less strong correlation (with an OR
of 1.28 and 1.15 for developing dementia and AD,
respectively) in a German and Finnish population
analyzed with a lag time of two years between ASM
use and dementia diagnosis with a higher risk for
drugs associated to known cognitive adverse effects
(CAEs). Anyway, these studies have been criticized
by scientific community for their methodological
approach [109], thus still leaving unsolved the ques-
tion whether ASMs could directly cause dementia.

ASMs are notoriously associated with both neg-
ative and positive cognitive effects. Therapeutic
compliance depends mostly on tolerability, and CAEs
are one of the main reasons for drug discontinu-
ation [110]. Studies that explored the relationship
between ASMs and cognition are difficult to summa-
rize because they are usually heterogeneous in patient
selection and in neuropsychiatric tasks used to assess
cognitive functions. It is also noteworthy that not
only ASMs, but several other factors such as age of
patients, type of epilepsy, pre-existing brain damage,
seizure frequency, and co-morbid neuropsychiatric
disorders, could play an important role.

ASMs exert their antiepileptic effect with a
suppression of neuronal excitability or with an
enhancement of neuronal inhibition; thus, it has been
proposed that their mechanism of action may explain
mostly of their cognitive profile. Actually, a specific
relationship between the action of individual drugs
and specific cognitive deficit has not yet been clarified
[111]. Among drugs with a prominent mechanism of
neuronal inhibition, benzodiazepines (BZD) remain
the most commonly prescribed in the elderly in many
developed countries for their anxiolytic effect [112].
Both short-term [113] and long-term BDZ treat-
ment has been associated with increased sedation
and impairment in several cognitive domains such as
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visuospatial ability, speed of processing, and verbal
learning [114]. Furthermore, chronic BDZ use in an
older population has been associated with increased
risk of developing AD [115]. Two potential mecha-
nisms have been proposed to explain the correlation
between long-term use of BDZ and dementia [116]:
first, BZD could potentiate GABA-secreting activity
of astrocytes located in the area of amyloid plaques
in pre-symptomatic patients by precipitating them in
the symptomatic phase of AD; second, these drugs,
by lowering brain activation level, could drastically
reduce cognitive reserve which is a well-known pro-
tective factor for the onset of dementia.

The majority of first generation ASMs (devel-
oped before the 1990s) are sedative and may induce
psychomotor slowing by increasing reaction time
[117] (Table 1). These effects may have significant
consequences in the geriatric population already pre-
disposed to falls and domestic accidents. Among
these drugs, phenobarbital (PHB) seems to be asso-
ciated with worst tolerability profile especially for
intelligence and cognitive scores impairment [118].

Evidence for using phenytoin (PHT) in patients
with AD is mostly limited to observational studies
reporting variability in its efficacy in seizure con-
trol and neurological side-effects, including ataxia,
delirium, sedation, and accelerated cognitive decline
[119]. Consistently, deleterious effects of PHT on
seizures and cognition in hAPP-J20 mice models
have been recently demonstrated [120], probably
related to the depletion of Navl.l in parvalbumin-
positive interneurons in the parietal cortex, a change
also observed in brain samples from patients with
AD. Moreover, PTH has a poor therapeutic index and
a high risk of pharmacokinetic interactions with other
drugs.

Carbamazepine (CBZ) is largely used in the elderly
for management of epilepsy, bipolar disorder, trigem-
inal neuralgia, and neuropathic pain. Several studies
reported CBZ-related impairment in attention, ver-
bal fluency, memory, and arithmetic performance
[121]. CBZ has also been found to be useful in the
management of behavioral disorders but its use in
clinical practice is limited because of tolerability,
CAE, and drug-drug interactions [122, 123]. Val-
proic acid (VPA) is commonly used to treat epilepsy
and many psychiatric conditions in the elderly such
as manic episodes, bipolar disorder, and impulse
control, although there is a warning on its use in
this population for treating behavioral symptoms in
dementia in reason of an excessive sedative effect
[124]. Studies in animals observed that VPA could

also affect memory performance by reducing cell
proliferation within the hippocampus and by lower-
ing levels of brain-derived neurotrophic factor [125].
Moreover, in a multicenter, randomized, double-
blind, placebo-controlled trial [126] assessing the
efficacy of VPA (10-12 mg/kg per day), given over 2
years, to treat agitation in 313 patients with moderate
AD without epilepsy, VPA did not reduce incidence
of agitation or psychosis, and was associated with
higher rates of somnolence, gait disturbance, tremor,
diarrhea, and muscle weakness; patients who were
taking VPA also showed greater brain volume loss
and faster decline in MMSE at 1 year than patients in
the placebo group.

With the exception of Topiramate (TPM) and
Zonisamide, new generation drugs [127] have a bet-
ter tolerability profile in terms of global cognitive
functioning with particular regard for LEV, Lamotrig-
ine (LTG), Oxcarbazepine (OXC), Eslicarbazepine,
Gabapentin, Lacosamide [128], and probably also
for Brivaracetam (BRV) [129] and Perampanel (PER)
[130] (Table 1). TPM represents an exception because
of its detrimental effect on verbal fluency and other
frontal lobe-associated neuropsychological functions
like cognitive speed and visual short-term memory
[131]. Negative effects of TPM seems to be irrespec-
tive of titration schedule [132] and more evident in
patients with left temporal EEG epileptic focus [133]
with a consequently high rate of drug discontinua-
tion [134]. TPM could cause impairment in working
memory and verbal fluency tasks by reducing spe-
cific activation of some cerebral regions (left superior
temporal gyrus and left inferior frontal region) as evi-
denced in fMRI studies of patients with temporal lobe
epilepsy taking TPM compared to controls [135].

Polytherapy is also a well-recognized factor that
contributes to increase ASM-related CAEs proba-
bly through a potentiation in adverse effects of two
or more drugs or for contextual presence of comor-
bidities and drug-resistant epilepsy in patients where
polytherapy is necessary [111]. Furthermore, the
number of ASMs in a treatment regimen seems more
strongly associated with changes in cognition than
the type of ASM [136].

Antiseizure medications that may improve
cognition

As mentioned above, some ASMs with a special
regard for new generation molecules could improve
cognitive performance (Table 1). Seizure control and
a better management of psychiatric comorbidities



Table 1
Antiseizure medications (ASMs) and their effect on cognition

(454

Drug Dose© Mechanism Tolerability Cognitive Potential effect on
(mg per day) of Action side effects cognition and mood
Phenobarbital 50-100 Enhances GABA, receptor Poor Yes Cognitive side-effects
(PHB) function by increasing
chloride channel open time
Carbamazepine 400-1200 Blocks Na channels (enhances Poor Yes Cognitive side-effects can
(CBZ) (Probably 400-600) fast inactivation) be more marked in older
people Mood stabilizer
Phenytoin (PHT) 200-300 Blocks Na channels Poor Yes Can be associated with
(enhances fast inactivation) adverse effects on cognition
Can sometimes have adverse
effects on mood
Valproic Acid (VPA) 250-1000 Blocks T-type Ca channels Fair Yes Can affect cognition; also
Enhances GABA action hyperammonemic
encephalopathy
Mood stabilizer
Levetiracetam (LEV) 250-2000 Modulate synaptic Good No May improve cognition
vesicle protein SV2A Can have adverse effects
on mood (e.g., irritability,
anxiety, low mood)
Gabapentin (GBP) 300-1500 Ligand of o 2§ subunit Good No Usually cognitively neutral
of T-type Ca channels Can be anxiolytic and
benefit mood
Pregabalin (PGB) 100-300 Ligand of o 2§ subunit Good No Usually cognitively neutral
of T-type Ca channels Can be anxiolytic and
benefit mood
Lamotrigine (LTG) 50-500 Blocks Na and T-type Good No Usually cognitively neutral
(probably <200) Ca channels Mood stabilizer
Topiramate (TPM) 100400 Blocks Na channels Poor Yes Can have adverse effects on
(probably < 150) (enhances fast inactivation) cognition; word-finding
AMPA /kainate receptor antagonist difficulty in particular
GABA\ receptor allosteric Can have adverse
modulator Inhibitor of brain effects on mood
carbonic anhydrase
Zonisamide (ZNS) 100-500 Blocks Na channels Poor Yes Can have adverse effects on
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(probably <300) cognition; word-finding
difficulty in particular

Can have adverse effects on mood

Inhibitor of T-Type Ca channels
Inhibitor of brain carbonic anhydrase



Oxcarbazepine (OXC) 600-1200 Block Na (enhances fast inactivation) Fair No Can be associated with
(probably < 600) and N-type Ca channels Increases hyponatremia which could
potassium conductance result in confusion,
apathy, and lethargy
Mood stabilizer

Eslicarbazepine (ESL) 800-1200 Blocks Na channels (enhances Fair No Can be associated with
(probably < 800) slow inactivation) hyponatremia which could
Blocks T-type Ca channels result in confusion,

apathy, and lethargy
Not thought to cause
substantial adverse effect on mood
Lacosamide (LCM) 100400 Blocks Na channels Good No Usually cognitively neutral
(probably <300) (enhances slow inactivation) Generally thought to have a benign
psychological profile, but can occasionally
have adverse effects on mood
Perampanel* (PER) 4-8 AMPA receptor antagonist Fair No Likely to be cognitively neutral,
(probably <4) but data are scarce. Might have adverse
effects on mood with risk of unusual
thoughts especially at higher doses

Brivaracetam® (BRV) 50-200 Modulate synaptic vesicle Good No Likely to be cognitively neutral,
(probably < 100) protein SV2A with higher but data are scarce. Might
affinity than LEV have adverse effects on mood

GABA, gamma-aminobutyric acid; Na, sodium; Ca, calcium; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid. Information collected from several sources [5, 107, 108, 146, 155].

*These ASMs may be prescribed only as add-on therapy; ©based on trials with AD patients and expert opinion.
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could explain this evidence, but some molecules have
demonstrated to directly improve cognition in dif-
ferent ways [121]. In several studies, LEV seems
to improve a range of cognitive abilities such as
visual short-term memory, working memory, psy-
chomotor speed, concentration, and fluid intelligence
[121]. Some authors attributed this effect to LEV-
related reduction in seizure frequency [137], while
others argued that this is irrespective of seizure con-
trol [138]. In the elderly with MCI or overt dementia
and focal epilepsy, LEV seems to improve global cog-
nitive performance [139]. Several hypotheses have
been raised to explain this effect in addition to seizure
control. First, an improvement of some electroen-
cephalographic patterns observed in patients with
dementia [140] could be related to an amelioration
of cognitive performances. In one study when a sin-
gle dose of LEV (at a dosage of 7.5 mg/kg) was
administered to mild AD patients, a normalizing
effect on the EEG with a decrease in coherence in
slower frequency bands and an increase in coher-
ence in the faster bands was observed suggesting
a role of this drug in restoring altered patterns of
cortico-cortical connections [141, 142]. Second, the
neuroprotective potential of LEV, and in general of
ASMs (except for those with well-known negative
cognitive effects as BDZ, VPA, PHB, and PHT),
could play a crucial role as the excitotoxic mech-
anisms are involved in the pathogenesis of many
neurodegenerative diseases including AD [143]. In
this regard, fMRI studies have shown that this corti-
cal hyperexcitability in MCI patients is concentrated
in specific region (dentate gyrus/CA3) of hippocam-
pus notoriously involved in memory tasking [144].
LEV has been demonstrated to reduce this cor-
tical hyperactivation [145], and its long-term use
seems also to contrast hippocampal remodeling and
synaptic dysfunction observed in hAPP transgenic
mice models [96]. Finally, as mentioned a low-dose
LEV (125 mg twice a day) improved hippocampal-
based memory performance in patients with MCI
[103]. However, for clarity, it is mandatory to specify
that studies [103, 139, 145, 146] evaluating cogni-
tive impact of LEV in MCI and AD patients with
and without epilepsy documented an ameliorative
effect only in the short-term period (not exceeding
1 year) and in small patient samples. Anyway, these
promising results encouraged further research. For
this reason, the effect of LEV in AD patients con-
trasting network hyperexcitability and possibly also
cognitive decline in a longer time period has been cur-
rently tested in several Phase II ongoing randomized

controlled trials (e.g., LEV-AD, NCT02002819;
NCT03875638; ILiAD, NCT03489044; LAPSE,
NCT04004702) [147]. Third, Stockburger and col-
leagues [148] observed that the synaptic vesicle
protein 2A (SV2a), the molecular target of LEV, is
expressed in mitochondria so it could represent a
target of action that contributes to further explain
its positive effect in cognitive performances in AD
patients. Indeed, mitochondrial dysfunction has been
demonstrated to play a fundamental role in the patho-
genesis of AD through reduction in cellular energy
supply and increase of oxidative stress [149].

Although less prominent than hyperactivation of
NMDA receptors, AMPA and kainate receptors also
have a role in glutamate mediated excitotoxicity sug-
gesting that ASMs which exert an AMPA-kainate
antagonism could exert a role in neuroprotection.
Interestingly, it has been suggested that the motor
cortex hyperexcitability demonstrated by TMS stud-
ies in AD might be interpreted as the consequence
of an imbalance between non-NMDA and NMDA
neurotransmission in favor of the non-NMDA trans-
mission [150], thus drugs with an AMPA antagonism
might be beneficial. TPM proved to be protec-
tive against selective hypoxic—ischemic white matter
injury in rodent models in consideration of its action
as AMPA-kainate receptor antagonist [151]. Among
newer generation drugs, PER also expresses its
action as selective noncompetitive AMPA receptor
antagonist, and it has shown to improve post-stroke
cognitive function by contrasting neuronal death of
hippocampal CA1 neurons in animal models [152].
A similar mechanism of neuroprotection mediated by
reduction of glutamate and aspartate concentrations
in the CSF with a consequent decrease in neuronal
excitability has been proposed also for LTG [153].
Consistently, a small, double-blind, crossover trial of
LTG (150 or 300 mg per day) for patients with AD
without epilepsy showed that treatment with 300 mg
of LTG was associated with improved performance
on recognition and naming tasks as well as depressed
mood on the ADAS behavior subscale after 8 weeks
of treatment [154].

In a three-group parallel case-control study con-
fronting the action of LEV (500-2000 mg per day),
LTG (25-100mg per day), and PHB (50-100 mg
per day) in 95 patients with AD and epilepsy and
68 age-matched control patients with AD but with-
out epilepsy, who did not receive ASMs, all ASMs
had equivalent effects on seizure reduction, but LEV
and LTG treatment resulted in better cognitive out-
comes than PHB, that provoked more adverse events,
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in particular somnolence in 30% of patients [146].
LEV use resulted in improved attention, short-term
memory, and oral fluency thus sustaining its role in
attenuating AD cognitive deficits [146]. However, it
has been commonly associated with psychiatric side
effects such as anxiety, confusion, and irritability
[5, 155], thus it should be used with caution in AD
patients with behavioral and psychological symptoms
(Table 1). Instead psychiatric adverse effects are not
commonly associated with LTG which has excellent
effectiveness and tolerability rate and improves mood
in AD-related epilepsy [155]. LTG and Gabapentin
seem to have a better tolerability profile than CBZ in
AD patients with epilepsy with similar seizure control
[156].

Among the newest ASMs, ELS has no docu-
mented effectiveness in AD patients but cognitive
side effects were relatively rare, except at higher
doses [155] (Table 1). Other ASMs, such as OXC
and Lacosamide, are being used successfully as
monotherapy to treat seizures in older adults, but lim-
ited data are available for their use in patients with
AD. Patients on OXC or CBZ and Eslicarbazepine
should have sodium levels monitored regularly, as
these drugs can cause hyponatremia, particularly with
advanced age. In a similar way, there are no head-
to-head comparison trials of PER and Brivaracetam
in elderly population, nor evidence about their use
in people with AD, but from observational studies it
seems that they have similar efficacy in elderly as that
in adult patients [122].

In conclusions, ASMs are the first choice treatment
for management of epilepsy in people with AD [157]
and, even if a single antiseizure drug at low dose is
generally adequate for the management of epilepsy
at any stage of dementia, tolerability should be a pri-
mary target in such vulnerable patients [5, 155]. In
these terms it seems reasonable to avoid cognitively
harmful, sedative, or unpredictable ASMs in favor of
use of cognitively neutral or stimulating molecules, as
it has been shown for the majority of new generation
ASMs, in particular LEV and LTG.

CONCLUSIONS

There is robust and increasing experimental evi-
dence coming from both animals and humans’ studies
clearly demonstrating a deep link between epilepsy
and AD: patients with MCI and AD are more
prone to have seizures and seizures seem to facil-
itate the deposit of tau and A, thus promoting and

accelerating neurodegenerative processes. Consistent
with this view, TLE and AD have been proven to share
several pathological and neuroimaging features. Even
if studies addressing prevalence of interictal and sub-
clinical epileptiform activity in these patients are
not yet conclusive, their findings raise the possibil-
ity that epileptiform activity might negatively impact
memory and hasten cognitive decline, either directly
or by association with unrecognized silent seizures.
In addition, data about detrimental effect of net-
work hyperexcitability in temporal regions in the
premorbid and early stages of AD open new ther-
apeutic opportunities for ASMs and/or antiepileptic
strategies that might complement or enhance existing
therapies, and potentially modify disease progres-
sion. To this aim, there is a compelling need for
large longitudinal epidemiological studies in MCI
and early phase AD patients addressing with an accu-
rate and long-term neurophysiological monitoring
(possibly including sleep) the effect of epileptiform
activity on cognition and disease progression. More
clinical trials are required to clearly establish the
benefits and risks of treating network hyperexcitabil-
ity in patients with AD. Actually, there is a lack of
clear guidelines indicating whether and how to treat
subclinical epileptiform abnormalities in AD with-
out overt seizures. Indeed, ASMs may have more
negative than positive cognitive effects: if the first
generation ASMs could usually impair attention, vig-
ilance, and psychomotor speed, the new generation
ones are better tolerated and proved to improve cogni-
tive functions and mood. In this regard, LEV and LTG
seem to be the best therapeutic options, but further
information should be gathered for the last generation
drugs. Finally, neuromodulatory approaches (such
as deep brain stimulation, TMS, transcranial direct
current stimulation, and vagus nerve stimulation)
well known to decrease cortical hyperexcitability and
epileptiform abnormalities [158, 159], should also
be explored to evaluate also their contribution to
improve cognition and potentially treat AD patients.
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