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Abstract: Alzheimer’s disease (AD) and epilepsy are common neurological disorders in the elderly.
A bi-directional link between these neurological diseases has been reported, with patients with either
condition carrying almost a two-fold risk of contracting the other compared to healthy subjects.
AD/epilepsy adversely affects patients” quality of life and represents a severe public health problem.
Thus, identifying the relationship between epilepsy and AD represents an ongoing challenge and
continuing need. Seizures in AD patients are often unrecognized because they are often nonconvulsive
and sometimes mimic some behavioral symptoms of AD. Regarding this, it has been hypothesized
that epileptogenesis and neurodegeneration share common underlying mechanisms. Targeted
treatment to decrease epileptiform activity could represent a valuable strategy for delaying the
neurodegenerative process and related cognitive impairment. Several preclinical studies have shown
that some antiseizure medications (ASMs) targeting abnormal network hyperexcitability may change
the natural progression of AD. However, to date, no guidelines are available for managing seizures in
AD patients because of the paucity of randomized clinical trials sufficient for answering the correlated
questions. Future AD clinical studies are mandatory to update clinicians about the symptomatic
treatment of seizures in AD patients and recognize whether ASM therapy could change the natural
progression of the disease, thereby rescuing cognitive performance.

Keywords: Alzheimer’s disease (AD); epilepsy; epileptiform activity; seizure; antiseizure
medications (ASMs)

1. Epilepsy and Alzheimer’s Disease: Connection Points between Two Different Pathologies

Alzheimer’s disease (AD) represents the most common cause of dementia. In devel-
oped countries, the number of patients with AD steadily augments with increasing age [1,2].
AD occurs most frequently after the age of 65 years and is termed late-onset AD (LOAD),
while it more rarely occurs before this age as early-onset AD (EOAD), which accounts for
less than 5% of cases [3]. As previously reported, above all in the elderly, AD predisposes
spontaneous repeated seizure (SRS) onset [4,5]. Notably, people with epilepsy (PWE) are
also more likely to develop AD/dementia compared to the general population. Several
studies have proposed a bi-directional link between epilepsy and AD, with patients with
either disease carrying a nearly two-fold risk of contracting the other compared to healthy
controls [4]. This finding should not be surprising considering that Alois Alzheimer himself,
starting from his second case onwards, recognized an increased prevalence of epilepsy in

Int. . Mol. Sci. 2023, 24, 12639. https:/ /doi.org/10.3390/ijms241612639

https:/ /www.mdpi.com/journal/ijms


https://doi.org/10.3390/ijms241612639
https://doi.org/10.3390/ijms241612639
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0009-0004-4766-9710
https://orcid.org/0000-0003-4199-207X
https://orcid.org/0000-0001-6746-6751
https://orcid.org/0000-0001-6472-0697
https://orcid.org/0000-0002-0061-1608
https://orcid.org/0000-0002-7629-6579
https://doi.org/10.3390/ijms241612639
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms241612639?type=check_update&version=1

Int. . Mol. Sci. 2023, 24, 12639

20f19

AD patients [4,6,7]. Despite this, epilepsy remains an under-recognized comorbidity of
Alzheimer’s disease. Possible explanations are that seizures are often nonconvulsive and
overlap with some behavioral symptoms of AD, as well as the limited use of electroen-
cephalograms (EEGs) in AD patients [8]. AD-epilepsy comorbidity negatively impacts
the quality of life (QoL) of patients and their families, thus representing a serious public
health problem, so identifying the relationship between seizures and AD has attracted
much interest and is a very active field of research today [9]. A major goal of this research
will be to clarify if epilepsy is a cause or consequence of AD. In addition, it is helpful to
bear in mind that, in some diseases, cognitive impairment and seizures are symptoms
linked to common pathological conditions, such as neuroinflammation, blood-brain barrier
dysfunction, and neuronal loss. Several of these conditions are involved in the pathogenesis
of AD and can also increase neuronal excitability, suggesting that neurodegeneration and
epileptogenesis could share common underlying mechanisms [4,10,11]. It has been shown
that abnormal neuronal hyperexcitability can foster cognitive decline and promote the
abnormal production of neurodegenerative proteins, which consistently increases with neu-
ronal firing. At the same time, it is well known that epileptic seizures may induce neuronal
damage and neurodegeneration, accelerating cognitive impairment [12-15]. Experimental
data indicated that the 3-amyloid (A) pro-epileptogenic effect occurs at the oligomeric
stage, and its accumulation promotes neuronal hyperexcitability long before plaque de-
position can be observed [12,16]. By virtue of this, a vicious cycle has been hypothesized
whereby A deposition leads to an excitatory-inhibitory (E/I) imbalance that promotes
epileptogenesis and the related seizures onset, which in turn fosters a further deposition of
neurodegenerative proteins, facilitating neuronal damage [16,17]. Although this evidence
affirm3e the relationship between A3 deposition and seizure onset, the pathogenetic mech-
anisms underlying this close relationship are unknown. The potential association between
neurodegenerative proteins and epileptic seizures has been extensively investigated for Af.
In contrast, limited evidence exists on the influence of x-synuclein (x-syn)-facilitated neu-
rodegeneration in epileptogenesis [4]. While the role of x-syn in neurodegeneration is well
known, it is uncertain whether hyperexcitability can be considered a fundamental element
of a-synucleinopathies and Lewy body dementia (LBD) [4,16]. Clinical evidence has shown
augmented expression of a-syn in PWE, underlying the possibility of x-syn-mediated
neurodegeneration in epilepsy [18,19]. Likewise, preclinical data have also reported a close
relationship between x-syn and epileptic seizures [20,21]. By virtue of these findings, tar-
geting neurodegenerative proteins could represent a promising therapeutic strategy against
epilepsy. Several pieces of evidence in the literature suggest that glutamate-glutamine cycle
dysregulation may underpin the high risk of epilepsy in AD. However, the mechanism that
links AD pathologies, such as A3, APP, and Tau, to alteration of the glutamate-glutamine
cycle and seizure susceptibility in patients is not well clarified. Regarding this, it has
been proposed that AD pathologies such as A3 oligomers can increase the risk of seizure
by disrupting the fundamental role of astrocytes in glutamate reuptake. Therefore, the
disruption of glutamate-glutamine homeostasis via astrogliosis can cause neurotransmitter
accumulation and the release of proinflammatory cytokines into the synaptic cleft [22]. To
date, evidence in the literature supports the role of neuroinflammation in the pathogenesis
of AD and epilepsy comorbidity [23]. Although several mechanisms can be relevant, stud-
ies have also uncovered that epilepsy and AD are linked strictly to ion channel activity. The
modification of ion channels, mainly because of mutations in genes encoding ion channel
subunits [24], can lead to the dysregulation of E/I signaling, which results in the spread of
aberrant discharges in epilepsy, and a variety of ion channels, such as NMDA and AMPA
glutamate receptors, are putatively involved in the pathogenesis of AD and several other
neuropsychiatric conditions [25-27]. Interestingly, it has been shown in an experimental
mouse model of cerebral amyloidosis that the D1 receptor could be involved in mediating
the epileptic effects of A31_4. This novel link between Af31_4, and D1 dopamine (DA)
receptor signaling might represent a potential therapeutic target [28].
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Overall, the common comorbidity of epilepsy and AD raises concerns about its
cause versus its consequences. Do long-standing seizures augment the probability of
contracting AD, or do neurodegenerative modifications in AD patients set the stage for
seizure onset? Studies show that both mechanisms are probable, although the second
scenario seems more likely [6].

While waiting to discover the precise association between neurodegeneration and
epileptogenesis and answers to the questions above, targeted intervention in reducing
network hyperexcitability could represent a valid therapeutic strategy to defer neurode-
generative changes and the consequent cognitive impairment in patients by several years.
Since data in the literature suggest the role of seizures and epileptiform activity in cognitive
dysfunction, early diagnosis and treatment of seizures in AD patients should be pursued.
Various experimental studies suggest that antiseizure medications (ASMs) controlling
epileptic activity could also postpone the progression of Ap pathology and consequent
dementia, representing a promising disease-modifying strategy against AD [16,29-31].
From the translational perspective, randomized clinical trials (RCTs) are mandatory. In
fact, to date, the paucity of RCTs makes the decision on whether to treat seizures and
epileptiform activity arduous in AD patients. Even more challenging is the choice of ASM
for AD patients since several factors should be considered, such as the pharmacokinetic
profile, comorbid illnesses, and side effects [32,33]. At odds, it is a common opinion that
ASM treatment should be avoided in the absence of epileptic activity in AD patients [8].

2. Antiseizure Medications in Alzheimer’s Disease: Evidence from Experimental Models

Experimental models are a fundamental tool to truly recognize the pathogenic ba-
sis of epilepsy and comorbid AD and the relationship between them. Several studies in
the literature have shown that different transgenic mouse models of AD have epileptic
activity, also suggesting that this abnormal hyperexcitability might be a mechanism by
which neurodegenerative proteins, including A3, produce more widespread neuronal
damage [4,29,34]. Therefore, ASMs, in addition to reducing the frequency of epilepti-
form discharges and seizures, might also restore E/I balance and normalize synaptic
function, potentially postponing the course of AD [35]. Up to now, there has been a
paucity of experimental studies evaluating the impact of ASMs on disease severity in AD
models. Furthermore, the doses of ASMs applied often differ among studies available in
the literature.

Valproic acid (VPA), currently not indicated for AD patients because of its adverse
effects on cognitive and motor functions [36], was able to counteract epileptiform activ-
ity in a dose-dependent manner in amyloid precursor protein/presenilin 1 (APP/PS1)
transgenic mice. However, this effect was transitory since it disappeared 1 month after
drug withdrawal [37,38]. VPA treatment (30 mg/kg, i.p.) significantly reduced neuritic
plaque formation and improved learning and memory deficits in APP23 transgenic mice.
Interestingly, the authors found that VPA reduced A production by inhibiting glycogen
synthase kinase-33 (GSK-3(3)-mediated y-secretase cleavage of APP in vivo and in vitro.
These results suggested that VPA administration might be helpful in the prevention and
treatment of AD [39]. In line with this study, it was previously observed that VPA could
counteract the pathogenesis of AD through multiple mechanisms, including inhibition
of excitotoxicity, reduction of apoptosis-activating Bcl-2, promotion of neuronal survival,
and inhibition of GSK-3f3, which, in addition to limiting A3 production, also reduced
Tau protein phosphorylation and the deterioration of cholinergic transmission [40]. Using
cultured rat hippocampal neurons, it was also shown that VPA protected against Af3-
and glutamate-induced neurotoxicity by decreasing the increase in intracellular free cal-
cium levels. Similar results were also observed with phenytoin (PHT) and carbamazepine
(CBZ) [41]. Based on this, it was speculated that the synergistic effects between ASMs,
such as VPA, and other GSK-3f3 inhibitors might be crucial in treating neurodegenerative
diseases related to altered glutamate levels [22,39]. To date, it is well known that over-
activation of glutamatergic neurotransmission in the central nervous system (CNS) is a
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cause of neuronal death [22,42], and this could also play a mechanistic role in the etiopatho-
genesis of epilepsy—AD comorbidity. As mentioned, there is a close relationship between
Ap oligomer accumulation and neuronal hyperexcitability, which could be supported by
glutamate receptor dyshomeostasis [30,43]. In fact, A{3 alters the expression and trafficking
of glutamate receptors, leading to Ca?* dyshomeostasis and damaging synaptic plastic-
ity with consequent long-term potentiation (LTP) suppression and long-term depression
(LTD) improvement. As A promotes Ca®* influx, glial cells can be activated and release
pro-inflammatory cytokines that decrease glutamate uptake and further weaken synaptic
functions [28,43-45]. For these reasons, targeting glutamate receptors such as AMPAR
could represent a potential therapeutic strategy to counteract seizure development and
cognitive deficits in patients with AD and comorbid epilepsy [43]. Perampanel (PER), a
noncompetitive q-amino-3-hydroxy-5-methyl-4-isoxazole propionate receptor (AMPAR)
antagonist, has also shown neuroprotective effects in several experimental models of neu-
rodegenerative diseases [26,30,46]. To support this hypothesis, a recent study reported
that PER, without affecting physiological synaptic transmission, counteracted A-induced
hippocampal hyperexcitability and long-term potentiation (LTP) impairment ex vivo. PER
counteracted the hippocampal-based cognitive deficits in mice injected with A oligomers
while maintaining antiseizure efficacy. Interestingly, the PER effects were linked to a reduc-
tion in the expression of some pro-inflammatory cytokines in this mice model [30]. Recently,
a review summarizing preclinical and clinical data on AMPA antagonism supported the
possibility of treating several neuropsychiatric conditions, beyond epilepsy, with PER [25].

Regarding sodium channel blockers, in male heterozygous APdE9 transgenic mice,
chronic treatment with CBZ (10-40 mg/kg, t.i.d.) significantly suppressed spontaneous
epileptic discharges. According to this study, 56% of mice on lower doses of CBZ and 50%
on higher doses of CBZ were responders. The effectiveness of CBZ was also detected in a
3xTg mouse model of AD. In detail, long-term CBZ treatment (100 mg/kg) significantly
attenuated spatial learning and memory deficits in 3xTg-AD mice. This improvement,
induced by CBZ treatment, was associated with an increase in autophagic flux [38,47]. In
an APdE9 transgenic mouse model, PHT (10-40 mg/kg, t.i.d.) decreased epileptiform
activity, with responder rates comprising between 25% and 80%, although side effects were
detected. The efficacy of PHT was not reported in other studies; in fact, this ASM had a
slight impact on SWDs in either APP/PS1 or 3x Tg mice [38,48]. Aggravation of SWDs and
cognitive dysfunction due to PHT have also been detected in human amyloid precursor
protein (hAPP) transgenic mice [49,50].

Zonisamide (ZNS) acts through different mechanisms, such as modulation of voltage-
gated ion channels, reducing extracellular GABA levels, and preventing caspase-3 acti-
vation. Recently, it was shown that ZNS (40 mg/kg/daily, for 16 weeks) could improve
cognitive impairment by enhancing PSD95 and CREB expression in type 2 diabetes mellitus
(T2DM) mice, diminish the A load, and rescue Tau hyperphosphorylation by decreasing
the activity of JNK. According to the authors, ZNS could be a new compound for managing
dementia in T2DM [51]. Despite this, ZNS has been associated with adverse cognitive and
mood effects in humans [52]. Interestingly, it was found that rufinamide (RUF; 3 mg/kg,
for 4 weeks) administration counteracted learning and memory deficits and increased
neurogenesis in the dentate gyrus of older adult gerbils, enhancing expression of IGF-1,
IGF-1R, and p-CREB [53]. To date, evidence for clinical trials shows that RUF seems to have
a favorable cognitive effect profile in patients with Lennox-Gastaut syndrome [54].

Lacosamide (LCS) and lamotrigine (LTG), other sodium channel blockers, have been
associated with positive effects in AD preclinical models. Notably, chronic treatment with
LTG (30 mg/kg, daily), a broad-spectrum ASM, reduced learning and memory impairment
in APP/PS1 transgenic mice. Such effects of LTG were linked to its ability to suppress
abnormal cortical hyperexcitability, enhance levels of neurotrophic factors, and decrease
Af generation and deposition in this mouse model [55]. In addition, a very recent study on
Tg 2576 mice also showed that LTG (10 mg/kg) could reduce seizure-induced cognitive
deficits in the early stages of AD [56]. A study performed in APP/PS1 mice reported that
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LTG improved cognitive-like deficits by reducing synapse and neuronal damage in the
CNS. Interestingly, high-throughput RNA sequencing showed that the neuroprotective
effects of LTG in this transgenic mouse model could be achieved by modulating the brain
expression of several markers involved in neuroinflammation, A production, and Tau
hyperphosphorylation, such as Ptgds, Cd74, Map3k1, Fosb, and Spp1 [57].

LCS has been reported to have neuroprotective effects and histone deacetylase inhibi-
tion activity in several preclinical models [58]. Recently, chronic LCS treatment (30 mg/kg,
daily) decreased streptozotocin (STZ)-induced cognitive deficits in male Wistar rats. Such
effects of LCS were correlated with a reduction in A3 and Tau protein formation [59].
Similarly, the pharmacological effects of levetiracetam (LEV) have been tested on cognitive
impairment related to the focal injection of STZ, as a model of AD, in rats. The authors
also evaluated the protective effects of LEV against hippocampal cell loss, oxidative stress,
acetylcholinesterase (AChE) enzyme activity, neuroinflammation, and Tau protein deposi-
tion. From this study, it emerged that LEV (100 and 150 mg/kg) reduced neuronal death
and cognitive-like decline in STZ-induced AD by suppressing hippocampal neuronal loss,
restoring changes in redox status, rebalancing acetylcholinesterase activity, and suppressing
the expression of proinflammatory cytokines and the hyperphosphorylation of Tau [60].
Likewise, Sanchez et al. observed that only LEV (5, 50, or 200 mg/kg), among the ASMs
studied, significantly reduced abnormal spike activity, in a dose-dependent manner, in
hAPP transgenic mice. Ethosuximide (ETH), gabapentin (GAB), PHT, VPA, and vigaba-
trin (VGB) did not significantly modify spike frequency in this mouse model. Pregabalin
(PGB) exacerbated electrographic spike frequency in hAPPJ20 mice. Furthermore, chronic
treatment with LEV was able to reverse hippocampal remodeling and decrease behavioral
abnormalities, synaptic dysfunction, and learning and memory impairment in this mouse
model of AD [49]. Similarly, LEV (75 mg/kg/i.p. administered 3 times per day for 2 weeks)
restored neurogenesis and improved performance in a neurogenesis-associated spatial
discrimination task in a transgenic APP mouse model of AD [61].

Brivaracetam (BRV; 8.5 mg/kg/day), an AMS closely related to LEV, and ethosux-
imide (30 mg/mL) reduced spike-wave discharges (SWDs) detected in two well-validated
transgenic mouse models of AD (APP/PS1 and 3 xTg); however, only BRV was able to
reverse spatial memory deficits in mice [48]. This data could support the potential role of
SV2A protein in epilepsy—AD comorbidity. Regarding this, it has also been shown that a
subcutaneous treatment with BRV (10 mg/kg) and LEV (150 mg/kg) for 28 days, before and
during amygdala kindling, significantly delayed the progression of seizure severity in aged
Tg2576 mice. According to the authors, targeting SV2A could be a valuable therapeutic
strategy for preventing epilepsy in AD patients [62].

Topiramate (TPM; 20 mg/kg, for 30 days) and LEV (50 mg/kg, for 30 days) improved
behavioral impairment and reduced A3 plaques in APP/PS] transgenic mice. In detail, the
results showed that TPM and LEV augmented Af3 clearance and upregulated A transport
across the blood-brain barrier and autophagic digestion. These ASMs were also able to
normalize the activation of AMPK/Akt/GSK3p in vivo and in vitro. TPM and LEV also
inhibited histone deacetylase activity in transgenic mice [63]. In 2014, using a rat model of
amyloidosis, it was also shown that TPM counteracted apoptosis, enhancing the expression
of Bcl-2 and reducing the expression of Fas, Bax, and Caspase-3 in hippocampal neurons.
This evidence provided insight into the protective effect of TPM against neuronal death [64].
Regarding TPM, Owona et al. also reported that TPM (20 mg/kg, for 21 days) restored
the frequency of interactive behavior and nest-building activity, possibly both diminishing
the deposition and aggregation of A} and the activation of microglia in the cortex and
hippocampus of APP/PS1 transgenic mice [65]. Despite these promising preclinical studies,
RCTs indicated that TPM was linked to adverse effects on cognition in PWE and healthy
volunteers [66—68].

Cannabidiol (CBD), a phytocannabinoid devoid of psychoactive responses, has been
approved for the treatment of some forms of refractory epilepsy; to date, there is also
great interest in its off-label use [69-71]. Preclinical studies have proposed that CBD can
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alleviate cognitive impairment, A{3-induced neuroinflammation, oxidative responses, and
neuronal death [72]. CBD (2.5 or 10 mg/kg, for 7 days) was also able to reduce, in a
dose-dependent manner, the expression of glial fibrillary acid protein (GFAP), a marker of
astroglial activation, in mice that underwent intrahippocampal injection of human Ap. In
addition, CBD also decreased iNOS and interleukin-13 expression, attenuating A 3-induced
pro-inflammatory responses in this model [73]. Likewise, it was observed that chronic CBD
treatment, at 20 mg/kg, was able to rescue spatial learning deficits both in Af-injected
and APP/PS1 transgenic mice. Such effects of CBD were related to its ability to counteract
Ap-mediated neuroinflammation [74,75]. The CBD preventive effect on AD onset was also
studied in APP/PS1 transgenic mice. To this aim, vehicle and AD transgenic mice were
treated orally with CBD at 20 mg/kg daily for 8 months. Interestingly, this study proved
CBD'’s ability to counteract the onset of social recognition impairment in these mice [76].
The impaired social recognition and spatial reversal learning in APP/PS1 transgenic mice
were also restored after intraperitoneal treatment with CBD at 50 mg/kg for 3 weeks. The
authors observed that CBD treatment moderately decreased insoluble A3 deposition in
the hippocampus of 12-month-old transgenic mice. At odds, it did not affect neuroinflam-
mation, neurodegeneration, or the expression of PPARy markers in the cortex [77]. These
findings emphasized the potential role of CBD as a valuable therapeutic strategy for AD
patients. Notably, similar effects were also shown for the acidic variants of CBD and THC.
In particular, cannabidiolic acid (CBDA) and tetrahydrocannabinolic acid (THCA) improved
cognitive decline by modulating Ca?* levels and hippocampal pathology in a mouse model

of amyloidosis (mice injected with A3 into the hippocampus) [78] (Table 1).

Table 1. Antiseizure medications (ASMs) in Alzheimer’s disease (AD) models.

ASMs Dose/Duration Preclinical Model Benefits Mechanisms of Action References
VPA daily injected at Reduced epileptiform
30 mg/kg, for 1 week. discharges for at least Increased Histone3,
After a 3-week Male APdE9 mice 1 week after treatment Histone4, and H4K12
VPA wash-out, the same (15 weeks old) discontinuation, but there acetylation at promoters of 137]
animals received and were no consistent genes implicated in :
injections of a higher APP/PS1 transgenic mice. long-term effects on memory formation and
dose of VPA at epileptiform activity after synaptic plasticity.
300 mg/kg. treatment withdrawal.
VPA VPA daily injected at APP23 transgenic mice Improvedd }.ea.rn‘in%and d Inhibited GS{(-Bﬁ-mec}iiflgg 39
30 mg/kg, for 4 weeks. (67 weeks old). memzry eticlts; reduce Y-secretase cleavage o (391
3 production. in vivo and in vitro.
PHT: 100 nM-1 uM, for
6-10 days; Protected against Ap- and Reduced intracellular free
PHT; CBZ: 100 nM-10 uM, Cultured rat gair .
CBZ and VPA for 6-10 days; hippocampal neurons. glutamate-n.lc.iuced calcium le:-vels and Tau (1]
¥ PP P toxicity. rotein levels.
VPA: 100 nM-100 uM neuro 4 P
for, 6-10 days.
Counteracted Ap-induced
Dentate gyrus granule Ap1_g-induced hippocampal LTP
cells in control neurotoxicity in vitro. impairment and .
PER condition and in C57BL/6 male mice hippocampal-based Reﬁﬁ?ﬁiﬁ%ﬁ?ﬁi@ 130]

presence of 0.1 nM PER.

PER at 1 mg/kg/os
in mice.

injected with AB14
into the right dorsal
hippocampus.

cognitive deficits in A
oligomer-injected mice
while retaining
antiseizure efficacy.

cytokine levels.
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ASMs Dose/Duration Preclinical Model Benefits Mechanisms of Action References
Inhibited microglial
PER daily injected at Rat transient middle . . activation, .
Improved spatial pro-inflammatory cytokine
PER 1 and 5 mg/kg, for cerebral artery . . S [46]
. working memory. expression, and oxidative
7 weeks. occlusion model. .
stress. Downregulation of
Bcl-2 with activation of Akt.
CBZ orally Decreased spatial learning
administered at 3xTg mouse model of L .
CBZ and memory deficits in Increased autophagic flux. [47]
100 mg/kg, for AD (6 months old). .
3xTg-AD mice.
2 months.
Decreased epileptiform
PHT daily injected at . activity, with responder . .
PHT 1040 mg/kg (t.i.d.), for Al:fjggi?jg:? 1 rates comprising between Blocfﬁfnf:l:dlum [38]
21 days. ' 25% and 80%, although side ‘
effects were detected.
PHT daily injected at Reduced the number of . .
PHT 10-40 mg/kg (t.i.d.), for APP/PS1 or 3xTgold spontaneous electrographic Blocking of sodium [38]
mice. . . . channels.
42 days. epileptiform discharges.
Enhanced PSD95 and CREB
Mouse model of type 2 expression in type 2
ZNS intragastrically diabetes mellitus diabetes mellitus mice,
7NS administrated with high-fat Improved cognitive diminished Af load, and [51]
at40 mg/kg/, for diet/STZ-induced impairment. rescued Tau
16 weeks. C57BL/6] mice hyperphosphorylation by
(4 weeks old) decreasing the activity
of JNK.
Increased neurogenesis in
RUF RUF daily injected at Aged gerbils Reduced learning and the dentate gyrus, and 53]
3 mg/kg, for 4 weeks. (24 months old) memory deficits. enhanced expression of )
IGF-1, IGF-1R, and p-CREB.
Suppressed abnormal
Mice received standard cortical hyperexcitability,
laboratory ChOW APP/PS] transgenic Reduced learning and enhance'd levels of
LTG supplemented with mice (3 months old) memory impairment neurotrophic factors, and [55]
LTG at 30 mg/kg, for ymp ’ decreased Af3 generation
6-8 months. and deposition in this
mouse model.
Restored Restored neuronal
A transgenic model of electrophysiological excitability, prevented
ITG LTG daily injected at pre-symptomatic AD alterations, prevented aberrant modulation of [56]
10 mg/kg, for 23 days. Tg2576 mice memory deficits, and extracellular AB, and
(1-2 months old) increased extracellular reduced B-secretase
AR levels. cleavage of APP.
Modulated the brain
expression of several
LTG intragastrically Ameliorated cognitive-like markers involved in
ITG administrated at APP/PS1 mice deficits, reducing synapse neuroinflammation, Af [57]
30 mg/kg, for (5 months old) and neuronal damage production, and Tau
3 months. in the CNS. hyperphosphorylation,
such as Ptgds, Cd74,
Map3k1, Fosb, and Sppl1.
.. Decreased
LCS LCS injected at Wistar rats streptozotocin-induced Decreas'ed AB an.d Tau [59]
30mg/kg, for 21 days. L . protein formation.
cognitive deficits.
Suppressed STZ-induced
hippocampal neuronal loss,
restored changes in redox
LEV i.c.v. administered Wistar rats weighin Reduced neuronal death status, rebalanced
LEV at 100 and 150 mg/kg, ghing and cognitive-like decline acetylcholinesterase activity, [60]

for 28 days.

200+20g

in STZ- induced AD.

and suppressed expression of
proinflammatory cytokines
and hyperphosphorylation
of Tau.
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ASMs Dose/Duration Preclinical Model Benefits Mechanisms of Action References
Reversed hippocampal
remodeling and decreased
LEV intraperitoneal Reduced abnormal spike behavioral abnormalities,
LEV injected at 5, 50, or hAPP transgenic mice activity, in a synaptic dysfunction, and [49]
200 mg/kg, for 8 days. dose-dependent manner learning and memory
impairment in this mouse
model of AD.
LEV, 75 mg/kg/i.p. . Improved performance in a
LEV administered 3 times hAPP transgenic neurogenesis-associated Restored neurogenesis. [48]
mouse model Lo
per day, for 2 weeks. spatial discrimination task
BRYV injected at
8.5 mg/kg/day, for Reduced spike-wave
28 days; APP/PS1 and discharges (SWDs) were . .
BRV ETH delivered in 3xTg-AD detected. Only BRV was Brlvaracg tam interacted [48]
ETH . . with SV2A.
drinking water at a Mouse models able to reverse spatial
concentration of memory deficits in mice
30 mg/kg, for 28 days.
BRV subcutaneously
injected at 10 mg/kg
and LEV Aged Tg2576 mice Delayed the progression of .
BRV and LEV subcutaneously (13-25 months old) seizure severity Targeting SV2A (621
injected at 150 mg/kg,
for 28 days.
TPM and LEV augmented
AP clearance and
TPM intraperitoneally u-regulated Ap transport
L . across the blood-brain
injected at 20 mg/kg Improved behavioral . .
. . . barrier and autophagic
and LEV APP/PS] transgenic impairment and reduced N .
TPM and LEV . . . o digestion. Normalized the [63]
intraperitoneally mice (9-7 months old) Ap plaques activity in activation of
1n]ectf«(e)(;l g(t) Z()a rr;g /kg, transgenic mice AMPK / Akt/GSK3p
ye- in vivo and in vitro. TPM
and LEV were also able to
inhibit histone deacetylase.
Enhanced expression of
TPM intraperitoneally Bcl-2 and reduced
TPM injected at 20 mg/kg, Adult Wistar rats. Counteracted apoptosis. expression of Fas, Bax, [64]
for 30 days. and Caspase-3 in
hippocampal neurons.
Diminished deposition and
TPM administered at APP/PS] transgenic I'{estored' the frequ.ency of aggregation Of.AB'
TPM 20 me /ke, for 21 days mice (5 months old) interactive behavior and Reduced activation of [65]
§/58/ ye. ' nest-building activity. microglia in the cortex
and hippocampus.
Reduced glial fibrillary acid
C57BL/6] mice _protein (GFAP) expression
CBD intraperitoneall (3-5 months old) ina dose-dependent manner.
. P y . Modulated neuronal Decreased iNOS and
CBD injected at 2.5 or subjected to d . . : [73]
e . amage. interleukin-1f3 expression,
10 mg/kg, for 7 days. administration of 10ng h .
of AR (1-42) thus attenuating
’ Ap-induced
pro-inflammatory responses.
CBD intraperitoneally Ap-injected and . ~ .
CBD injected at 20 mg/kg, APP/PS1 transgenic Rescged Sp?t%al Counterac.ted AB m?dlated [74,75]
. learning deficits. neuroinflammation.
for 3 weeks. mice (3 months old).
e hamnsera pp s g Rolteedbeenstifiodl pequed -
8/ X8& mice (10 weeks old). gn p neuroinflammation.

8 months.

in mice.
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Table 1. Cont.
ASMs Dose/Duration Preclinical Model Benefits Mechanisms of Action References
Decreased insoluble A
deposition in the
hippocampus of
CBD administered at ABPPxPS1 transgenic Rev.ersed soc1a.1 .and 12—m9nth—old transgenic
CBD 50 me /ke, for 3 K mouse model object recognition mice. No effects on [77]
8/ K, 10T 5 WECKS. (10 weeks old). memory deficits. neuroinflammation,
neurodegeneration, or
PPARYy markers
in the cortex.
CBDA (6 pmol/mouse) Api_g-injected . Decreased AP aggregation
or THCA Improved learning and A
CBDA mouse model .o, and p-Tau pathology in the
(12 umol/mouse) . . memory decline in . [78]
and THCA . . (intrahippocampal 7. . hippocampus of
injected into the A Ap14p-injected mice. L. .
injection). A14r-injected mice.

hippocampus of mice.

Abbreviations: Alzheimer’s disease (AD); Amyloid precursor protein/presenilin 1 (APP/PS1); Amyloid 3 (AB);
AMPA receptors (AMPARs); Brivaracetam (BRV); Cannabidiol (CBD); Cannabidiolic acid (CBDA); Carbamazepine
(CBZ); Ethosuximide (ETH); Glycogen synthase kinase-3f3 (GSK-3f3); Lamotrigine (LTG); Lancosamide (LCS);
Levetiracetam (LEV); PER (Perampanel); Phenytoin (PHT); Rufinamide (RUF); Synaptic vesicle protein 2A (SV2A);
Tetrahydrocannabinolic acid (THCA); Topiramate (TPM); Triple transgenic (3xTg) mouse model; Valproic acid
(VPA); Zonisamide (ZNS).

Interestingly, for the first time, it was shown that young, female transgenic AD mice
with increased soluble AR1_4 levels (APP/PS1 mice) or both increased soluble Afq_4
and t-Tau (3xTg mice) brain levels were more susceptible to 6 Hz kindled seizures and
were more rapidly kindled. The anticonvulsive effects of BRV, LEV, and LTG were less
pronounced in the fully kindled AD mice, pointing to pharmacoresistance in both AD
mouse strains and suggesting that seizures of young AD mice are more difficult to treat [79].

Overall, the currently available studies have mainly been performed in transgenic
animal models, which, despite providing much information on AD pathogenesis, limits
their validity due to realities such as most AD mouse models not developing substantial
synaptic and neuronal loss, as detected in the brain of AD patients. Several of these
studies were mainly performed in mice overexpressing human genes linked to familial
AD (FAD), resulting in the formation of A3 plaques. However, AD is characterized by the
presence and interplay of both A3 formation and neurofibrillary tangle pathology. These
models essentially mimicked early-onset AD and provided no information about how
sporadic forms develop [80-82]. It seems likely that AD progression is affected by two main
factors: genetic risk factors and risk factors associated with lifestyle, possibly related to
vascular risk factors. Other limitations of these transgenic models are linked to the smaller
and less-developed prefrontal cortex and shorter lifespan of the animals, which makes
them unsuitable for studying age-related neurodegenerative diseases such as AD. Notably,
there are also considerable differences between rodents and human immune systems [83].
Therefore, none of the current animal models can replicate the complexity of the disease
as observed in human patients. In fact, it has been reported that models reflecting only
single features of AD pathogenesis do not mimic AD. Therefore, new experimental models
that incorporate genetics with environmental interactions, timing of disease development,
heterogeneous mechanisms and pathways, comorbidities, and other pathologies that lead
to AD are mandatory.

3. Antiseizure Medications in Alzheimer’s Disease: Evidence from Clinical Trials

Since various pieces of evidence support the detrimental role of subclinical epilepti-
form discharge and/or seizures on cognitive trajectory, early diagnosis and treatment of
epileptic activity in AD patients should be pursued. ASMs could be expected to have bene-
ficial effects on cognition by regulating neuronal networks and A accumulation. Despite
the medical armamentarium against seizures having been enriched with newer ASMs, up
to now, the decision to treat seizures and the choice of ASM for AD patients has been con-
sidered a complex clinical challenge. Even more difficult is the decision to treat subclinical
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epileptiform activity [4,6]. Although preclinical studies have highlighted the effectiveness
of ASMs in AD, to date, only a few RCTs have been performed to evaluate the efficacy
and safety of ASMs in AD patients. These clinical studies are often ambiguous because
of experimental design limitations, especially the insufficient number of patients [4,84].
Therefore, the choice of ASM by clinicians should be based on data acquired from RCTs
investigating the pharmacological profile of ASMs in elderly subjects with or without
AD [85]. Before starting treatment, it is desirable to bear in mind that ASM selection for the
elderly needs more care than in younger patients for various reasons, including age-related
decline in liver and kidney functions and levels of plasma-binding proteins, thus making
these patients a difficult group to treat. This is further made challenging by the pres-
ence of comorbidities and polytherapies that augment the possibility of drug interactions.
Moreover, ASMs are often associated with adverse effects (AEs) that could be tolerated in
younger subjects but can be devastating for the elderly [86-88]. Sometimes, ASMs (notably,
PHT and VPA) can have proconvulsant effects, particularly at high doses [89,90]. Drugs
generally used in the treatment of AD patients, including acetylcholinesterase inhibitors,
noncompetitive N-methyl-D-aspartate receptor (NMDA) antagonists, antidepressants, and
neuroleptics, can reduce the seizure threshold [85,91,92]. Basically, it has been reported that
the cognitive adverse events (CAEs) of ASMs are mainly associated with first-generation
drugs; on the contrary, newer ASMs, including GAB, LEV, BRV, LTG, LAC, and PER, have
shown a favorable safety profile on cognitive function (Figure 1) [25,32,93].

LTG LEV BRV LCS

CERCH HCH

PHT

CBzZ

ZNS
Alzheimer’s Disease
and
Epilepsy

OXC

GAB

ESL

Excitatory-Inhibitory

u -
ASM associated with negative cognitive effects in
Alzheimer's Disease

ASM associated with doubts cognitive effects in
Alzheimer's Disease Q Q Q Q
PB

{b ASM associated with positive/neutral cognitive BDZs VPA TPM
effects in Alzheimer's Disease

Figure 1. Diagram depicting the main molecular pathways involved in Alzheimer’s disease—epilepsy
comorbidity and ASM effects on cognitive trajectory in Alzheimer’s disease (adapted from [94]).

Interestingly, several RCTs performed on geriatric patients with new-onset seizures
depicted that CAEs were less marked in patients taking GAB, LTG, or LEV compared
to patients taking CBZ. Seizure control did not differ among groups in these studies.
Accordingly, these ASMs should be used as the initial treatment for newly diagnosed
epilepsy in the elderly [95-97].

This evidence was further supported by a retrospective, uncontrolled trial performed
from 2000 to 2005 to compare the effectiveness and tolerability of 10 ASMs (i.e., LTG, GAB,
LEV, CBZ, PHT, and TPM) in 417 PWE aged 55 years or older. The percentage of patients
who remained taking the ASM for 12 or more months (12-month “retention”) was also
evaluated. Overall, 329 patients continued treatment with an ASMs for 1 year, showing



Int. . Mol. Sci. 2023, 24, 12639

11 of 19

a 12-month retention rate of 65%. LTG showed the highest retention rate (78.6%) along
with LEV (72.5%), compared to CBZ (48.4%), GAB (59%), PHT (59.3%), and TPM (55.6),
while OXC showed the lowest retention rate (23.5%) compared to all other ASMs. At
odds, in the subgroup of patients with refractory epilepsy, VPA showed a remarkably high
retention rate (90%) together with LTG (77.8%), whereas LEV, ZNS, and TPM showed a
slight retention rate (approximately 70%). Conversely, in terms of seizure freedom, LTG
exhibited the highest 12-month seizure freedom rate (54.1%), followed by LEV (46.2%),
GAB (18.5%), and OXC (9.5%). Similar results were reported in the subgroup of patients
with refractory epilepsy; particularly, the highest rates of seizure freedom were achieved
with LTG (47.4%) and LEV (38.9%). Both of these rates were significantly higher than
those of the other ASMs. Finally, it was observed that 29.1% of patients enrolled in this
study experienced an intolerable AE. Imbalance, drowsiness, and gastrointestinal (GI)
symptoms were the most common intolerable AEs. Particularly, LTG caused significant
imbalance (13.8%) compared to GAB, LEV, PHT, OXC, and VPA, along with drowsiness
(8.8%), GI disorders (8.8%), dizziness (6.8%), CAEs (5.4%), allergies (4.9%), and psychiatric
AEs (4.3%). Drowsiness occurred mainly with CBZ, GAB, LEV, OXC, and TPM (>10%
of patients required lowering of dose). Dizziness was another common intolerable AE
ascribed mainly to GAB, LTG, OXC, PHT, and ZNS. The most common AEs for LEV were
drowsiness (23.3%) and psychiatric AEs (14.2%). PHT intolerability was most often because
of allergies (9.1%); TPM intolerability was because of CAEs (24%) and drowsiness (20%);
VPA intolerability was because of tremors (10.8%); and ZNS intolerability was because of
CAEs and Gl disorders (13.6% each). According to the authors, LTG and LEV were more
effective compared to other ASMs. Moreover, LTG and LEV did not appear to negatively
affect cognitive function, thus supporting their use in the elderly [98]. Based on this data,
ASMs, including CBZ and OXC, that have shown doubtful effects on cognition should be
avoided in AD patients. The same conclusion can be drawn for VPA; in fact, in placebo-
controlled RCTs, VPA administration was not able to delay cognitive decline in patients
with AD and it was associated with severe side effects. Notably, in two RCTs, during the
first 12 months of follow-up, VPA (10-12 mg/kg/day)-treated AD patients showed an
increased decline in mini-mental state exam (MMSE) scores and significant brain volume
loss compared to the placebo group [99-101].

Likewise, phenobarbital (PB), benzodiazepines (BDZs), and TPM were associated
with an increased risk of eliciting cognitive deficits, so these ASMs should be forbidden
for AD patients with or without seizures; a similar conclusion can be drawn for ZNS,
the effects of which on cognitive function need to be clarified [67,91,102-104]. Regarding
PB, its detrimental cognitive effects were also documented in a prospective, randomized,
three-arm, parallel-group, case-control study enrolling 95 patients (41 males, 54 females;
mean age of 71.75 years) with AD-seizures comorbidity, taking LEV (n = 38), PB (n = 28),
and LTG (n = 29). All patients received concomitant cholinesterase inhibitor therapy for
AD. These three groups were compared to a control group (n = 68) to detect the cog-
nitive effects of the ASMs. The pharmacological effects of these ASMs were evaluated
both at baseline and after 6 and 12 months of treatment. According to the authors, there
were no significant differences in seizure freedom among these ASMs. However, LEV
treatment (range = 500-2000 mg/day, mean daily dose = 955.9 mg/day) was linked to
improved cognitive performance (mini-mental state exam scores evaluated at the end
of the observation period mirrored improvement by a mean of + 0.23 points), making
it a cognitively safe compound for managing seizures in AD patients. At odds, PB-
treated patients (range = 50-100 mg/day, mean daily dose = 90 mg/day) experienced
a worsening of existing cognitive impairment at both 6 and 12 months post-randomization
based on the mini-mental state exam (MMSE) and Alzheimer’s disease assessment scale—
cognitive subscale (ADAS-Cog). During the 12-month follow-up, LTG-treated patients
(range = 25-100 mg/day, mean daily dose = 57.5 mg/day) did not have a significant de-
cline in MMSE scores. However, LTG positively influenced mood, thus making it a good
choice for managing AD-associated neuropsychiatric symptoms. Treatment-emergent AEs
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occurred more frequently in PB-treated patients; 17% of PB-treated patients discontinued
treatment. The most frequently reported AEs for PB were somnolence and asthenia. No
patients withdrew from LEV and LTG treatment because of side effects. At odds, LEV
had a benign neuropsychological side effect profile, making it a cognitively safe ASM
for managing established seizures in older patients with AD (although there are some
limitations to this observation, such as the small number of patients studied and choice of
comparator) [105]. Regarding PHT, there are conflicting data in clinical settings; although
cognitive deficits have been reported with PHT [6,106], it is sometimes prescribed in the
elderly and AD patients [4]. The pharmacological rationale for prescribing this ASM in
older PWE with cognitive decline appears to lie in a retrospective study [107]. As reported,
until now, few RCTs have investigated whether an ASM can provide beneficial effects and
good tolerability in AD patients (Table 2).

A Cochrane systemic review, including one RCT on pharmacological interventions
in 95 AD patients, was conducted to assess the beneficial effects and safety of ASMs in
AD patients. Overall, this systemic review did not offer satisfactory results to support the
use of LEV, PB, or LTG in managing seizures in AD patients. No significant differences in
efficacy and tolerability were reported among these ASMs. Regarding the proportion of
participants with seizure freedom at 12 months, no significant differences were observed
for the comparisons of LEV vs. LTG (RR 1.20, 95% CI 0.53 to 2.71), LEV vs. PB (RR 1.01, 95%
CI10.47 to 2.19), or LTG vs. PB (RR 0.84, 95% CI 0.35 to 2.02). It appeared that LEV could
improve cognition and LTG could alleviate depression, while PB and LTG could aggravate
cognitive impairment, and LEV and PB could exacerbate mood disorders. The authors
concluded that large RCTs with a double-blinded, parallel-group design are required to
corroborate the beneficial effects and good tolerability of ASMs in AD patients [108].

Table 2. Randomized clinical trials (RCTs) of antiseizure medications (ASMs) in Alzheimer’s disease
(AD).

ASMs Dose/Duration Study Type/Patients Clinical Benefits Side Effects References
Randomized,
double-blinded,
placebo-controlled; Worsening of existin,
313 patients with No clinical benefits rsening ot &
VPA 10-12 mg/kg/day. mild-to-moderate AD were reported cognitive impairment and [99]
Study performed from 1 p ' greater brain atrophy.
November 2005 to 31
March 2009.
Randomized, . L
double blinded, placebo- No clinical benefit cognitve ing Zfifrﬁr?tnfnd
VPA 10-12 mg/kg/day. controlled (24 months); O cunica’ bENEHs 8 P [101]
313 patients with were reported. increased hippocampal
moderate AD. volume loss.
Seven patients described
mild AEs: somnolence,
- . Randomized, three Improved score in the dizziness, and headache.
i 12_5ei(3% \III;% u{ ;it?c})’rfl parallel treatment Cornell depression scale, Slight decreases in [105]
Y iod groups; patients with with 59% responder rate MMSE and
period. AD-epilepsy comorbidity. at 1 year. ADAS-Cog scores. No
patients stopped treatment
because of AEs.
. Improved MMSE and AEs reported: dizziness,
1000-1500 mg/day; Rzr;gﬁgléggt’r;};ff ADAS-Cog scores; headache, asthenia, and
LEV 1-year evaluation P 29% became seizure-free, somnolence. No patients [105]

period.

groups; patients with
AD-epilepsy comorbidity.

71% responder rate
at 1 year.

stopped treatment because
of AEs.
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Table 2. Cont.
ASMs Dose/Duration Study Type/Patients Clinical Benefits Side Effects References
Worsening of existing
cognitive impairment.
C . Twelve patients reported
. No significant differences '
Ly Bmg/day DREENELEY amongLEVLIGandPp A IORORCe
l-year eva ;atlon groups; patients with o (;n selzuri1 freedomf, Seventeen patients [105]
peno AD-epilepsy comorbidity. ° respi)n er rate after reported side effects.
year. Fi ;
ive patients stopped
treatment because of
side effects.
Thirteen AD patients
without epileptiform
activity did not improve
Ph 5 d ized executive functions,
ase -, randornzed, whereas nine AD patients N
double-blinded, with epileptiform activity AEs reported: dizziness,
LEV 125 mg/day twice placebo-controlled showed a significant headache, vivid dreams, [109]

daily, for 1 month.

clinical study;
17 LEV-treated patients and

improvement in spatial
memory and

and gastrointestinal
discomfort

17 placebo-treated patients . .
executive function.

LEV vs. placebo, no
significant differences in
cognitive function

Abbreviations: Adverse events (AEs); Alzheimer’s disease (AD); Alzheimer’s disease assessment scale—cognitive
subscale (ADAS-Cog); Antiseizure medications (ASMs); Lamotrigine (LTG); Levetiracetam (LEV); Mini-mental
state exam (MMSE); Phenobarbital (PB); Randomized clinical trials (RCTs); Valproic acid (VPA).

Notably, a phase 2, double-blinded, placebo-controlled, crossover clinical trial of
34 adult AD patients was performed between October 2014 and July 2020 to evaluate the
effectiveness and tolerability of LEV (125 mg, twice daily for 4 weeks) in AD patients
with and without epileptiform activity. In detail, the primary outcome of this study was
to investigate the ability of LEV to improve executive function in AD patients without
epileptiform activity, whereas the second outcome was cognition and disability. Of the
34 patients (mean [SD] age, 62.3 [7.7] years; 21 women [61.8%] and 13 men [38.2%]) enrolled
in the study, 33 had biomarkers that were consistent with AD diagnosis; 1 patient with
biomarkers that were inconsistent with AD diagnosis was excluded from the study. Overall,
5 patients (14.7%) withdrew from intervention, and 28 patients (82.4%) finished the study,
10 of whom (35.7%) displayed epileptiform activity. In this RCT, LEV, which was well
tolerated, did not improve executive function in AD patients without epileptiform activity.
At odds, LEV was able to recover executive function and spatial memory in AD patients
with seizures or epileptiform discharges. According to the authors, this data could lead to
tailored approaches to AD, in which patients with the epileptic variant of AD would receive
distinctive treatments from patients without the epileptic variant. This study had several
limitations, including small sample size, a population with early-onset AD and consequent
selection bias, and infrequent epileptiform activity, making it difficult to quantify the
pharmacological effects of LEV [109]. A recent study retrospectively compared 19 AD
patients with epilepsy treated with ASMs against 16 non-epileptic AD patients, in terms of
seizure response, tolerability, and cognitive performance. At baseline, AD patients with
epilepsy had more cognitive fluctuation than those without epilepsy. Interestingly, during
the follow-up period, seizures were well controlled with ASMs in epileptic AD patients.
During this period, the epileptic AD patients showed similar cognitive performance to
the non-epileptic AD patients. Therefore, seizures could represent an ASM-modifiable
cognitive worsening factor of AD [110].

4. Conclusions

The relationship between epilepsy and cognitive impairment is poorly understood,
with uncertainties regarding the mechanisms underpinning epileptic activity development
in AD patients and whether epilepsy drives dementia or vice versa. For this purpose,
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preclinical models can undoubtedly represent, despite some limitations, a remarkable tool
to delineate the links between AD and epilepsy. The currently available experimental
models of AD have provided helpful information concerning the pathophysiological pro-
cesses underpinning this neurodegenerative disease. Now, it is fundamental to expand the
application of these models to comorbid conditions such as epilepsy and mood disorders to
improve clinical management and further clarify the mechanisms of hyperexcitability and
its impact on AD trajectory. Performing the forthcoming studies of seizures in different AD
models will better inform future ASM discoveries and their application in older patients.
Unfortunately, few studies have been performed to investigate ASM efficacy in pre-clinical
models of late-onset epilepsy. Older adults are more vulnerable to seizures and epilepsy
but less resistant to ASMs than young people with epilepsy. Experimental studies on aged
animals and studies exploring the effect of advanced age on epilepsy and seizures are
limited [111]. Detecting the potential therapeutic effect of ASMs in aging-related disorder
models with the added consideration of polypharmacy is also needed.

Similarly, the benefits of using ASMs in AD patients in a clinical setting are still
uncertain, mainly because of the paucity of RCTs mandatory to address this query. Treat-
ing seizures in AD patients requires a careful balance between managing seizures and
treating cognitive disorders. In AD patients with neuropsychiatric symptoms, the choice
of concomitant pharmacological therapy with neuroleptics, benzodiazepines, and an-
tidepressants, which influence the seizure threshold, should also be carefully estimated.
Third-generation ASMs are more suitable for treating elderly patients with epilepsy and
neurodegenerative diseases because of their favorable pharmacokinetic properties and
advantages in tolerability and safety. Despite this, RCTs are both qualitatively and quan-
titatively limited, and, until now, inconsistent. Further well-performed clinical trials
are undoubtedly required to evaluate the therapeutic profile of ASMs in AD patients,
although the currently available evidence seems promising. To this aim, large, prospective,
double-blinded RCTs are needed not only to update clinicians about the symptomatic
treatment of seizures in AD patients but also to recognize whether ASM therapy could
modify the natural progression of the disease, thereby rescuing cognitive performance
and postponing decline. This latter aspect deserves to be evaluated in AD patients with
and without epileptic activity. Similarly, future studies should also be directed toward
detecting AD patients with subclinical epileptiform activity, non-convulsive seizures, or
larger populations that could benefit from network-stabilizing approaches; video EEG can
provide a beneficial non-invasive biomarker to establish who can benefit from specific
treatments among AD patients. Since the usefulness of ASMs lies in neuronal network
stabilization, regardless of the underlying cause of the network alteration, ASMs may also
be beneficial to other types of dementia beyond AD. If an ASM was proven to positively
impact cognitive trajectory, this would be groundbreaking.
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