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Abstract: Amyloid-β (Aβ) 1-40 and 1-42 peptides are key mediators of synaptic and cognitive dys-
function in Alzheimer’s disease (AD). Whereas in AD, Aβ is found to act as a pro-epileptogenic
factor even before plaque formation, amyloid pathology has been detected among patients with
epilepsy with increased risk of developing AD. Among Aβ aggregated species, soluble oligomers
are suggested to be responsible for most of Aβ’s toxic effects. Aβ oligomers exert extracellular and
intracellular toxicity through different mechanisms, including interaction with membrane receptors
and the formation of ion-permeable channels in cellular membranes. These damages, linked to
an unbalance between excitatory and inhibitory neurotransmission, often result in neuronal hy-
perexcitability and neural circuit dysfunction, which in turn increase Aβ deposition and facilitate
neurodegeneration, resulting in an Aβ-driven vicious loop. In this review, we summarize the most
representative literature on the effects that oligomeric Aβ induces on synaptic dysfunction and
network disorganization.

Keywords: Aβ oligomers; hyperexcitability; excitatory/inhibitory unbalance; synaptic plasticity;
network dysfunction; neurotoxicity; calcium homeostasis

1. Introduction

Amyloid-β (Aβ) 1-40 and 1-42 peptides are major actors in the pathophysiology
of several neurodegenerative diseases. Initially sequenced from the meningeal blood
vessels of patients with Alzheimer’s disease (AD) more than 30 years ago [1], they were
rapidly recognized as the main component of senile plaques, which is a typical hallmark
of AD. The subsequent cloning of the β-amyloid precursor protein (APP) allowed the
identification of several mutations associated with AD and the profiling of biochemical
abnormalities due to specific APP mutations [2]. The presence of senile plaques in AD
brain tissue and the demonstration that insoluble fibrillar aggregates are neurotoxic in vivo
and in vitro [3] contributed for years to support the “amyloid hypothesis” [2], according
to which fibril accumulation per se underlies neuronal dysfunction in AD. Although the
amyloid hypothesis provides a broad-spectrum explanation of AD pathogenesis, several
observations obtained in both patients and experimental models do not completely fit with
the hypothesis. Indeed, the local extent of neurodegeneration, as well as the severity of
cognitive impairment, poorly correlate with the number of senile plaques [4]. Other studies
demonstrate a strong correlation between the levels of soluble Aβ oligomers and the extent
of synaptic deficit and the consequent severity of cognitive impairment [5,6]. However, all
these findings about the bioactivity of small soluble oligomers do not rule out completely
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a role of amyloid plaques in the progressive neurodegeneration. Indeed, the presence of
soluble/diffusible Aβ oligomers immediately surrounding the plaques is closely associated
with local dendritic spine loss [7] and neuritic dystrophy [8], thus suggesting that plaques
may serve as local inert reservoirs of these smaller neurotoxic peptides, that, during the
process of fibrillogenesis [9], can diffuse away and cause injury to surrounding neurons.
This latter hypothesis might explain at least in part the lack of correlation between amyloid
plaques and memory impairment or cellular dysfunction. Indeed, soluble Aβ oligomers
have demonstrated the ability to inhibit several critical neuronal activities and to impair
hippocampal synaptic plasticity and memory already in the pre-plaque stage [10–14].

It has also been proposed that Aβ oligomers are able to interfere with homeostatic
synaptic plasticity (HSP) and synaptic scaling mechanisms, with neurons differently adapt-
ing their synaptic properties in the presence of Aβ [15–19]. As a matter of fact, HSP has
a critical role in the maintenance of neuronal function within a physiological range; thus,
an impairment of these mechanisms leads to a destabilization in synaptic and neural cir-
cuit activity and potentially to an increased excitability of local neural networks that can
constitute the substrate for an epileptiform activity. Epidemiologic studies indicate a close
association between AD and incidence of epileptic seizures [20,21]. Interestingly, epilepti-
form activity is particularly high during the early stages of the disease or in younger AD
patients [21,22]. Although the underlying mechanism of epileptic seizures in AD remains to
be elucidated, this evidence suggests that cognitive decline and seizures activity may share
common mechanisms. Studies performed in AD transgenic mice indicate that elevated
levels of Aβ are able to elicit epileptiform activity and seizures, even at early stages of the
disease, before evidence of neuronal loss [17,23,24]. All these evidences not only support
the hypothesis that seizures may be the expression of pathophysiological processes similar
to those responsible for cognitive decline, but also the possibility that aberrant excitatory
neuronal activity may represent a primary upstream mechanism contributing to cognitive
deficits in AD.

In this review, we will provide an overview of the possible mechanisms by which
the pathological accumulation of oligomeric Aβ induces early synaptic dysfunction and
network disorganization, ultimately leading to cognitive impairment. The identification
of the affected circuits may help pave the way for the development of novel specific
therapeutic strategies.

2. Molecular Mechanisms of Soluble Aβ Oligomers Formation and Toxicity

Aβ fibrillary aggregates are the major constituents of amyloid plaques in AD brains.
Although Aβ1-40 is the most common isoform, Aβ1-42 is widely recognized as the most
toxic species and the most prone to aggregation. The main difference between the two
peptides is the presence of alanine 42, which confers to Aβ1-42 the possibility to form
extra salt bridge between lysine 28 and alanine 42 during its aggregation kinetics. Aβ

spontaneous aggregation is generally schematized as an initial “nucleation” of soluble
oligomers from monomers and their subsequent conversion into protofibrils and fibrils [25].
The Aβ peptides are natively secreted in a monomeric unfolded state lacking a stable
secondary structure. However, both Aβ1-40 and Aβ1-42 monomers tend to have an α-helix
conformation, which is stabilized by particular ligands and/or microenvironments [26].
The transition from α-helix to β-sheet, and/or to a hybrid conformation called α-sheet [27],
characterizes oligomers’ formation and their toxicity [26,28]. The structure of the transient
oligomeric species might be different between two isoforms [29], with Aβ1-42 oligomers
being more fibril-like (characterized by the typical cross-β-sheet motifs of fibrils), and
the ones of Aβ1-40 being more globular and amorphous. In general, Aβ oligomers have
variable molecular weight, with structural polymorphism also in similarly sized species.
The heterogeneity among Aβ1-40 and Aβ1-42 oligomers not only accounts for their bio-
logical and structural diversity and for the complexity of AD pathology, but it also has
considerably complicated their structural characterization and the elucidation of the atomic
resolution structure [5,6,30–32]. Some structural data on Aβ oligomers have been obtained
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by transmission electron microscopy, atomic force microscopy, hydrogen/deuterium ex-
change, and fluorescence spectroscopy [33,34]. Most high-molecular-weight Aβ oligomers
are roughly globular in shape or are annular with a pore or ring shape niche that encloses
water [35–38]. The structure of these annular aggregates resembles that of pore-forming
toxins, thus suggesting that they may have a potential to perturb the integrity of phos-
pholipid bilayer membranes [39]. To this extent, Aβ can move between the interior of
the cell and the extracellular space, and it can accumulate within living cells as well as in
extracellular spaces [40,41].

Aβ oligomers express their toxicity through three main mechanisms: (1) by direct
interaction with membrane receptors; (2) by damaging cellular/mitochondrial membranes;
and (3) by interfering with vesicles trafficking and protein degradation mechanisms. In this
review, we will mainly focus on the first two mechanisms, since interactions with membrane
and membrane receptors can actively affect neuron transmission and excitability. The most
representative studies linked to these effects induced by Aβ oligomers are summarized in
Table 1.

Table 1. Summary of the principal evidence demonstrating Aβ oligomers-induced effects linked to neuronal transmission
and excitability.

Type of Aβ Interactions Effects Models Ref.

Aβ1-40 oligomers

membranes
↑ Ca2+

GnRH neuronal cell line [42]

cultured endothelial cells [43]

bilayer membranes [44,45]

↓ neurotransmitter release hippocampal neurons [46]

FzR ↓ Wnt/Fz signaling N2A cells and L-cells [47]

mitochondria ↓ complex IV activity APP Tg mice and human brain
samples [48]

Aβ1-42 oligomers

membranes

↑ Ca2+

lipid vesicles [49]

cultured endothelial cells [43]

SH-SY5Y cells, oocytes [50,51]

hippocampal neurons [52]↓ axonal transport

↑ non-specific ionic flux neuronal HEK293 membranes [53]

↓ mitochondrial membrane
potential hippocampal neurons [54]

↑ oxidative stress

IR ↓ activity of IR hippocampal and cortical neurons [55]

mGluR/NMDAR
↑ Ca2+

hippocampal neurons

[56]

↑ synaptic glutamate, LTD [57]

mGluR ↑ synaptic damage [56]

mitochondria
↓ mitochondrial membrane

potential APP Tg mice and human brain
samples [48]

↑ oxidative stress
NMDAR hippocampal neurons [58]

p75NTR ↑ NGF-mediated cell death PC12 cells [59]

α7/α4β2nAChRs
↑ Ca2+

hippocampal neurons [60]

cortical neurons [61]

↓ surface AMPAR expression hippocampal neurons [60]

↑ endocytosis of NMDAR cortical neurons [61]

D1 DAR ↑ epileptic-like activity APP Tg mice [62]

Legend: FzR = Frizzled receptors, IR = insulin receptors, mGluR = metabotropic glutamate receptor, NMDAR = NMDA receptor,
p75NTR = p75 neurotrophin receptor, nAChRs = nicotinic acetylcholine receptors, D1 DAR = D1 dopamine receptors, GnRH = gonadotropin-
releasing hormone, AMPAR = AMPA receptors, APP = amyloid precursor protein, NGF = nerve growth factor.
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2.1. Aβ Oligomers and Membrane Receptors

Several studies indicate that soluble globular Aβ oligomers (10–20 nm diameter,
200–300 kDa molecular mass) can be formed in the presence of GM1 ganglioside on the cell
membrane [63,64]. Extracellular Aβ oligomers can bind several receptors on the cell surface,
such as N-methyl-D-aspartate receptor (NMDAR), nerve growth factor receptor (NGFR),
insulin receptor (IR), and Frizzled (Fz) receptor, leading to their functional disruption [61]
or to an abnormal activation of downstream signaling pathways. Aβ oligomers induce
NGFR -mediated neuronal death through the p75 neurotrophin receptor, which is a member
of the tumor necrosis factor receptor superfamily [59,65]. For what concerns the IR, it has
been reported that upon the binding with Aβ oligomers, insulin signaling is disrupted
(thus suggesting that insulin resistance in AD brain is a response to the oligomers), and the
receptor undergoes a redistribution on the cell surface with a consequent substantial loss of
neuronal surface IRs, specifically on dendrites [55]. It has also been seen that Aβ oligomers
are able to bind Fz receptors, producing the inhibition of Wnt signaling [47], which may
result in intracellular tau phosphorylation and aggregation [66]. Several experimental
evidences, obtained by both in vitro and in vivo studies, suggest that Aβ impairs NMDA-
dependent long term potentiation (LTP) induction in the hippocampal CA1 and dentate
gyrus (DG) by specifically interfering with major NMDAR downstream signaling pathways
but also by disrupting the dynamic balance between protein kinase and phosphatase and by
promoting the formation of reactive oxygen species (ROS) through a mechanism requiring
NMDAR activation [58,67,68].

2.2. Aβ Oligomers Interaction with Cellular Membranes

One of the main molecular mechanisms proposed to explain neurotoxicity induced by
Aβ is pore formation in membranes and the disruption of calcium homeostasis. In 1993,
Arispe and coauthors demonstrated for the first time that Aβ peptides can be incorporated
into artificial lipid bilayers, where they are able to form cation-selective channels [44,45].
Since then, evidence have been accumulated in favor of the potential of certain peptides,
especially Aβ1-42, to form cation channels in neurons [53,69], oocytes, and endothelial
cells [70–74]. Aβ1-40 and Aβ1-42 channels are calcium and zinc permeable [42,43,71,75],
and they can profoundly disrupt ionic homeostasis. Aβ1-42 but not Aβ1-40 oligomers also
form non-selective cation channels in cellular membranes, which is particularly detrimental
for cell signaling [53]. Indeed, even small depolarizations of the membrane potential, due
to increased membrane conductivity, could alter firing properties and lead to neural
dysfunction. Since Aβ channels are large, cation-permeable (although poorly selective),
and with a long lifetime [76,77], they likely affect the membrane potential generated by K+

selective channels in neurons. Moreover, Ca2+ influx can lead to aberrant signaling, altered
neurotransmitter release and excitability due to the inhibition of presynaptic function
as a consequence of calcium-dependent vesicular depletion [46], and it can even trigger
apoptosis. All this evidence led to the formulation of the so-called “channel hypothesis”,
according to which Aβ peptides damage neurons by forming ion channels [76].

2.3. Intracellular Aβ Oligomers Affecting Neural Transmission and Excitability

Intraneuronal accumulation of Aβ has been found in AD patients as well as in animal
models or in cultured cells [78–82], and it has been reported to occur prior to amyloid
plaques deposition and to be deeply involved in synaptic dysfunction [83–86]. In contrast
to extracellular mature fibrils, extracellular soluble oligomers can be efficiently internalized
by glial and neuronal cells [68,87,88]. However, it is well known that Aβ can be pro-
duced intracellularly within the endoplasmic reticulum (ER) and the trans-Golgi network
system along the secretory pathway [89–91], and it has been reported to localize also in
endosomal, lysosomal [90], and mitochondrial membranes [92–94]. The accumulation of
Aβ at mitochondria levels leads to an impairment of respiratory chain complex III and
IV activity [48], which can be at the basis of the mitochondrial deficits observed both in
patients and in mouse models of AD [95]. As it is observed for cellular membranes, Aβ
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oligomers may damage mitochondrial membranes and perturb Ca2+ homeostasis [54].
Indeed, energetic failure and an increased production of ROS has been widely documented
in AD [96]. Excessive production of ROS by dysfunctional mitochondria can activate
pathological signaling cascades, affecting multiple neuronal functions [97] and, among
them, abnormal processing of APP and the generation of toxic Aβ peptides [93]. In turn,
these exacerbate mitochondria dysfunction and energy failure, further enhancing the pro-
duction of ROS and Aβ [98,99], which becomes a vicious loop finally leading to cognitive
impairment [96,100,101]. Interestingly, Aβ oligomers also interfere with mitochondrial
bidirectional axonal trafficking [102,103]. The mobility partner of mitochondria in neurons
is complex, finely modulated, and characterized by frequent changes in directions and by
the capability to leave mitochondria stationary or to quickly mobilize them in the areas
of greatest energy demand, according to physiological changes [104–106]. At synapses,
mitochondrial energy supply is fundamental for several neuronal functions, including the
mobilization of synaptic vesicles and the generation of membrane potentials [107–109].
Moreover, due to the elevated capability to sequester calcium, mitochondria play a pivotal
role in maintaining calcium homeostasis at synapses by buffering the excess of intracellular
calcium and releasing it after stimulation [110–112]. This mechanism prolongs residual
calcium levels [113] and allows the modulation of synaptic transmission [110–112,114] and
of short-term synaptic plasticity [115,116]. In this scenario, the inhibition of mitochon-
dria trafficking and dynamics may contribute to synaptic impairment and consequent
cognitive deficit.

All this evidence suggests that extracellular and intracellular oligomers exert their
toxicity through different mechanisms, but more studies are needed to elucidate these
mechanisms in relation to pathology.

3. Calcium Homeostasis and Oligomer-Mediated Synaptotoxicity

The mechanism underlying oligomer synaptotoxicity appears to be closely related
to impairment in calcium homeostasis [117]. In the central nervous system (CNS), cal-
cium plays a pivotal role in neuronal excitability, in evoking LTP or long-term depression
(LTD) and in higher cognitive functions [118–120]. Due to its fundamental role in neu-
ronal physiology, intracellular calcium concentration ([Ca2+]i) is tightly modulated by a
complex interplay between Ca2+ influx, Ca2+ efflux, intra-organelle sequestration, and
buffering [117]. Calcium dynamics are deeply influenced by APP metabolism, since al-
most all APP hydrolysis products are able to modulate calcium signaling and dynamics
with both stabilizing or destabilizing outcome [117]. In particular, while secreted APP is
generally neuroprotective and normalizes cytosolic calcium levels [121], Aβ oligomers
increase intracellular calcium [122,123], leading to Ca2+ homeostasis dysregulation. This
effect is mainly due to the capability of Aβ oligomers to form cation-selective channels on
plasma membrane [42,43,75–77], but also, the interaction of Aβ oligomers with membrane
receptors, such as NMDAR, metabotropic glutamate receptor 5 (mGluR5), and α7-nicotinic
acetylcholine receptor (nAChR), may play a role [60,124]. In addition to altered neuro-
transmitter release and excitability [46], excessive intracellular Ca2+ levels trigger aberrant
signaling cascades, adversely affect a plethora of cellular enzymes (such as proteases, phos-
pholipases, kinases, and phosphatases), induce specific cytoskeletal rearrangements, and
trigger apoptosis [117]. Among other signaling pathways, calcium increase triggers the acti-
vation of the Ca2+/calmodulin-dependent phosphatase calcineurin and glycogen synthase
kinase 3β, which, in turn, can induce hyperphosphorylation of tau and cause transport
dysregulation in both axons and dendrites also impairing the transport of brain-derived
neurotrophic factor [125].

It has been reported that elevated levels of Aβ block neuronal glutamate uptake in the
synaptic cleft [57], with a consequent glutamate spillover and activation of extrasynaptic
NMDAR and mGluRs, which contribute to increased Ca2+ influx and release from ER.
Experimental evidence demonstrate that Ca2+ that enters the cytoplasm through NMDAR
activation has more rapid access to mitochondria [126]. Thanks to their ability to accu-
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mulate an enormous amount of calcium, mithocondria play a key role in orchestrating
Ca2+-dependent responses in neurons: the controlled integration among mitochondrial
Ca2+ uptake, sequestration, and release is essential in modulating and interpreting neu-
ronal responses that range from gene transcription to cell death. Under physiological
conditions, the rapid mitochondrial Ca2+ uptake may contribute to promote mitochondrial
respiration and energy production and help prevent an excessive rise in cytosolic Ca2+ and
shape the [Ca2+]i response after NMDAR stimulation. However, this fast mitochondrial
Ca2+ uptake induced by NMDA may allow excessive mitochondrial Ca2+ accumulation,
making mitochondria more susceptible to Ca2+-mediated injury and thus converting a
protective mechanism into a toxic mechanism during excessive or prolonged NMDA re-
ceptor activation. A loss of intracellular Ca2+ homeostasis causes mitochondrial Ca2+

overload and mitochondrial dysfunction with the production of reactive oxygen species
inducing membrane-lipid peroxidation, failure in the respiratory chain and in bioener-
getics, increased mitochondria permeability and activation of Ca2+-dependent proteases
such as calpains, finally leading to neuronal cell death [127–129]. Calcium dysregulation
at mitochondrial levels also interferes with mitophagy, which is an essential process to
remove damaged mitochondria, which plays a key role in the adjustment of the functional
integrity of the mitochondrial network and cell survival [130,131]. This further contributes
to the generation of Aβ oligomers and AD progression, creating a vicious circle between
Aβ and mitochondria dysfunction [132,133]. Indeed, calcium is able to modulate APP
processing and Aβ production and/or release in a different manner, depending on whether
the source of cytosolic calcium is represented by calcium permeable ion channels on the
cell membrane, intracellular stores, inositol-1,4,5-trisphosphate, or ryanodine-sensitive
pools [117].

Cytoplasmic Ca2+ also plays a role in modulating mitochondrial dynamics. In particu-
lar, elevated intracellular Ca2+ levels, due to synaptic activity and voltage-dependent Ca2+

channels or NMDAR activation, inhibit mitochondrial motility [134–137]. In addition to
cytosolic Ca2+, a recent study suggests that mitochondrial matrix Ca2+ content is able to
modulate mitochondrial transport in hippocampal neurons as well by a not completely elu-
cidated mechanism involving the Ca2+ sensor MIRO [136]. Moreover, Ca2+ influx facilitates
mitochondrial fragmentation by Ca2+/calmodulin-dependent protein kinase I activation
and subsequent phosphorylation of the fission protein dynamin-related protein 1, which
in turn increases its interaction with mitochondrial fission 1 protein, thus enhancing the
fragmentation process [138]. Due to the role of mitochondria and mitochondrial motility
in supporting synaptic activity and Ca2+ buffering, these Ca2+-induced alterations could
contribute to synaptic dysfunction, neuronal loss, and memory deterioration.

4. Impairment of Synaptic Excitability, Transmission, and Plasticity

The attempt to correlate the alteration of synaptic plasticity, hippocampal-dependent
memory deficits, and plaque formation revealed that alterations of dendritic spine density,
impaired LTP, and behavioral deficits occur months before plaque deposition [139,140],
but the temporal and causal links among LTP alterations, formation of different amyloid
peptides, and deposition of plaques still remain to be elucidated.

To date, despite several reports indicating that the accumulation of cerebral Aβ pep-
tide is essential for developing synaptic and cognitive deficits, the initial mechanisms
underlying early Aβ-mediated synaptic dysfunctions, as well as the physiological roles of
Aβ, remain largely unknown. Several experimental studies suggest that early Aβ-induced
pathology is associated with neuronal excitability that arises in a pre-plaque stage [62,141–
145], which is in agreement with the idea that epileptic activity might be prodromal to
dementia [62,146,147]. Transgenic mice expressing mutated forms of the APP, which is
associated with familial AD, display age-dependent dysfunctions before plaque deposi-
tion is detectable [62,145]. In this model, high levels of Aβ oligomers are able to elicit
epileptiform activity and seizures at early stages of the disease process and in the absence
of evident neuronal loss [23]. Although several studies demonstrate that brain extracts
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from both AD patients or TG2576 transgenic mouse models are able to induce plaque
deposition [148,149], the role of soluble Aβ oligomers in plaque deposition is still a matter
of debate. In this respect, it has been proposed that Aβ oligomers can be classified into
toxic and non-toxic [150,151]. According to this hypothesis, toxic Aβ oligomers (Type 1)
are associated with memory impairment and unrelated with amyloid plaques, while non-
toxic Aβ oligomers (Type 2) are spatially and temporally related to plaques but not with
memory impairment [151]. Studies, performed both in vitro and in vivo, demonstrated
that Aβ oligomers are able to impair synaptic transmission at both the presynaptic and
post-synaptic level in a dose- and assembly-dependent manner [16,152]. High levels of
Aβ cause synaptic loss by impairing glutamatergic synaptic transmission [11,83,153,154].
Interestingly, neuronal activity has been reported to modulate Aβ production and secretion
in a positive manner at the presynaptic level by mechanisms involving clathrin-mediated
endocytosis, proteolytic cleavage of APP, and Aβ release [154,155] in both pathological
and physiological conditions [155,156]. This finding supported the hypothesis that APP
and Aβ take part in a feedback loop controlling neuronal excitability [154] and led to the
formulation of a model in which intermediate levels of Aβ enhance pre-synaptic facilitation,
while abnormal levels of Aβ impair synaptic plasticity by inducing post-synaptic depres-
sion (high levels) or by reducing pre-synaptic efficacy (low levels) [16,144]. According
to this model, while small increases of Aβ in the physiological range result in synaptic
potentiation [157,158], abnormally high levels result in post-synaptic depression and loss of
dendritic spines [57,61,154,159]. In this view, this physiological negative feedback regulator
is put in overdrive by pathological elevations of Aβ levels, with a consequent suppression
of excitatory post-synaptic activity.

On the other hand, it has been reported that inhibition of Aβ degradation, leading to
a small increase in endogenous Aβ levels, enhances spontaneous excitatory post-synaptic
currents by increasing synaptic vesicles release probability, thus suggesting that Aβ can
play a role as a positive regulator at the presynaptic level [158]. This presynaptic facilita-
tion was lower for those neurons with higher firing rates. This implies that Aβ-mediated
presynaptic facilitation occurs in neurons with low activity. Indeed, in agreement with
this view, picomolar Aβ positively modulates synaptic plasticity in the hippocampus by a
presynaptic α7-nAChR-dependent mechanism [157], while higher concentrations (in the
nanomolar range) cause synaptic depression. The mechanism underlying this positive
modulatory role of Aβ in neurotransmission is probably a positive feedback loop in which
the increased [Ca2+]i downstream from the direct activation of presynaptic α7-nAChR by
Aβ [160] promotes Aβ secretion, as proven by the demonstration that inhibition or removal
of α7-nAChR reduced Aβ secretion, thus blocking Aβ-induced synaptic facilitation [156].
Overall, this evidence indicates that an optimal concentration of extracellular Aβ is fun-
damental for Aβ-induced presynaptic facilitation, with higher or lower concentrations
impairing synaptic transmission [158]. This phenomenon has been clearly represented
by a bell-shaped relationship between extracellular concentrations of Aβ and synaptic
transmission, with intermediate and low levels respectively potentiating or impairing
presynaptic transmission and high levels depressing postsynaptic transmission [16].

Excitatory synaptic transmission is tightly modulated by the number of active NM-
DARs and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs)
at the synapse. These glutamate-gated ion channels are essential mediators of synaptic
plasticity, being able to convert specific networks of neuronal activity into the long-term
changes in synapse structure and activity that underlie high cognitive functions [161].
Functional NMDARs are tetrameric complexes of several homologous subunits (GluN1,
GluN2A–GluN2D, GluN3A, and GluN3B) that assemble with a plastic stoichiometry, re-
sulting in a large number of receptor subtypes with distinct biophysical, pharmacological,
and signaling properties [161]. NMDAR activation plays a central role in the outcome of
synaptic plasticity processes, being able to trigger either LTP or LTD, depending on the
extent of the resultant increase in [Ca2+]i at the post-synaptic level and the downstream
activation of specific intracellular signaling cascades [162]. Indeed, high calcium levels
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are necessary for LTP induction, which also promotes the recruitment of AMPARs and
the growth of dendritic spines. Conversely, low calcium rise induces LTD, together with
extra-synaptic NMDAR activation, receptor internalization at the synapses, spine shrink-
age, and synaptic loss [162]. Elevated levels of Aβ, in the pathological range, have been
reported to impair LTP and enhance LTD, inducing synaptic loss [11] by mechanisms
involving either glutamate receptor trafficking [57,61,163] or the activation of NMDAR
downstream signaling cascade involved in LTD induction [159]. Moreover, elevated levels
of Aβ have been demonstrated the ability to block neuronal glutamate uptake in the synap-
tic cleft [57], with a consequent desensitization of activated NMDAR, glutamate spillover,
and activation of extra-synaptic GluN2B-enriched NMDARs and mGluRs, resulting in LTD
induction [164,165]. In this view, the facilitation of LTD and inhibition of LTP by Aβ may
arise from an initial enhanced activity of synaptic NMDAR followed by desensitization,
internalization, and activation of GluN2B-enriched extra-synaptic glutamate receptors.
The NMDARs subunit composition is involved in the fine control of the post-synaptic
dynamics of Ca2+ and, consequently, in the regulation of the direction of synaptic plasticity,
since Ca2+ influx through NMDARs is critical for the induction of NMDAR-dependent LTP
and LTD [120,166]. Indeed, GluN2B-containing NMDARs bind with Ca2+/calmodulin-
dependent protein kinase II (CaMKII) with a higher affinity with respect to those containing
GluN2A subunits [167]. Due to its ability to bind to different NMDAR subunits with dif-
ferent affinity, CaMKII constitutes a key mediator in the control of Hebbian synaptic
plasticity [167], which functions as a positive feedback mechanism that progressively mod-
ifies network properties and eventually leads to unstable excitation [168]. In physiological
conditions, HSP is able to counteract the destabilizing effects of Hebbian plasticity by a
negative feedback control mechanism that allows a compensatory refinement of synaptic
strength, thus maintaining the stability of network activity [169–172]. Thus, an impairment
of HSP, and in particular of metaplasticity (a form of HSP that controls the induction
threshold of LTP and LTD) can cause aberrant Hebbian plasticity, leading to pathological
synaptic potentiation or depression [173]. Interestingly, Aβ-induced aberrant hyperex-
citability has been reported in cortical and hippocampal neuronal networks of patients and
mouse models of AD [16,18,20,141,174,175]. On the other hand, epileptiform activity in
the hippocampus has been demonstrated to enhance the levels of Aβ [154,155,176], thus
generating a positive feedback loop between hyperexcitability and Aβ production, finally
favoring LTP inhibition and LTD induction. In this respect, another crucial mechanism
for many forms of synaptic plasticity and remodeling is the activity-dependent AMPAR
trafficking [120,177]. AMPARs are tetrameric assemblies of dimers of four different sub-
units (GluAR1–GluR4). The presence of GluR2 subunit confers Ca2+ impermeability and
influences channel kinetics and conductance as well as AMPAR assembly and trafficking
at synapses [161]. AMPARs mediate the majority of fast excitatory synaptic transmission
by ensuring rapid responses to synaptic released glutamate. Depending on the frequency
of the synaptic activity, AMPARs are either inserted or removed from synapses, result-
ing in the potentiation or depression of synaptic transmission, respectively [120]. One
of the most well-studied pathophysiological phenomena that involves AMPARs is their
oligomer-induced internalization [163], for which different molecular mechanisms have
been hypothesized [178]. For instance, AMPAR’s GluR3 subunit was found to be involved
in receptor internalization in the early phases of AD, leading to the onset of memory deficits
in a mouse model of disease [179]. Furthermore, GluR1 ubiquitination may also lead to
receptor internalization following exposure to Aβ peptides [180]. On the other hand, the
insertion in membranes of AMPARs can be induced by CaMKII, which can be inhibited by
Aβ accumulation, leading to a disturbed synaptic trafficking [181].

Since alteration in the number of AMPARs localized at synapses underlies changes in
the strength of synaptic transmission [177], the insertion and removal of synaptic AMPARs
is a process finely regulated by the phosphorylation of AMPARs GluR1 at Ser-845 and
Ser-831 [182–184]. In particular, the Ser-845 phosphorylation of GluR1 subunits mediates
the insertion of Ca2+-permeable (GluR1-containing) AMPARs at synapses during inactivity-
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induced synaptic scaling in cultured dissociated cortical neurons [185] as well as in vivo
in the visual cortex [186–189] and in spinal cord [190,191]. These studies also indicate
that the expression of HSP under chronic suppression of neuronal activity occurs through
an increased insertion of AMPARs at synapses, culminating in an upscaling of AMPAR-
mediated miniature post-synaptic currents. It has been reported that local injection of
Aβ in vivo, in the visual cortex, results in an up-regulation of AMPAR-mediated synaptic
currents and in an aberrant cell-surface expression of calcium-permeable AMPARs, which
are required for the initiation of homeostatic plasticity but not for its maintenance [15].
Thus, this enhanced and prolonged expression of Ca2+-permeable AMPARs appears to be
the cause of an aberrant over-scaling of synaptic strength. Therefore, the presence of Aβ

can trigger a saturation of neuronal synaptic response with a consequent destabilization
of neural network and impairment of information processing, finally leading to cognitive
deficits. Moreover, Aβ-induced synaptic over-scaling can likely increase the overall ex-
citability of the local neural network that can constitute the substrate for the epileptiform
activity associated with the early phases of AD progression [21,22]. The exposure of rodent
hippocampal neurons and slides to Aβ oligomers, as well as intracisternal injection of
Aβ, is able to elicit pro-epileptogenic changes and to facilitate seizure and synaptic cou-
pling [192–194], while in the Tg2576 mouse model, which is characterized by a progressive
increase in Aβ production and deposition, Aβ oligomers have been demonstrated to af-
fect intrinsic and extrinsic neuronal properties impairing dentate gyrus transmission and
lowering the hippocampal seizure threshold [62,195,196]. The enhanced epileptic activity
observed in the DG of both this mouse model and of oligomer-treated slices appeared to be
related with a dysfunction in D1-dopamine(DA) receptor transmission [62]. Indeed, the
surface expression of D1 receptors was increased in both experimental models, although
with different mechanisms, and the epileptic-like activity was facilitated by receptor stimu-
lation and blocked by D1 receptor antagonists [62], suggesting a DA-mediated epileptic
susceptibility in both experimental paradigms.

Aβ oligomers have been reported to be synaptotoxic [158,197,198] and to induce
epileptic discharges before plaque deposition [62,199]. In fact, hippocampal neuron hy-
peractivity and spontaneous firing have been demonstrated during early stages of Aβ

pathology in transgenic mice overexpressing mutant APP [19,141]. Morphological and
functional alterations similar to those elicited by excitotoxic stimuli have been reported in
three different models of APP transgenic mouse [17,200]. These alterations were associated
with cortical and hippocampal non-convulsive seizures, thus indicating a possible causal
link between Aβ accumulation and epileptogenesis. Taken together, all this evidence sug-
gests that Aβ might initially induce a hyperactive neural phenotype, which over time will
involve an increasing number of neurons, driving excitatory/inhibitory imbalance, synap-
tic impairment and epileptogenesis. In turn, all these processes increase Aβ deposition and
facilitate neurodegeneration, resulting in an Aβ-driven vicious loop (Figure 1). Another
possibility is that Aβ oligomers alter network functionality and plasticity by non-neuronal
mechanisms. A relevant factor in enhancing neuronal excitability is represented by in-
flammation, which is a common feature of both AD and epilepsy [201]. In a recent report,
Dejakaisaya and co-authors [202] hypothesized that the disruption of brain glutamate
homeostasis, in which astrocytes play a key role, could constitute the link between AD
and epilepsy. These authors speculate that the impairment in glutamate uptake is an early
event occurring before plaque deposition and due to astrogliosis, which in turn enhances
the susceptibility to epileptogenesis through the accumulation of extracellular glutamate
and consequent excitotoxicity.
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Figure 1. Aβ oligomers take part in a feedback loop influencing neuronal excitability, synaptic rearrangement, and neuronal
death. Aβ oligomers-induced damages provoke the impairment of cellular homeostasis (bottom panel). The spreading of
Aβ oligomers induces neural alterations, causing the emergence of aberrant hyperexcitability (left panel), subsequent cell
death (right panel), physiological connection loss, synaptic rearrangement, and the formation of new non-physiological
communication pathways (central panel) at the network level. Aβ-induced synaptic over-scaling can likely increase the
overall excitability of local neural networks.

5. Oligomers and Alteration of Excitatory/Inhibitory (E/I) Neurotransmission

The impairment of brain function in AD both in patients and animal models of the
disease can be related to a plethora of pathophysiological mechanisms. However, it is
necessary to increase our knowledge on the unbalance between excitatory and inhibitory
neurotransmission. In this regard, the Aβ oligomers may play an important role [193,203].
Indeed, E/I unbalance may be caused by the effect of Aβ oligomers on different neurotrans-
mitter receptors. Substantial evidence supports the role of oligomers in the impairment of
NMDA- and AMPA-mediated neurotransmission, which leads to an alteration of LTP and
LTD, as reported above [9,61,204,205]. On the other hand, even if the GABAergic system has
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long been considered as relatively conserved in AD and hence spared by the Aβ-induced
neurodegeneration [206], recent evidence points out that also inhibitory neurotransmission
might play its role in this phenomenon. Gamma-Aminobutyric acid (GABA) is the main
inhibitory neurotransmitter in CNS, binding to several subtypes of receptors: GABAA
receptors (GABAARs), GABAB receptors (GABABRs), and GABAC receptors (GABACRs).
Between them, GABAARs possess a prominent role in neurotransmission. Indeed, these
ionotropic pentameric receptors are responsible for both phasic (mainly α1β2γ2 recep-
tors, the most common isoform according to the literature) and tonic inhibition (α4-α6-
and δ-containing GABAAR) [207] and thus represent relevant pharmacological targets for
neurological diseases.

Several authors reported that Aβ oligomers may influence GABAARs trafficking and
function [208,209]. Notably, it has been shown that Aβ1-42 can induce a downregulation
of GABAARs in the rat somatosensory cortex [208] and Aβ40 can modulate the expression
of the α6 GABAARs subunit [209]. On the other hand, the GABAergic tone can influence
the detrimental effect of Aβ, since it has been shown that increasing GABAergic tone
can prevent the Aβ-induced impairment of hippocampal LTP [193]. The interpretation of
the literature is not straightforward, and sometimes, divergent results are reported but,
nonetheless, a rather interesting study on mice hippocampal slices exposed to disease-
relevant forms of Aβ, isolated from the AD brain, revealed that the net effect of Aβ toxicity
may be an increase in excitability, coupled with a decrease of the efficiency of inhibitory
transmission [210,211].

At a higher level of complexity in brain “micro-circuitry”, E/I unbalance may be
determined by a dysfunction of GABAergic interneurons, since their activity may be
affected by amyloid deposition mainly in the brain networks with high metabolic rates [212].
In addition, the diminished efficiency of these cells caused by oligomers accumulation
may explain a disinhibition of glutamatergic neurons, resulting in an increased excitatory
tone [211,213].

Therefore, it is not surprising that the brain hyperexcitability has been linked to the
preclinical stages of AD, while it is replaced in the later stages of the pathology by a condi-
tion of hypoexcitability [144]. This has been confirmed by means of fMRI study of mild
cognitive impairment patients, who showed a greater hippocampal activation than the
controls, while the presumed AD patients showed a hippocampal and entorhinal hypoac-
tivation and atrophy [214]. Interestingly, the earliness of this “state of hyperexcitability”
may make it a suitable target for therapeutic intervention. To strengthen this notion, it has
been demonstrated that treatment with the antiseizure medication levetiracetam is able to
reduce cognitive impairment in mild AD individuals [215,216].

Another intriguing element for debate is the relationship between seizure-like activity
and oligomers-induced neurodegeneration. It is now well documented that seizures in AD
appear, depending on the different reports, from 10% to 64% of the cases [144,217]. It is also
likely that in most cases, seizure-like activity in AD may be overseen, due to its subclinical
nature [218]. Estimates and epidemiological data aside, which is the exact pathophysiology
of these phenomena? A hint on the answer to this question may come from the obser-
vations that epileptiform activity precedes by many years the manifestation of cognitive
impairment, and that AD cases that undergo cognitive decline more rapidly are often also
affected by epileptic seizures [219]. Notably, seizures may not only be seen as a consequence
of neurodegeneration induced by oligomers accumulation, but epileptic discharges may
serve themselves as a facilitating factor for amyloid deposition, since amyloid burden was
found to be significantly increased in a population of adult patients with childhood-onset
epilepsy [220]. On the other side of the E/I scale, glutamate receptors’ dysfunctions have
been associated with oligomer-induced alterations of neurotransmission [178,221]. The
modulation of NMDAR by memantine has been reported to restore LTP in the DG of
mice expressing the Swedish-Indiana APP mutation [222], and this effect was due to a
normalization of the NMDA to AMPA ratio. The therapeutic effects of memantine, which
is currently approved for the treatment of AD and other dementias, are mainly associated
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to its neuroprotective effects against excitotoxicity arising from NMDAR overactivity in
pathological conditions [223]. However, the lack of beneficial effects in the early stage of
AD led to the hypothesis that its action is not achieved only through neuroprotection but is
rather the result of a correction of the E/I unbalance [224].

6. Conclusions

These data may suggest that oligomer-induced neurotoxicity undermines a correct
balance between excitation and inhibition because it greatly enhances a form of “patho-
logic” and exaggerated excitatory neurotransmission [225] while impairing the functional
dialogue between AMPA and NMDARs, leading to synapses maintenance and potentia-
tion [221]. Additionally, oligomers may decrease the efficacy of inhibitory neurotransmis-
sion, thus worsening the E/I imbalance [193,206,208,209]. Even though the exact chain of
events and cellular mechanisms leading to this scenario is not yet completely clear, some
findings linking the restoration of the inhibitory function to the prevention of cognitive
deficits in animal models of disease [226,227] clearly suggest that E/I disruption may be
both a key pathophysiological mechanism and an innovative therapeutic target.

Author Contributions: Conceptualization, M.S., E.P. and C.C.; investigation M.S., A.M., G.B., G.R.,
E.P. and C.C.; writing—original draft preparation, M.S., A.M., G.B., G.R., E.P. and C.C.; writing—
review and editing, M.S., A.M., G.B., G.R., M.R., E.P. and C.C.; supervision, E.P. and C.C.; All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: G.B. was supported by the JPND bPRIDE (blood Proteins for early Discrimi-
nation of dEmentias) project. The project leading this result has received funding under the call
JPco-fuND-2: “Multinational research projects on Personalised Medicine for Neurodegenerative
Diseases” (CUP number J99C18000210005). G.R. was supported by BE-FOR-ERC program (Sapienza
University) and Italian Ministry of Health “Ricerca corrente”.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Glenner, G.G.; Wong, C.W. Alzheimer’s Disease: Initial Report of the Purification and Characterization of a Novel Cerebrovascular

Amyloid Protein. Biochem. Biophys. Res. Commun. 1984, 120, 885–890. [CrossRef]
2. Hardy, J. The Amyloid Hypothesis of Alzheimer’s Disease: Progress and Problems on the Road to Therapeutics. Science 2002, 297,

353–356. [CrossRef] [PubMed]
3. Hardy, J.; Higgins, G. Alzheimer’s Disease: The Amyloid Cascade Hypothesis. Science 1992, 256, 184–185. [CrossRef]
4. Terry, R.D.; Masliah, E.; Salmon, D.P.; Butters, N.; DeTeresa, R.; Hill, R.; Hansen, L.A.; Katzman, R. Physical Basis of Cognitive

Alterations in Alzheimer’s Disease: Synapse Loss Is the Major Correlate of Cognitive Impairment. Ann. Neurol. 1991, 30, 572–580.
[CrossRef]

5. Haass, C.; Selkoe, D.J. Soluble Protein Oligomers in Neurodegeneration: Lessons from the Alzheimer’s Amyloid β-Peptide. Nat.
Rev. Mol. Cell Biol. 2007, 8, 101–112. [CrossRef]

6. Ferreira, S.T.; Vieira, M.N.N.; De Felice, F.G. Soluble Protein Oligomers as Emerging Toxins in Alzheimer’s and Other Amyloid
Diseases. TBMB 2007, 59, 332–345. [CrossRef] [PubMed]

7. Koffie, R.M.; Meyer-Luehmann, M.; Hashimoto, T.; Adams, K.W.; Mielke, M.L.; Garcia-Alloza, M.; Micheva, K.D.; Smith, S.J.;
Kim, M.L.; Lee, V.M.; et al. Oligomeric Amyloid Associates with Postsynaptic Densities and Correlates with Excitatory Synapse
Loss near Senile Plaques. Proc. Natl. Acad. Sci. USA 2009, 106, 4012–4017. [CrossRef]

8. Knowles, R.B.; Wyart, C.; Buldyrev, S.V.; Cruz, L.; Urbanc, B.; Hasselmo, M.E.; Stanley, H.E.; Hyman, B.T. Plaque-Induced Neurite
Abnormalities: Implications for Disruption of Neural Networks in Alzheimer’s Disease. Proc. Natl. Acad. Sci. USA 1999, 96,
5274–5279. [CrossRef]

9. Shankar, G.M.; Li, S.; Mehta, T.H.; Garcia-Munoz, A.; Shepardson, N.E.; Smith, I.; Brett, F.M.; Farrell, M.A.; Rowan, M.J.; Lemere,
C.A.; et al. Amyloid-Beta Protein Dimers Isolated Directly from Alzheimer’s Brains Impair Synaptic Plasticity and Memory. Nat.
Med. 2008, 14, 837–842. [CrossRef] [PubMed]

10. Lesne, S.; Koh, M.T.; Kotilinek, L.; Kayed, R.; Glabe, C.G.; Yang, A.; Gallagher, M.; Ashe, K.H. A Specific Amyloid-b Protein
Assembly in the Brain Impairs Memory. Nature 2006, 440, 6. [CrossRef] [PubMed]

http://doi.org/10.1016/S0006-291X(84)80190-4
http://doi.org/10.1126/science.1072994
http://www.ncbi.nlm.nih.gov/pubmed/12130773
http://doi.org/10.1126/science.1566067
http://doi.org/10.1002/ana.410300410
http://doi.org/10.1038/nrm2101
http://doi.org/10.1080/15216540701283882
http://www.ncbi.nlm.nih.gov/pubmed/17505973
http://doi.org/10.1073/pnas.0811698106
http://doi.org/10.1073/pnas.96.9.5274
http://doi.org/10.1038/nm1782
http://www.ncbi.nlm.nih.gov/pubmed/18568035
http://doi.org/10.1038/nature04533
http://www.ncbi.nlm.nih.gov/pubmed/16541076


Int. J. Mol. Sci. 2021, 22, 5991 13 of 21

11. Walsh, D.M.; Klyubin, I.; Fadeeva, J.V.; Cullen, W.K.; Anwyl, R.; Wolfe, M.S.; Rowan, M.J.; Selkoe, D.J. Naturally Secreted
Oligomers of Amyloid β Protein Potently Inhibit Hippocampal Long-Term Potentiation in Vivo. Nature 2002, 416, 535–539.
[CrossRef]

12. Wang, H.-W.; Pasternak, J.F.; Kuo, H.; Ristic, H.; Lambert, M.P.; Chromy, B.; Viola, K.L.; Klein, W.L.; Stine, W.B.; Krafft, G.A.; et al.
Soluble Oligomers of b Amyloid (1-42) Inhibit Long-Term Potentiation but Not Long-Term Depression in Rat Dentate Gyrus.
Brain Res. 2002, 924, 133–140. [CrossRef]

13. Chin, J. Fyn Kinase Induces Synaptic and Cognitive Impairments in a Transgenic Mouse Model of Alzheimer’s Disease. J.
Neurosci. 2005, 25, 9694–9703. [CrossRef] [PubMed]

14. Palop, J.J.; Jones, B.; Kekonius, L.; Chin, J.; Yu, G.-Q.; Raber, J.; Masliah, E.; Mucke, L. Neuronal Depletion of Calcium-Dependent
Proteins in the Dentate Gyrus Is Tightly Linked to Alzheimer’s Disease-Related Cognitive Deficits. Proc. Natl. Acad. Sci. USA
2003, 100, 9572–9577. [CrossRef]

15. Gilbert, J.; Shu, S.; Yang, X.; Lu, Y.; Zhu, L.-Q.; Man, H.-Y. β-Amyloid Triggers Aberrant over-Scaling of Homeostatic Synaptic
Plasticity. Acta Neuropathol. Commun. 2016, 4, 131. [CrossRef]

16. Palop, J.J.; Mucke, L. Amyloid-β–Induced Neuronal Dysfunction in Alzheimer’s Disease: From Synapses toward Neural
Networks. Nat. Neurosci. 2010, 13, 812–818. [CrossRef]

17. Palop, J.J.; Chin, J.; Roberson, E.D.; Wang, J.; Thwin, M.T.; Bien-Ly, N.; Yoo, J.; Ho, K.O.; Yu, G.-Q.; Kreitzer, A.; et al. Aberrant
Excitatory Neuronal Activity and Compensatory Remodeling of Inhibitory Hippocampal Circuits in Mouse Models of Alzheimer’s
Disease. Neuron 2007, 55, 697–711. [CrossRef] [PubMed]

18. Palop, J.J.; Mucke, L. Synaptic Depression and Aberrant Excitatory Network Activity in Alzheimer’s Disease: Two Faces of the
Same Coin? Neuromol. Med. 2010, 12, 48–55. [CrossRef]

19. Minkeviciene, R.; Rheims, S.; Dobszay, M.B.; Zilberter, M.; Hartikainen, J.; Fülöp, L.; Penke, B.; Zilberter, Y.; Harkany, T.; Pitkänen,
A.; et al. Amyloid Beta-Induced Neuronal Hyperexcitability Triggers Progressive Epilepsy. J. Neurosci. 2009, 29, 3453–3462.
[CrossRef]

20. Imfeld, P.; Bodmer, M.; Schuerch, M.; Jick, S.S.; Meier, C.R. Seizures in Patients with Alzheimer’s Disease or Vascular Dementia: A
Population-Based Nested Case-Control Analysis: Seizures in Alzheimer’s and Vascular Dementia. Epilepsia 2013, 54, 700–707.
[CrossRef]

21. Amatniek, J.C.; Hauser, W.A.; DelCastillo-Castaneda, C.; Jacobs, D.M.; Marder, K.; Bell, K.; Albert, M.; Brandt, J.; Stern, Y.
Incidence and Predictors of Seizures in Patients with Alzheimer’s Disease. Epilepsia 2006, 47, 867–872. [CrossRef]

22. Irizarry, M.C. Incidence of New-Onset Seizures in Mild to Moderate Alzheimer Disease. Arch. Neurol. 2012, 69, 368. [CrossRef]
[PubMed]

23. Palop, J.J.; Mucke, L. Epilepsy and Cognitive Impairments in Alzheimer Disease. Arch. Neurol. 2009, 66, 435–440. [CrossRef]
[PubMed]

24. Larner, A.J. Epileptic Seizures in AD Patients. Neuromol. Med. 2010, 7, 71–77. [CrossRef] [PubMed]
25. Bellomo, G.; Bologna, S.; Gonnelli, L.; Ravera, E.; Fragai, M.; Lelli, M.; Luchinat, C. Aggregation Kinetics of the Aβ1-40 Peptide

Monitored by NMR. Chem. Commun. 2018, 54, 7601–7604. [CrossRef] [PubMed]
26. Nerelius, C.; Sandegren, A.; Sargsyan, H.; Raunak, R.; Leijonmarck, H.; Chatterjee, U.; Fisahn, A.; Imarisio, S.; Lomas, D.A.;

Crowther, D.C.; et al. α-Helix Targeting Reduces Amyloid-β Peptide Toxicity. Proc. Natl. Acad. Sci. USA 2009, 106, 9191–9196.
[CrossRef]

27. Shea, D.; Hsu, C.-C.; Bi, T.M.; Paranjapye, N.; Childers, M.C.; Cochran, J.; Tomberlin, C.P.; Wang, L.; Paris, D.; Zonderman, J.; et al.
α-Sheet Secondary Structure in Amyloid β-Peptide Drives Aggregation and Toxicity in Alzheimer’s Disease. Proc. Natl. Acad. Sci.
USA 2019, 116, 8895–8900. [CrossRef] [PubMed]

28. Boopathi, S.; Kolandaivel, P. Study on the Inter- and Intra-Peptide Salt-Bridge Mechanism of Aβ23–28 Oligomer Interaction with
Small Molecules: QM/MM Method. Mol. Biosyst. 2015, 11, 2031–2041. [CrossRef]

29. Economou, N.J.; Giammona, M.J.; Do, T.D.; Zheng, X.; Teplow, D.B.; Buratto, S.K.; Bowers, M.T. Amyloid β-Protein Assembly
and Alzheimer’s Disease: Dodecamers of Aβ42, but Not of Aβ40, Seed Fibril Formation. J. Am. Chem. Soc. 2016, 138, 1772–1775.
[CrossRef]

30. Caughey, B.; Lansbury, P.T. Protofibrils, pores, fibrils, and neurodegeneration: Separating the Responsible Protein Aggregates
from The Innocent Bystanders. Ann. Rev. Neurosci. 2003, 37, 267–298. [CrossRef]

31. Glabe, C.G. Structural Classification of Toxic Amyloid Oligomers. J. Biol. Chem. 2008, 283, 5. [CrossRef]
32. Roychaudhuri, R.; Yang, M.; Hoshi, M.M.; Teplow, D.B. Amyloid β-Protein Assembly and Alzheimer Disease. J. Biol. Chem. 2009,

284, 4749–4753. [CrossRef] [PubMed]
33. Huang, T.H.; Yang, D.S.; Plaskos, N.P.; Go, S.; Yip, C.M.; Fraser, P.E.; Chakrabartty, A. Structural Studies of Soluble Oligomers of

the Alzheimer Beta-Amyloid Peptide. J. Mol. Biol. 2000, 297, 73–87. [CrossRef] [PubMed]
34. Ono, K.; Condron, M.M.; Teplow, D.B. Structure-Neurotoxicity Relationships of Amyloid Beta-Protein Oligomers. Proc. Natl.

Acad. Sci. USA 2009, 106, 14745–14750. [CrossRef]
35. Janson, J.; Ashley, R.H.; Harrison, D.; McIntyre, S.; Butler, P.C. The Mechanism of Islet Amyloid Polypeptide Toxicity Is Membrane

Disruption by Intermediate-Sized Toxic Amyloid Particles. Diabetes 1999, 48, 491–498. [CrossRef]
36. Conway, K.A.; Harper, J.D.; Lansbury, P.T. Fibrils Formed in Vitro from Alpha-Synuclein and Two Mutant Forms Linked to

Parkinson’s Disease Are Typical Amyloid. Biochemistry 2000, 39, 2552–2563. [CrossRef]

http://doi.org/10.1038/416535a
http://doi.org/10.1016/S0006-8993(01)03058-X
http://doi.org/10.1523/JNEUROSCI.2980-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/16237174
http://doi.org/10.1073/pnas.1133381100
http://doi.org/10.1186/s40478-016-0398-0
http://doi.org/10.1038/nn.2583
http://doi.org/10.1016/j.neuron.2007.07.025
http://www.ncbi.nlm.nih.gov/pubmed/17785178
http://doi.org/10.1007/s12017-009-8097-7
http://doi.org/10.1523/JNEUROSCI.5215-08.2009
http://doi.org/10.1111/epi.12045
http://doi.org/10.1111/j.1528-1167.2006.00554.x
http://doi.org/10.1001/archneurol.2011.830
http://www.ncbi.nlm.nih.gov/pubmed/22410444
http://doi.org/10.1001/archneurol.2009.15
http://www.ncbi.nlm.nih.gov/pubmed/19204149
http://doi.org/10.1007/s12017-009-8076-z
http://www.ncbi.nlm.nih.gov/pubmed/19557550
http://doi.org/10.1039/C8CC01710G
http://www.ncbi.nlm.nih.gov/pubmed/29767190
http://doi.org/10.1073/pnas.0810364106
http://doi.org/10.1073/pnas.1820585116
http://www.ncbi.nlm.nih.gov/pubmed/31004062
http://doi.org/10.1039/C5MB00066A
http://doi.org/10.1021/jacs.5b11913
http://doi.org/10.1146/annurev.neuro.26.010302.081142
http://doi.org/10.1074/jbc.R800016200
http://doi.org/10.1074/jbc.R800036200
http://www.ncbi.nlm.nih.gov/pubmed/18845536
http://doi.org/10.1006/jmbi.2000.3559
http://www.ncbi.nlm.nih.gov/pubmed/10704308
http://doi.org/10.1073/pnas.0905127106
http://doi.org/10.2337/diabetes.48.3.491
http://doi.org/10.1021/bi991447r


Int. J. Mol. Sci. 2021, 22, 5991 14 of 21

37. Lashuel, H.A.; Hartley, D.; Petre, B.M.; Walz, T.; Lansbury, P.T. Neurodegenerative Disease: Amyloid Pores from Pathogenic
Mutations. Nature 2002, 418, 291. [CrossRef]

38. Shafrir, Y.; Durell, S.R.; Anishkin, A.; Guy, H.R. Beta-Barrel Models of Soluble Amyloid Beta Oligomers and Annular Protofibrils.
Proteins 2010, 78, 3458–3472. [CrossRef]

39. Butterfield, S.M.; Lashuel, H.A. Amyloidogenic Protein-Membrane Interactions: Mechanistic Insight from Model Systems. Angew
Chem. Int. Ed. Engl. 2010, 49, 5628–5654. [CrossRef] [PubMed]

40. Gaspar, R.C.; Villarreal, S.A.; Bowles, N.; Hepler, R.W.; Joyce, J.G.; Shughrue, P.J. Oligomers of Beta-Amyloid Are Sequestered
into and Seed New Plaques in the Brains of an AD Mouse Model. Exp. Neurol. 2010, 223, 394–400. [CrossRef] [PubMed]

41. Takahashi, R.H.; Almeida, C.G.; Kearney, P.F.; Yu, F.; Lin, M.T.; Milner, T.A.; Gouras, G.K. Oligomerization of Alzheimer’s
Beta-Amyloid within Processes and Synapses of Cultured Neurons and Brain. J. Neurosci. 2004, 24, 3592–3599. [CrossRef]
[PubMed]

42. Kawahara, M.; Kuroda, Y.; Arispe, N.; Rojas, E. Alzheimer’s Beta-Amyloid, Human Islet Amylin, and Prion Protein Fragment
Evoke Intracellular Free Calcium Elevations by a Common Mechanism in a Hypothalamic GnRH Neuronal Cell Line. J. Biol.
Chem. 2000, 275, 14077–14083. [CrossRef] [PubMed]

43. Bhatia, R.; Lin, H.; Lal, R. Fresh and Globular Amyloid Beta Protein (1-42) Induces Rapid Cellular Degeneration: Evidence for
AbetaP Channel-Mediated Cellular Toxicity. FASEB J. 2000, 14, 1233–1243. [CrossRef]

44. Arispe, N.; Pollard, H.B.; Rojas, E. Giant Multilevel Cation Channels Formed by Alzheimer Disease Amyloid Beta-Protein [A Beta
P-(1-40)] in Bilayer Membranes. Proc. Natl. Acad. Sci. USA 1993, 90, 10573–10577. [CrossRef] [PubMed]

45. Arispe, N.; Rojas, E.; Pollard, H.B. Alzheimer Disease Amyloid Beta Protein Forms Calcium Channels in Bilayer Membranes:
Blockade by Tromethamine and Aluminum. Proc. Natl. Acad. Sci. USA 1993, 90, 567–571. [CrossRef]

46. Parodi, J.; Sepúlveda, F.J.; Roa, J.; Opazo, C.; Inestrosa, N.C.; Aguayo, L.G. Beta-Amyloid Causes Depletion of Synaptic Vesicles
Leading to Neurotransmission Failure. J. Biol. Chem. 2010, 285, 2506–2514. [CrossRef] [PubMed]

47. Magdesian, M.H.; Carvalho, M.M.V.F.; Mendes, F.A.; Saraiva, L.M.; Juliano, M.A.; Juliano, L.; Garcia-Abreu, J.; Ferreira, S.T.
Amyloid-Beta Binds to the Extracellular Cysteine-Rich Domain of Frizzled and Inhibits Wnt/Beta-Catenin Signaling. J. Biol.
Chem. 2008, 283, 9359–9368. [CrossRef] [PubMed]

48. Caspersen, C.; Wang, N.; Yao, J.; Sosunov, A.; Chen, X.; Lustbader, J.W.; Xu, H.W.; Stern, D.; McKhann, G.; Yan, S.D. Mitochondrial
Abeta: A Potential Focal Point for Neuronal Metabolic Dysfunction in Alzheimer’s Disease. FASEB J. 2005, 19, 2040–2041.
[CrossRef] [PubMed]

49. Rhee, S.K.; Quist, A.P.; Lal, R. Amyloid β Protein-(1-42) Forms Calcium-Permeable, Zn2+-Sensitive Channel. J. Biol. Chem. 1998,
273, 13379–13382. [CrossRef]

50. Demuro, A.; Smith, M.; Parker, I. Single-Channel Ca2+ Imaging Implicates Aβ1-42 Amyloid Pores in Alzheimer’s Disease
Pathology. J. Cell Biol. 2011, 195, 515–524. [CrossRef]

51. Demuro, A.; Mina, E.; Kayed, R.; Milton, S.C.; Parker, I.; Glabe, C.G. Calcium Dysregulation and Membrane Disruption as a
Ubiquitous Neurotoxic Mechanism of Soluble Amyloid Oligomers. J. Biol. Chem. 2005, 280, 17294–17300. [CrossRef] [PubMed]

52. Ramser, E.M.; Gan, K.J.; Decker, H.; Fan, E.Y.; Suzuki, M.M.; Ferreira, S.T.; Silverman, M.A. Amyloid-β Oligomers Induce
Tau-Independent Disruption of BDNF Axonal Transport via Calcineurin Activation in Cultured Hippocampal Neurons. MBoC
2013, 24, 2494–2505. [CrossRef] [PubMed]

53. Bode, D.C.; Baker, M.D.; Viles, J.H. Ion Channel Formation by Amyloid-B42 Oligomers but Not Amyloid-B40 in Cellular
Membranes. J. Biol. Chem. 2017, 292, 1404–1413. [CrossRef] [PubMed]

54. Calvo-Rodriguez, M.; Hernando-Perez, E.; Nuñez, L.; Villalobos, C. Amyloid β Oligomers Increase ER-Mitochondria Ca2+ Cross
Talk in Young Hippocampal Neurons and Exacerbate Aging-Induced Intracellular Ca2+ Remodeling. Front. Cell Neurosci. 2019,
13, 22. [CrossRef]

55. Zhao, W.-Q.; De Felice, F.G.; Fernandez, S.; Chen, H.; Lambert, M.P.; Quon, M.J.; Krafft, G.A.; Klein, W.L. Amyloid Beta Oligomers
Induce Impairment of Neuronal Insulin Receptors. FASEB J. 2008, 22, 246–260. [CrossRef]

56. Renner, M.; Lacor, P.N.; Velasco, P.T.; Xu, J.; Contractor, A.; Klein, W.L.; Triller, A. Deleterious Effects of Amyloid Beta Oligomers
Acting as an Extracellular Scaffold for MGluR5. Neuron 2010, 66, 739–754. [CrossRef] [PubMed]

57. Li, S.; Hong, S.; Shepardson, N.E.; Walsh, D.M.; Shankar, G.M.; Selkoe, D. Soluble Oligomers of Amyloid β Protein Facilitate
Hippocampal Long-Term Depression by Disrupting Neuronal Glutamate Uptake. Neuron 2009, 62, 788–801. [CrossRef]

58. De Felice, F.G.; Velasco, P.T.; Lambert, M.P.; Viola, K.; Fernandez, S.J.; Ferreira, S.T.; Klein, W.L. Abeta Oligomers Induce Neuronal
Oxidative Stress through an N-Methyl-D-Aspartate Receptor-Dependent Mechanism That Is Blocked by the Alzheimer Drug
Memantine. J. Biol. Chem. 2007, 282, 11590–11601. [CrossRef]

59. Chromy, B.A.; Nowak, R.J.; Lambert, M.P.; Viola, K.L.; Chang, L.; Velasco, P.T.; Jones, B.W.; Fernandez, S.J.; Lacor, P.N.; Horowitz,
P.; et al. Self-Assembly of Abeta(1-42) into Globular Neurotoxins. Biochemistry 2003, 42, 12749–12760. [CrossRef]

60. Sun, J.L.; Stokoe, S.A.; Roberts, J.P.; Sathler, M.F.; Nip, K.A.; Shou, J.; Ko, K.; Tsunoda, S.; Kim, S. Co-Activation of Selective
Nicotinic Acetylcholine Receptors Is Required to Reverse Beta Amyloid-Induced Ca2+ Hyperexcitation. Neurobiol. Aging 2019, 84,
166–177. [CrossRef]

61. Snyder, E.M.; Nong, Y.; Almeida, C.G.; Paul, S.; Moran, T.; Choi, E.Y.; Nairn, A.C.; Salter, M.W.; Lombroso, P.J.; Gouras, G.K.; et al.
Regulation of NMDA Receptor Trafficking by Amyloid-Beta. Nat. Neurosci. 2005, 8, 1051–1058. [CrossRef]

http://doi.org/10.1038/418291a
http://doi.org/10.1002/prot.22832
http://doi.org/10.1002/anie.200906670
http://www.ncbi.nlm.nih.gov/pubmed/20623810
http://doi.org/10.1016/j.expneurol.2009.09.001
http://www.ncbi.nlm.nih.gov/pubmed/19744481
http://doi.org/10.1523/JNEUROSCI.5167-03.2004
http://www.ncbi.nlm.nih.gov/pubmed/15071107
http://doi.org/10.1074/jbc.275.19.14077
http://www.ncbi.nlm.nih.gov/pubmed/10799482
http://doi.org/10.1096/fasebj.14.9.1233
http://doi.org/10.1073/pnas.90.22.10573
http://www.ncbi.nlm.nih.gov/pubmed/7504270
http://doi.org/10.1073/pnas.90.2.567
http://doi.org/10.1074/jbc.M109.030023
http://www.ncbi.nlm.nih.gov/pubmed/19915004
http://doi.org/10.1074/jbc.M707108200
http://www.ncbi.nlm.nih.gov/pubmed/18234671
http://doi.org/10.1096/fj.05-3735fje
http://www.ncbi.nlm.nih.gov/pubmed/16210396
http://doi.org/10.1074/jbc.273.22.13379
http://doi.org/10.1083/jcb.201104133
http://doi.org/10.1074/jbc.M500997200
http://www.ncbi.nlm.nih.gov/pubmed/15722360
http://doi.org/10.1091/mbc.e12-12-0858
http://www.ncbi.nlm.nih.gov/pubmed/23783030
http://doi.org/10.1074/jbc.M116.762526
http://www.ncbi.nlm.nih.gov/pubmed/27927987
http://doi.org/10.3389/fncel.2019.00022
http://doi.org/10.1096/fj.06-7703com
http://doi.org/10.1016/j.neuron.2010.04.029
http://www.ncbi.nlm.nih.gov/pubmed/20547131
http://doi.org/10.1016/j.neuron.2009.05.012
http://doi.org/10.1074/jbc.M607483200
http://doi.org/10.1021/bi030029q
http://doi.org/10.1016/j.neurobiolaging.2019.09.005
http://doi.org/10.1038/nn1503


Int. J. Mol. Sci. 2021, 22, 5991 15 of 21

62. Costa, C.; Parnetti, L.; Tantucci, M.; Romigi, A.; Siliquini, S.; Cavallucci, V.; Filippo, M.D.; Mazzocchetti, P.; Liguori, C.; Nobili,
A.; et al. Epilepsy, Amyloid-b, and D1 Dopamine Receptors: A Possible Pathogenetic Link? Neurobiol. Aging 2016, 11, 161–171.
[CrossRef]

63. Yamamoto, N.; Matsubara, E.; Maeda, S.; Minagawa, H.; Takashima, A.; Maruyama, W.; Michikawa, M.; Yanagisawa, K. A
Ganglioside-Induced Toxic Soluble Abeta Assembly. Its Enhanced Formation from Abeta Bearing the Arctic Mutation. J. Biol.
Chem. 2007, 282, 2646–2655. [CrossRef]

64. Yanagisawa, K. Role of Gangliosides in Alzheimer’s Disease. Biochim. Biophys. Acta 2007, 1768, 1943–1951. [CrossRef]
65. Costantini, C.; Rossi, F.; Formaggio, E.; Bernardoni, R.; Cecconi, D.; Della-Bianca, V. Characterization of the Signaling Pathway

Downstream P75 Neurotrophin Receptor Involved in Beta-Amyloid Peptide-Dependent Cell Death. J. Mol. Neurosci. 2005, 25,
141–156. [CrossRef]

66. Hadi, F.; Akrami, H.; Shahpasand, K.; Fattahi, M.R. Wnt Signalling Pathway and Tau Phosphorylation: A Comprehensive Study
on Known Connections. Cell Biochem. Funct. 2020, 38, 686–694. [CrossRef] [PubMed]

67. Yamin, G. NMDA Receptor-Dependent Signaling Pathways That Underlie Amyloid β-Protein Disruption of LTP in the Hip-
pocampus. J. Neurosci. Res. 2009, 87, 1729–1736. [CrossRef] [PubMed]

68. Kayed, R.; Lasagna-Reeves, C.A. Molecular Mechanisms of Amyloid Oligomers Toxicity. J. Alzheimer Dis. 2013, 33 (Suppl. 1),
S67–S78. [CrossRef]

69. Serra-Batiste, M.; Ninot-Pedrosa, M.; Bayoumi, M.; Gairí, M.; Maglia, G.; Carulla, N. Aβ42 Assembles into Specific β-Barrel
Pore-Forming Oligomers in Membrane-Mimicking Environments. Proc. Natl. Acad. Sci. USA 2016, 113, 10866–10871. [CrossRef]
[PubMed]

70. Furukawa, K.; Abe, Y.; Akaike, N. Amyloid Beta Protein-Induced Irreversible Current in Rat Cortical Neurones. Neuroreport 1994,
5, 2016–2018. [CrossRef] [PubMed]

71. Sanderson, K.L.; Butler, L.; Ingram, V.M. Aggregates of a Beta-Amyloid Peptide Are Required to Induce Calcium Currents in
Neuron-like Human Teratocarcinoma Cells: Relation to Alzheimer’s Disease. Brain Res. 1997, 744, 7–14. [CrossRef]

72. Kawahara, M.; Arispe, N.; Kuroda, Y.; Rojas, E. Alzheimer’s Disease Amyloid Beta-Protein Forms Zn(2+)-Sensitive, Cation-
Selective Channels across Excised Membrane Patches from Hypothalamic Neurons. Biophys. J. 1997, 73, 67–75. [CrossRef]

73. Fraser, S.P.; Suh, Y.H.; Djamgoz, M.B. Ionic Effects of the Alzheimer’s Disease Beta-Amyloid Precursor Protein and Its Metabolic
Fragments. Trends Neurosci. 1997, 20, 67–72. [CrossRef]

74. Pike, C.J.; Burdick, D.; Walencewicz, A.J.; Glabe, C.G.; Cotman, C.W. Neurodegeneration Induced by Beta-Amyloid Peptides in
Vitro: The Role of Peptide Assembly State. J. Neurosci. 1993, 13, 1676–1687. [CrossRef]

75. Zhu, Y.J.; Lin, H.; Lal, R. Fresh and Nonfibrillar Amyloid Beta Protein(1-40) Induces Rapid Cellular Degeneration in Aged Human
Fibroblasts: Evidence for AbetaP-Channel-Mediated Cellular Toxicity. FASEB J. 2000, 14, 1244–1254. [CrossRef]

76. Kagan, B.L.; Hirakura, Y.; Azimov, R.; Azimova, R.; Lin, M.-C. The Channel Hypothesis of Alzheimer’s Disease: Current Status.
Peptides 2002, 23, 1311–1315. [CrossRef]

77. Kagan, B.L.; Azimov, R.; Azimova, R. Amyloid Peptide Channels. J. Membr. Biol. 2004, 202, 1–10. [CrossRef]
78. LaFerla, F.M.; Troncoso, J.C.; Strickland, D.K.; Kawas, C.H.; Jay, G. Neuronal Cell Death in Alzheimer’s Disease Correlates with

ApoE Uptake and Intracellular Abeta Stabilization. J. Clin. Investig. 1997, 100, 310–320. [CrossRef]
79. Wirths, O.; Multhaup, G.; Czech, C.; Blanchard, V.; Moussaoui, S.; Tremp, G.; Pradier, L.; Beyreuther, K.; Bayer, T.A. Intraneuronal

Abeta Accumulation Precedes Plaque Formation in Beta-Amyloid Precursor Protein and Presenilin-1 Double-Transgenic Mice.
Neurosci. Lett 2001, 306, 116–120. [CrossRef]

80. D’Andrea, M.R.; Nagele, R.G.; Wang, H.Y.; Peterson, P.A.; Lee, D.H. Evidence That Neurones Accumulating Amyloid Can
Undergo Lysis to Form Amyloid Plaques in Alzheimer’s Disease. Histopathology 2001, 38, 120–134. [CrossRef] [PubMed]

81. Gouras, G.K.; Tsai, J.; Naslund, J.; Vincent, B.; Edgar, M.; Checler, F.; Greenfield, J.P.; Haroutunian, V.; Buxbaum, J.D.; Xu, H.; et al.
Intraneuronal Abeta42 Accumulation in Human Brain. Am. J. Pathol. 2000, 156, 15–20. [CrossRef]

82. Langui, D.; Girardot, N.; El Hachimi, K.H.; Allinquant, B.; Blanchard, V.; Pradier, L.; Duyckaerts, C. Subcellular Topography of
Neuronal Abeta Peptide in APPxPS1 Transgenic Mice. Am. J. Pathol. 2004, 165, 1465–1477. [CrossRef]

83. Mucke, L.; Masliah, E.; Yu, G.Q.; Mallory, M.; Rockenstein, E.M.; Tatsuno, G.; Hu, K.; Kholodenko, D.; Johnson-Wood, K.;
McConlogue, L. High-Level Neuronal Expression of Abeta 1-42 in Wild-Type Human Amyloid Protein Precursor Transgenic
Mice: Synaptotoxicity without Plaque Formation. J. Neurosci. 2000, 20, 4050–4058. [CrossRef]

84. Takahashi, R.H.; Milner, T.A.; Li, F.; Nam, E.E.; Edgar, M.A.; Yamaguchi, H.; Beal, M.F.; Xu, H.; Greengard, P.; Gouras, G.K.
Intraneuronal Alzheimer Abeta42 Accumulates in Multivesicular Bodies and Is Associated with Synaptic Pathology. Am. J. Pathol.
2002, 161, 1869–1879. [CrossRef]

85. Oddo, S.; Caccamo, A.; Shepherd, J.D.; Murphy, M.P.; Golde, T.E.; Kayed, R.; Metherate, R.; Mattson, M.P.; Akbari, Y.; LaFerla,
F.M. Triple-Transgenic Model of Alzheimer’s Disease with Plaques and Tangles: Intracellular Abeta and Synaptic Dysfunction.
Neuron 2003, 39, 409–421. [CrossRef]

86. Almeida, C.G.; Tampellini, D.; Takahashi, R.H.; Greengard, P.; Lin, M.T.; Snyder, E.M.; Gouras, G.K. Beta-Amyloid Accumulation
in APP Mutant Neurons Reduces PSD-95 and GluR1 in Synapses. Neurobiol. Dis. 2005, 20, 187–198. [CrossRef] [PubMed]

87. Mohamed, A.; Posse de Chaves, E. Aβ Internalization by Neurons and Glia. Int. J. Alzheimer Dis. 2011, 2011, e127984. [CrossRef]

http://doi.org/10.1016/j.neurobiolaging.2016.08.025
http://doi.org/10.1074/jbc.M606202200
http://doi.org/10.1016/j.bbamem.2007.01.018
http://doi.org/10.1385/JMN:25:2:141
http://doi.org/10.1002/cbf.3530
http://www.ncbi.nlm.nih.gov/pubmed/32232872
http://doi.org/10.1002/jnr.21998
http://www.ncbi.nlm.nih.gov/pubmed/19170166
http://doi.org/10.3233/JAD-2012-129001
http://doi.org/10.1073/pnas.1605104113
http://www.ncbi.nlm.nih.gov/pubmed/27621459
http://doi.org/10.1097/00001756-199410270-00006
http://www.ncbi.nlm.nih.gov/pubmed/7532452
http://doi.org/10.1016/S0006-8993(96)01060-8
http://doi.org/10.1016/S0006-3495(97)78048-2
http://doi.org/10.1016/S0166-2236(96)10079-5
http://doi.org/10.1523/JNEUROSCI.13-04-01676.1993
http://doi.org/10.1096/fasebj.14.9.1244
http://doi.org/10.1016/S0196-9781(02)00067-0
http://doi.org/10.1007/s00232-004-0709-4
http://doi.org/10.1172/JCI119536
http://doi.org/10.1016/S0304-3940(01)01876-6
http://doi.org/10.1046/j.1365-2559.2001.01082.x
http://www.ncbi.nlm.nih.gov/pubmed/11207825
http://doi.org/10.1016/S0002-9440(10)64700-1
http://doi.org/10.1016/S0002-9440(10)63405-0
http://doi.org/10.1523/JNEUROSCI.20-11-04050.2000
http://doi.org/10.1016/S0002-9440(10)64463-X
http://doi.org/10.1016/S0896-6273(03)00434-3
http://doi.org/10.1016/j.nbd.2005.02.008
http://www.ncbi.nlm.nih.gov/pubmed/16242627
http://doi.org/10.4061/2011/127984


Int. J. Mol. Sci. 2021, 22, 5991 16 of 21

88. Vadukul, D.M.; Maina, M.; Franklin, H.; Nardecchia, A.; Serpell, L.C.; Marshall, K.E. Internalisation and Toxicity of Amyloid-β
1-42 Are Influenced by Its Conformation and Assembly State Rather than Size. FEBS Lett. 2020, 594, 3490–3503. [CrossRef]
[PubMed]

89. Yan, S.D.; Fu, J.; Soto, C.; Chen, X.; Zhu, H.; Al-Mohanna, F.; Collison, K.; Zhu, A.; Stern, E.; Saido, T.; et al. An Intracellular Protein
That Binds Amyloid-Beta Peptide and Mediates Neurotoxicity in Alzheimer’s Disease. Nature 1997, 389, 689–695. [CrossRef]
[PubMed]

90. Kinoshita, A.; Fukumoto, H.; Shah, T.; Whelan, C.M.; Irizarry, M.C.; Hyman, B.T. Demonstration by FRET of BACE Interaction
with the Amyloid Precursor Protein at the Cell Surface and in Early Endosomes. J. Cell Sci. 2003, 116, 3339–3346. [CrossRef]

91. Chui, D.H.; Dobo, E.; Makifuchi, T.; Akiyama, H.; Kawakatsu, S.; Petit, A.; Checler, F.; Araki, W.; Takahashi, K.; Tabira, T.
Apoptotic Neurons in Alzheimer’s Disease Frequently Show Intracellular Abeta42 Labeling. J. Alzheimer Dis. 2001, 3, 231–239.
[CrossRef]

92. Manczak, M.; Anekonda, T.S.; Henson, E.; Park, B.S.; Quinn, J.; Reddy, P.H. Mitochondria Are a Direct Site of Ab Accumulation in
Alzheimer’s Disease Neurons: Implications for Free Radical Generation and Oxidative Damage in Disease Progression. 13. Hum.
Mol. Genet. 2006, 15, 1437–1449. [CrossRef]

93. Pagani, L.; Eckert, A. Amyloid-Beta Interaction with Mitochondria. Int. J. Alzheimers Dis. 2011, 2011, 925050. [CrossRef] [PubMed]
94. Hansson Petersen, C.A.; Alikhani, N.; Behbahani, H.; Wiehager, B.; Pavlov, P.F.; Alafuzoff, I.; Leinonen, V.; Ito, A.; Winblad, B.;

Glaser, E.; et al. The Amyloid Beta-Peptide Is Imported into Mitochondria via the TOM Import Machinery and Localized to
Mitochondrial Cristae. Proc. Natl. Acad. Sci. USA 2008, 105, 13145–13150. [CrossRef] [PubMed]

95. Keil, U.; Hauptmann, S.; Bonert, A.; Scherping, I.; Eckert, A.; Müller, W.E. Mitochondrial Dysfunction Induced by Disease
Relevant AbetaPP and Tau Protein Mutations. J. Alzheimer Dis. 2006, 9, 139–146. [CrossRef] [PubMed]

96. Tönnies, E.; Trushina, E. Oxidative Stress, Synaptic Dysfunction, and Alzheimer’s Disease. JAD 2017, 57, 1105–1121. [CrossRef]
[PubMed]

97. Chinopoulos, C.; Adam-Vizi, V. Calcium, Mitochondria and Oxidative Stress in Neuronal Pathology. Novel Aspects of an
Enduring Theme. FEBS J. 2006, 273, 433–450. [CrossRef]

98. Chen, J.X.; Yan, S.S. Role of Mitochondrial Amyloid-Beta in Alzheimer’s Disease. J. Alzheimer Dis. 2010, 20 (Suppl. 2), S569–S578.
[CrossRef]

99. Mossmann, D.; Vögtle, F.-N.; Taskin, A.A.; Teixeira, P.F.; Ring, J.; Burkhart, J.M.; Burger, N.; Pinho, C.M.; Tadic, J.; Loreth, D.; et al.
Amyloid-β Peptide Induces Mitochondrial Dysfunction by Inhibition of Preprotein Maturation. Cell Metab. 2014, 20, 662–669.
[CrossRef] [PubMed]

100. Pimplikar, S.W.; Nixon, R.A.; Robakis, N.K.; Shen, J.; Tsai, L.-H. Amyloid-Independent Mechanisms in Alzheimer’s Disease
Pathogenesis. J. Neurosci. 2010, 30, 14946–14954. [CrossRef] [PubMed]

101. Swerdlow, R.H.; Burns, J.M.; Khan, S.M. The Alzheimer’s Disease Mitochondrial Cascade Hypothesis: Progress and Perspectives.
Biochim. Biophys. Acta 2014, 1842, 1219–1231. [CrossRef] [PubMed]

102. Trushina, E.; Nemutlu, E.; Zhang, S.; Christensen, T.; Camp, J.; Mesa, J.; Siddiqui, A.; Tamura, Y.; Sesaki, H.; Wengenack, T.M.;
et al. Defects in Mitochondrial Dynamics and Metabolomic Signatures of Evolving Energetic Stress in Mouse Models of Familial
Alzheimer’s Disease. PLoS ONE 2012, 7, e32737. [CrossRef]

103. Zhang, L.; Trushin, S.; Christensen, T.A.; Tripathi, U.; Hong, C.; Geroux, R.E.; Howell, K.G.; Poduslo, J.F.; Trushina, E. Differential
Effect of Amyloid Beta Peptides on Mitochondrial Axonal Trafficking Depends on Their State of Aggregation and Binding to the
Plasma Membrane. Neurobiol. Dis. 2018, 114, 1–16. [CrossRef] [PubMed]

104. Saxton, W.M.; Hollenbeck, P.J. The Axonal Transport of Mitochondria. J. Cell Sci. 2012, 125, 2095–2104. [CrossRef] [PubMed]
105. Zhang, C.L.; Ho, P.L.; Kintner, D.B.; Sun, D.; Chiu, S.Y. Activity-Dependent Regulation of Mitochondrial Motility by Calcium and

Na/K-ATPase at Nodes of Ranvier of Myelinated Nerves. J. Neurosci. 2010, 30, 3555–3566. [CrossRef] [PubMed]
106. Sheng, Z.-H.; Cai, Q. Mitochondrial Transport in Neurons: Impact on Synaptic Homeostasis and Neurodegeneration. Nat. Rev.

Neurosci. 2012, 13, 77–93. [CrossRef]
107. Attwell, D.; Laughlin, S.B. An Energy Budget for Signaling in the Grey Matter of the Brain. J. Cereb. Blood Flow Metab. 2001, 21,

1133–1145. [CrossRef]
108. Harris, J.J.; Jolivet, R.; Attwell, D. Synaptic Energy Use and Supply. Neuron 2012, 75, 762–777. [CrossRef]
109. Sheng, Z.-H. The Interplay of Axonal Energy Homeostasis and Mitochondrial Trafficking and Anchoring. Trends Cell Biol. 2017,

27, 403–416. [CrossRef] [PubMed]
110. Medler, K.; Gleason, E.L. Mitochondrial Ca(2+) Buffering Regulates Synaptic Transmission between Retinal Amacrine Cells. J.

Neurophysiol. 2002, 87, 1426–1439. [CrossRef]
111. Billups, B.; Forsythe, I.D. Presynaptic Mitochondrial Calcium Sequestration Influences Transmission at Mammalian Central

Synapses. J. Neurosci. 2002, 22, 5840–5847. [CrossRef] [PubMed]
112. David, G.; Barrett, E.F. Mitochondrial Ca2+ Uptake Prevents Desynchronization of Quantal Release and Minimizes Depletion

during Repetitive Stimulation of Mouse Motor Nerve Terminals. J. Physiol. 2003, 548, 425–438. [CrossRef]
113. Tang, Y.; Zucker, R.S. Mitochondrial Involvement in Post-Tetanic Potentiation of Synaptic Transmission. Neuron 1997, 18, 483–491.

[CrossRef]
114. Talbot, J.D.; David, G.; Barrett, E.F. Inhibition of Mitochondrial Ca2+ Uptake Affects Phasic Release from Motor Terminals

Differently Depending on External [Ca2+]. J. Neurophysiol. 2003, 90, 491–502. [CrossRef] [PubMed]

http://doi.org/10.1002/1873-3468.13919
http://www.ncbi.nlm.nih.gov/pubmed/32871611
http://doi.org/10.1038/39522
http://www.ncbi.nlm.nih.gov/pubmed/9338779
http://doi.org/10.1242/jcs.00643
http://doi.org/10.3233/JAD-2001-3208
http://doi.org/10.1093/hmg/ddl066
http://doi.org/10.4061/2011/925050
http://www.ncbi.nlm.nih.gov/pubmed/21461357
http://doi.org/10.1073/pnas.0806192105
http://www.ncbi.nlm.nih.gov/pubmed/18757748
http://doi.org/10.3233/JAD-2006-9206
http://www.ncbi.nlm.nih.gov/pubmed/16873961
http://doi.org/10.3233/JAD-161088
http://www.ncbi.nlm.nih.gov/pubmed/28059794
http://doi.org/10.1111/j.1742-4658.2005.05103.x
http://doi.org/10.3233/JAD-2010-100357
http://doi.org/10.1016/j.cmet.2014.07.024
http://www.ncbi.nlm.nih.gov/pubmed/25176146
http://doi.org/10.1523/JNEUROSCI.4305-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/21068297
http://doi.org/10.1016/j.bbadis.2013.09.010
http://www.ncbi.nlm.nih.gov/pubmed/24071439
http://doi.org/10.1371/journal.pone.0032737
http://doi.org/10.1016/j.nbd.2018.02.003
http://www.ncbi.nlm.nih.gov/pubmed/29477640
http://doi.org/10.1242/jcs.053850
http://www.ncbi.nlm.nih.gov/pubmed/22619228
http://doi.org/10.1523/JNEUROSCI.4551-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20219989
http://doi.org/10.1038/nrn3156
http://doi.org/10.1097/00004647-200110000-00001
http://doi.org/10.1016/j.neuron.2012.08.019
http://doi.org/10.1016/j.tcb.2017.01.005
http://www.ncbi.nlm.nih.gov/pubmed/28228333
http://doi.org/10.1152/jn.00627.2001
http://doi.org/10.1523/JNEUROSCI.22-14-05840.2002
http://www.ncbi.nlm.nih.gov/pubmed/12122046
http://doi.org/10.1113/jphysiol.2002.035196
http://doi.org/10.1016/S0896-6273(00)81248-9
http://doi.org/10.1152/jn.00012.2003
http://www.ncbi.nlm.nih.gov/pubmed/12672777


Int. J. Mol. Sci. 2021, 22, 5991 17 of 21

115. Levy, M.; Faas, G.C.; Saggau, P.; Craigen, W.J.; Sweatt, J.D. Mitochondrial Regulation of Synaptic Plasticity in the Hippocampus. J.
Biol Chem. 2003, 278, 17727–17734. [CrossRef] [PubMed]

116. Kang, J.-S.; Tian, J.-H.; Pan, P.-Y.; Zald, P.; Li, C.; Deng, C.; Sheng, Z.-H. Docking of Axonal Mitochondria by Syntaphilin Controls
Their Mobility and Affects Short-Term Facilitation. Cell 2008, 132, 137–148. [CrossRef] [PubMed]

117. LaFerla, F.M. Calcium Dyshomeostasis and Intracellular Signalling in Alzheimer’s Disease. Nat. Rev. Neurosci. 2002, 3, 862–872.
[CrossRef] [PubMed]

118. Hara, M.R.; Snyder, S.H. Cell Signaling and Neuronal Death. Annu. Rev. Pharmacol. Toxicol. 2007, 47, 117–141. [CrossRef]
119. Kennedy, M.B.; Beale, H.C.; Carlisle, H.J.; Washburn, L.R. Integration of Biochemical Signalling in Spines. Nat. Rev. Neurosci.

2005, 6, 423–434. [CrossRef]
120. Malenka, R.C.; Bear, M.F. LTP and LTD: An Embarrassment of Riches. Neuron 2004, 44, 5–21. [CrossRef]
121. Goodman, Y.; Mattson, M.P. Secreted Forms of Beta-Amyloid Precursor Protein Protect Hippocampal Neurons against Amyloid

Beta-Peptide-Induced Oxidative Injury. Exp. Neurol. 1994, 128, 1–12. [CrossRef]
122. Mattson, M.P.; Cheng, B.; Davis, D.; Bryant, K.; Lieberburg, I.; Rydel, R.E. Beta-Amyloid Peptides Destabilize Calcium Homeostasis

and Render Human Cortical Neurons Vulnerable to Excitotoxicity. J. Neurosci. 1992, 12, 376–389. [CrossRef]
123. Mattson, M.P.; Tomaselli, K.J.; Rydel, R.E. Calcium-Destabilizing and Neurodegenerative Effects of Aggregated Beta-Amyloid

Peptide Are Attenuated by Basic FGF. Brain Res. 1993, 621, 35–49. [CrossRef]
124. Ferreira, S.T.; Klein, W.L. The Aβ Oligomer Hypothesis for Synapse Failure and Memory Loss in Alzheimer’s Disease. Neurobiol.

Learn. Memb. 2011, 96, 529–543. [CrossRef] [PubMed]
125. Gan, K.J.; Silverman, M.A. Dendritic and Axonal Mechanisms of Ca2+ Elevation Impair BDNF Transport in Aβ Oligomer-Treated

Hippocampal Neurons. Mol. Biol. Cell 2015, 26, 1058–1071. [CrossRef]
126. Peng, T.I.; Greenamyre, J.T. Privileged Access to Mitochondria of Calcium Influx through N-Methyl-D-Aspartate Receptors. Mol.

Pharm. 1998, 53, 974–980.
127. Shoshan-Barmatz, V.; Nahon-Crystal, E.; Shteinfer-Kuzmine, A.; Gupta, R. VDAC1, Mitochondrial Dysfunction, and Alzheimer’s

Disease. Pharmacol. Res. 2018, 131, 87–101. [CrossRef] [PubMed]
128. Swerdlow, R.H. Mitochondria and Mitochondrial Cascades in Alzheimer’s Disease. J. Alzheimer Dis. 2018, 62, 1403–1416.

[CrossRef]
129. Du, H.; Guo, L.; Fang, F.; Chen, D.; Sosunov, A.A.; McKhann, G.M.; Yan, Y.; Wang, C.; Zhang, H.; Molkentin, J.D.; et al. Cyclophilin

D Deficiency Attenuates Mitochondrial and Neuronal Perturbation and Ameliorates Learning and Memory in Alzheimer’s
Disease. Nat. Med. 2008, 14, 1097–1105. [CrossRef] [PubMed]

130. Youle, R.J.; Narendra, D.P. Mechanisms of Mitophagy. Nat. Rev. Mol. Cell Biol. 2011, 12, 9–14. [CrossRef]
131. Zhao, N.; Yan, Q.-W.; Xia, J.; Zhang, X.-L.; Li, B.-X.; Yin, L.-Y.; Xu, B. Treadmill Exercise Attenuates Aβ-Induced Mitochondrial

Dysfunction and Enhances Mitophagy Activity in APP/PS1 Transgenic Mice. Neurochem. Res. 2020, 45, 1202–1214. [CrossRef]
132. Fang, E.F.; Hou, Y.; Palikaras, K.; Adriaanse, B.A.; Kerr, J.S.; Yang, B.; Lautrup, S.; Hasan-Olive, M.M.; Caponio, D.; Dan, X.;

et al. Mitophagy Inhibits Amyloid-β and Tau Pathology and Reverses Cognitive Deficits in Models of Alzheimer’s Disease. Nat.
Neurosci. 2019, 22, 401–412. [CrossRef]

133. Jadiya, P.; Kolmetzky, D.W.; Tomar, D.; Di Meco, A.; Lombardi, A.A.; Lambert, J.P.; Luongo, T.S.; Ludtmann, M.H.; Praticò, D.;
Elrod, J.W. Impaired Mitochondrial Calcium Efflux Contributes to Disease Progression in Models of Alzheimer’s Disease. Nat.
Commun. 2019, 10, 3885. [CrossRef]

134. Rintoul, G.L.; Filiano, A.J.; Brocard, J.B.; Kress, G.J.; Reynolds, I.J. Glutamate Decreases Mitochondrial Size and Movement in
Primary Forebrain Neurons. J. Neurosci. 2003, 23, 7881–7888. [CrossRef] [PubMed]

135. Chang, D.T.W.; Honick, A.S.; Reynolds, I.J. Mitochondrial Trafficking to Synapses in Cultured Primary Cortical Neurons. J.
Neurosci. 2006, 26, 7035–7045. [CrossRef] [PubMed]

136. Macaskill, A.F.; Rinholm, J.E.; Twelvetrees, A.E.; Arancibia-Carcamo, I.L.; Muir, J.; Fransson, A.; Aspenstrom, P.; Attwell, D.;
Kittler, J.T. Miro1 Is a Calcium Sensor for Glutamate Receptor-Dependent Localization of Mitochondria at Synapses. Neuron 2009,
61, 541–555. [CrossRef]

137. Wang, X.; Schwarz, T.L. The Mechanism of Ca2+ -Dependent Regulation of Kinesin-Mediated Mitochondrial Motility. Cell 2009,
136, 163–174. [CrossRef]

138. Han, X.-J.; Lu, Y.-F.; Li, S.-A.; Kaitsuka, T.; Sato, Y.; Tomizawa, K.; Nairn, A.C.; Takei, K.; Matsui, H.; Matsushita, M. CaM Kinase
I Alpha-Induced Phosphorylation of Drp1 Regulates Mitochondrial Morphology. J. Cell Biol. 2008, 182, 573–585. [CrossRef]
[PubMed]

139. Duyckaerts, C.; Potier, M.-C.; Delatour, B. Alzheimer Disease Models and Human Neuropathology: Similarities and Differences.
Acta Neuropathol. 2008, 115, 5–38. [CrossRef] [PubMed]

140. Jacobsen, J.S.; Wu, C.-C.; Redwine, J.M.; Comery, T.A.; Arias, R.; Bowlby, M.; Martone, R.; Morrison, J.H.; Pangalos, M.N.;
Reinhart, P.H.; et al. Early-Onset Behavioral and Synaptic Deficits in a Mouse Model of Alzheimer’s Disease. Proc. Natl. Acad. Sci.
USA 2006, 103, 5161–5166. [CrossRef]

141. Busche, M.A.; Chen, X.; Henning, H.A.; Reichwald, J.; Staufenbiel, M.; Sakmann, B.; Konnerth, A. Critical Role of Soluble
Amyloid-β for Early Hippocampal Hyperactivity in a Mouse Model of Alzheimer’s Disease. Proc. Natl. Acad. Sci. USA 2012, 109,
8740–8745. [CrossRef]

http://doi.org/10.1074/jbc.M212878200
http://www.ncbi.nlm.nih.gov/pubmed/12604600
http://doi.org/10.1016/j.cell.2007.11.024
http://www.ncbi.nlm.nih.gov/pubmed/18191227
http://doi.org/10.1038/nrn960
http://www.ncbi.nlm.nih.gov/pubmed/12415294
http://doi.org/10.1146/annurev.pharmtox.47.120505.105311
http://doi.org/10.1038/nrn1685
http://doi.org/10.1016/j.neuron.2004.09.012
http://doi.org/10.1006/exnr.1994.1107
http://doi.org/10.1523/JNEUROSCI.12-02-00376.1992
http://doi.org/10.1016/0006-8993(93)90295-X
http://doi.org/10.1016/j.nlm.2011.08.003
http://www.ncbi.nlm.nih.gov/pubmed/21914486
http://doi.org/10.1091/mbc.E14-12-1612
http://doi.org/10.1016/j.phrs.2018.03.010
http://www.ncbi.nlm.nih.gov/pubmed/29551631
http://doi.org/10.3233/JAD-170585
http://doi.org/10.1038/nm.1868
http://www.ncbi.nlm.nih.gov/pubmed/18806802
http://doi.org/10.1038/nrm3028
http://doi.org/10.1007/s11064-020-03003-4
http://doi.org/10.1038/s41593-018-0332-9
http://doi.org/10.1038/s41467-019-11813-6
http://doi.org/10.1523/JNEUROSCI.23-21-07881.2003
http://www.ncbi.nlm.nih.gov/pubmed/12944518
http://doi.org/10.1523/JNEUROSCI.1012-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/16807333
http://doi.org/10.1016/j.neuron.2009.01.030
http://doi.org/10.1016/j.cell.2008.11.046
http://doi.org/10.1083/jcb.200802164
http://www.ncbi.nlm.nih.gov/pubmed/18695047
http://doi.org/10.1007/s00401-007-0312-8
http://www.ncbi.nlm.nih.gov/pubmed/18038275
http://doi.org/10.1073/pnas.0600948103
http://doi.org/10.1073/pnas.1206171109


Int. J. Mol. Sci. 2021, 22, 5991 18 of 21

142. Zott, B.; Busche, M.A.; Sperling, R.A.; Konnerth, A. What Happens with the Circuit in Alzheimer’s Disease in Mice and Humans?
Annu Rev. Neurosci. 2018, 41, 277–297. [CrossRef] [PubMed]

143. Zott, B.; Simon, M.M.; Hong, W.; Unger, F.; Chen-Engerer, H.-J.; Frosch, M.P.; Sakmann, B.; Walsh, D.M.; Konnerth, A. A Vicious
Cycle of β Amyloid–Dependent Neuronal Hyperactivation. Science 2019, 365, 559–565. [CrossRef] [PubMed]

144. Harris, S.S.; Wolf, F.; De Strooper, B.; Busche, M.A. Tipping the Scales: Peptide-Dependent Dysregulation of Neural Circuit
Dynamics in Alzheimer’s Disease. Neuron 2020, 107, 417–435. [CrossRef]

145. D’Amelio, M.; Cavallucci, V.; Middei, S.; Marchetti, C.; Pacioni, S.; Ferri, A.; Diamantini, A.; De Zio, D.; Carrara, P.; Battistini, L.;
et al. Caspase-3 Triggers Early Synaptic Dysfunction in a Mouse Model of Alzheimer’s Disease. Nat. Neurosci. 2011, 14, 69–76.
[CrossRef]

146. Nardi Cesarini, E.; Babiloni, C.; Salvadori, N.; Farotti, L.; Del Percio, C.; Pascarelli, M.T.; Noce, G.; Lizio, R.; Da Re, F.; Isella, V.;
et al. Late-Onset Epilepsy With Unknown Etiology: A Pilot Study on Neuropsychological Profile, Cerebrospinal Fluid Biomarkers,
and Quantitative EEG Characteristics. Front. Neurol. 2020, 11. [CrossRef]

147. Keret, O.; Hoang, T.D.; Xia, F.; Rosen, H.J.; Yaffe, K. Association of Late-Onset Unprovoked Seizures of Unknown Etiology With
the Risk of Developing Dementia in Older Veterans. JAMA Neurol. 2020, 77, 710–715. [CrossRef] [PubMed]

148. Meyer-Luehmann, M.; Coomaraswamy, J.; Bolmont, T.; Kaeser, S.; Schaefer, C.; Kilger, E.; Neuenschwander, A.; Abramowski, D.;
Frey, P.; Jaton, A.L.; et al. Exogenous Induction of Cerebral Beta-Amyloidogenesis Is Governed by Agent and Host. Science 2006,
313, 1781–1784. [CrossRef]

149. Eisele, Y.S.; Obermüller, U.; Heilbronner, G.; Baumann, F.; Kaeser, S.A.; Wolburg, H.; Walker, L.C.; Staufenbiel, M.; Heikenwalder,
M.; Jucker, M. Peripherally Applied Abeta-Containing Inoculates Induce Cerebral Beta-Amyloidosis. Science 2010, 330, 980–982.
[CrossRef]

150. Liu, P.; Reed, M.N.; Kotilinek, L.A.; Grant, M.K.O.; Forster, C.L.; Qiang, W.; Shapiro, S.L.; Reichl, J.H.; Chiang, A.C.A.; Jankowsky,
J.L.; et al. Quaternary Structure Defines a Large Class of Amyloid-β Oligomers Neutralized by Sequestration. Cell Rep. 2015, 11,
1760–1771. [CrossRef] [PubMed]

151. Cline, E.N.; Bicca, M.A.; Viola, K.L.; Klein, W.L. The Amyloid-β Oligomer Hypothesis: Beginning of the Third Decade. J. Alzheimer
Dis. 2018, 64, S567–S610. [CrossRef]

152. Selkoe, D.J. Alzheimer’s Disease Is a Synaptic Failure. Science 2002, 298, 789–791. [CrossRef]
153. Hsia, A.Y.; Masliah, E.; McConlogue, L.; Yu, G.Q.; Tatsuno, G.; Hu, K.; Kholodenko, D.; Malenka, R.C.; Nicoll, R.A.; Mucke, L.

Plaque-Independent Disruption of Neural Circuits in Alzheimer’s Disease Mouse Models. Proc. Natl. Acad. Sci. USA 1999, 96,
3228–3233. [CrossRef]

154. Kamenetz, F.; Tomita, T.; Hsieh, H.; Seabrook, G.; Borchelt, D.; Iwatsubo, T.; Sisodia, S.; Malinow, R. APP Processing and Synaptic
Function. Neuron 2003, 37, 925–937. [CrossRef]

155. Cirrito, J.R.; Yamada, K.A.; Finn, M.B.; Sloviter, R.S.; Bales, K.R.; May, P.C.; Schoepp, D.D.; Paul, S.M.; Mennerick, S.; Holtzman,
D.M. Synaptic Activity Regulates Interstitial Fluid Amyloid-Beta Levels in Vivo. Neuron 2005, 48, 913–922. [CrossRef] [PubMed]

156. Wei, W.; Nguyen, L.N.; Kessels, H.W.; Hagiwara, H.; Sisodia, S.; Malinow, R. Amyloid Beta from Axons and Dendrites Reduces
Local Spine Number and Plasticity. Nat. Neurosci. 2010, 13, 190–196. [CrossRef] [PubMed]

157. Puzzo, D.; Privitera, L.; Leznik, E.; Fa, M.; Staniszewski, A.; Palmeri, A.; Arancio, O. Picomolar Amyloid- Positively Modulates
Synaptic Plasticity and Memory in Hippocampus. J. Neurosci. 2008, 28, 14537–14545. [CrossRef]

158. Abramov, E.; Dolev, I.; Fogel, H.; Ciccotosto, G.D.; Ruff, E.; Slutsky, I. Amyloid-β as a Positive Endogenous Regulator of Release
Probability at Hippocampal Synapses. Nat. Neurosci. 2009, 12, 1567–1576. [CrossRef]

159. Shankar, G.M.; Bloodgood, B.L.; Townsend, M.; Walsh, D.M.; Selkoe, D.J.; Sabatini, B.L. Natural Oligomers of the Alzheimer
Amyloid- Protein Induce Reversible Synapse Loss by Modulating an NMDA-Type Glutamate Receptor-Dependent Signaling
Pathway. J. Neurosci. 2007, 27, 2866–2875. [CrossRef]

160. Dineley, K.T.; Bell, K.A.; Bui, D.; Sweatt, J.D. Beta -Amyloid Peptide Activates Alpha 7 Nicotinic Acetylcholine Receptors
Expressed in Xenopus Oocytes. J. Biol. Chem. 2002, 277, 25056–25061. [CrossRef]

161. Traynelis, S.F.; Wollmuth, L.P.; McBain, C.J.; Menniti, F.S.; Vance, K.M.; Ogden, K.K.; Hansen, K.B.; Yuan, H.; Myers, S.J.;
Dingledine, R. Glutamate Receptor Ion Channels: Structure, Regulation, and Function. Pharm. Rev. 2010, 62, 405–496. [CrossRef]

162. Kullmann, D.M.; Lamsa, K.P. Long-Term Synaptic Plasticity in Hippocampal Interneurons. Nat. Rev. Neurosci. 2007, 8, 687–699.
[CrossRef]

163. Hsieh, H.; Boehm, J.; Sato, C.; Iwatsubo, T.; Tomita, T.; Sisodia, S.; Malinow, R. AMPAR Removal Underlies Aβ-Induced Synaptic
Depression and Dendritic Spine Loss. Neuron 2006, 52, 831–843. [CrossRef] [PubMed]

164. Liu, L. Role of NMDA Receptor Subtypes in Governing the Direction of Hippocampal Synaptic Plasticity. Science 2004, 304,
1021–1024. [CrossRef]

165. Wang, Q.; Walsh, D.M.; Rowan, M.J.; Selkoe, D.J.; Anwyl, R. Block of Long-Term Potentiation by Naturally Secreted and
Synthetic Amyloid Beta-Peptide in Hippocampal Slices Is Mediated via Activation of the Kinases c-Jun N-Terminal Kinase,
Cyclin-Dependent Kinase 5, and P38 Mitogen-Activated Protein Kinase as Well as Metabotropic Glutamate Receptor Type 5. J.
Neurosci. 2004, 24, 3370–3378. [CrossRef] [PubMed]

166. Lau, C.G.; Zukin, R.S. NMDA Receptor Trafficking in Synaptic Plasticity and Neuropsychiatric Disorders. Nat. Rev. Neurosci.
2007, 8, 413–426. [CrossRef] [PubMed]

http://doi.org/10.1146/annurev-neuro-080317-061725
http://www.ncbi.nlm.nih.gov/pubmed/29986165
http://doi.org/10.1126/science.aay0198
http://www.ncbi.nlm.nih.gov/pubmed/31395777
http://doi.org/10.1016/j.neuron.2020.06.005
http://doi.org/10.1038/nn.2709
http://doi.org/10.3389/fneur.2020.00199
http://doi.org/10.1001/jamaneurol.2020.0187
http://www.ncbi.nlm.nih.gov/pubmed/32150220
http://doi.org/10.1126/science.1131864
http://doi.org/10.1126/science.1194516
http://doi.org/10.1016/j.celrep.2015.05.021
http://www.ncbi.nlm.nih.gov/pubmed/26051935
http://doi.org/10.3233/JAD-179941
http://doi.org/10.1126/science.1074069
http://doi.org/10.1073/pnas.96.6.3228
http://doi.org/10.1016/S0896-6273(03)00124-7
http://doi.org/10.1016/j.neuron.2005.10.028
http://www.ncbi.nlm.nih.gov/pubmed/16364896
http://doi.org/10.1038/nn.2476
http://www.ncbi.nlm.nih.gov/pubmed/20037574
http://doi.org/10.1523/JNEUROSCI.2692-08.2008
http://doi.org/10.1038/nn.2433
http://doi.org/10.1523/JNEUROSCI.4970-06.2007
http://doi.org/10.1074/jbc.M200066200
http://doi.org/10.1124/pr.109.002451
http://doi.org/10.1038/nrn2207
http://doi.org/10.1016/j.neuron.2006.10.035
http://www.ncbi.nlm.nih.gov/pubmed/17145504
http://doi.org/10.1126/science.1096615
http://doi.org/10.1523/JNEUROSCI.1633-03.2004
http://www.ncbi.nlm.nih.gov/pubmed/15056716
http://doi.org/10.1038/nrn2153
http://www.ncbi.nlm.nih.gov/pubmed/17514195


Int. J. Mol. Sci. 2021, 22, 5991 19 of 21

167. Barria, A.; Malinow, R. NMDA Receptor Subunit Composition Controls Synaptic Plasticity by Regulating Binding to CaMKII.
Neuron 2005, 48, 289–301. [CrossRef] [PubMed]

168. Turrigiano, G.G.; Nelson, S.B. Hebb and Homeostasis in Neuronal Plasticity. Curr. Opin. Neurobiol. 2000, 10, 358–364. [CrossRef]
169. Davis, G.W. Homeostatic Control of Neural Activity: From Phenomenology to Molecular Design. Annu Rev. Neurosci. 2006, 29,

307–323. [CrossRef]
170. Turrigiano, G.G. The Dialectic of Hebb and Homeostasis. Philos. Trans. R. Soc. B Biol. Sci. 2017, 372, 20160258. [CrossRef]
171. Turrigiano, G.G. The Self-Tuning Neuron: Synaptic Scaling of Excitatory Synapses. Cell 2008, 135, 422–435. [CrossRef]
172. Pozo, K.; Goda, Y. Unraveling Mechanisms of Homeostatic Synaptic Plasticity. Neuron 2010, 66, 337–351. [CrossRef]
173. Abraham, W.C. Metaplasticity: Tuning Synapses and Networks for Plasticity. Nat. Rev. Neurosci. 2008, 9, 387. [CrossRef]

[PubMed]
174. Lalonde, R.; Fukuchi, K.-I.; Strazielle, C. Neurologic and Motor Dysfunctions in APP Transgenic Mice. Rev. Neurosci. 2012, 23,

363–379. [CrossRef]
175. Vogt, D.L.; Thomas, D.; Galvan, V.; Bredesen, D.E.; Lamb, B.T.; Pimplikar, S.W. Abnormal Neuronal Networks and Seizure

Susceptibility in Mice Overexpressing the APP Intracellular Domain. Neurobiol. Aging 2011, 32, 1725–1729. [CrossRef] [PubMed]
176. Cirrito, J.R.; Kang, J.-E.; Lee, J.; Stewart, F.R.; Verges, D.K.; Silverio, L.M.; Bu, G.; Mennerick, S.; Holtzman, D.M. Endocytosis Is

Required for Synaptic Activity-Dependent Release of Amyloid-Beta in Vivo. Neuron 2008, 58, 42–51. [CrossRef]
177. Kauer, J.A.; Malenka, R.C. Synaptic Plasticity and Addiction. Nat. Rev. Neurosci. 2007, 8, 844–858. [CrossRef] [PubMed]
178. Bukke, V.N.; Archana, M.; Villani, R.; Romano, A.D.; Wawrzyniak, A.; Balawender, K.; Orkisz, S.; Beggiato, S.; Serviddio, G.; Cas-

sano, T. The Dual Role of Glutamatergic Neurotransmission in Alzheimer’s Disease: From Pathophysiology to Pharmacotherapy.
Int. J. Mol. Sci. 2020, 21, 7452. [CrossRef] [PubMed]

179. Reinders, N.R.; Pao, Y.; Renner, M.C.; da Silva-Matos, C.M.; Lodder, T.R.; Malinow, R.; Kessels, H.W. Amyloid-β Effects on
Synapses and Memory Require AMPA Receptor Subunit GluA3. Proc. Natl. Acad. Sci. USA 2016, 113, E6526–E6534. [CrossRef]

180. Guntupalli, S.; Jang, S.E.; Zhu, T.; Huganir, R.L.; Widagdo, J.; Anggono, V. GluA1 Subunit Ubiquitination Mediates Amyloid-β-
Induced Loss of Surface α-Amino-3-Hydroxy-5-Methyl-4-Isoxazolepropionic Acid (AMPA) Receptors. J. Biol. Chem. 2017, 292,
8186–8194. [CrossRef]

181. Zhao, D.; Watson, J.B.; Xie, C.-W. Amyloid Beta Prevents Activation of Calcium/Calmodulin-Dependent Protein Kinase II and
AMPA Receptor Phosphorylation during Hippocampal Long-Term Potentiation. J. Neurophysiol. 2004, 92, 2853–2858. [CrossRef]

182. Lee, H.-K.; Takamiya, K.; Han, J.-S.; Man, H.; Kim, C.-H.; Rumbaugh, G.; Yu, S.; Ding, L.; He, C.; Petralia, R.S.; et al. Phosphoryla-
tion of the AMPA Receptor GluR1 Subunit Is Required for Synaptic Plasticity and Retention of Spatial Memory. Cell 2003, 112,
631–643. [CrossRef]

183. Lee, H.K.; Barbarosie, M.; Kameyama, K.; Bear, M.F.; Huganir, R.L. Regulation of Distinct AMPA Receptor Phosphorylation Sites
during Bidirectional Synaptic Plasticity. Nature 2000, 405, 955–959. [CrossRef] [PubMed]

184. Lee, H.-K.; Takamiya, K.; He, K.; Song, L.; Huganir, R.L. Specific Roles of AMPA Receptor Subunit GluR1 (GluA1) Phosphorylation
Sites in Regulating Synaptic Plasticity in the CA1 Region of Hippocampus. J. Neurophysiol. 2010, 103, 479–489. [CrossRef]

185. Kim, S.; Ziff, E.B. Calcineurin Mediates Synaptic Scaling via Synaptic Trafficking of Ca2+-Permeable AMPA Receptors. PLoS Biol.
2014, 12, e1001900. [CrossRef] [PubMed]

186. Goel, A.; Xu, L.W.; Snyder, K.P.; Song, L.; Goenaga-Vazquez, Y.; Megill, A.; Takamiya, K.; Huganir, R.L.; Lee, H.-K. Phosphorylation
of AMPA Receptors Is Required for Sensory Deprivation-Induced Homeostatic Synaptic Plasticity. PLoS ONE 2011, 6, e18264.
[CrossRef]

187. Desai, N.S.; Cudmore, R.H.; Nelson, S.B.; Turrigiano, G.G. Critical Periods for Experience-Dependent Synaptic Scaling in Visual
Cortex. Nat. Neurosci. 2002, 5, 783–789. [CrossRef] [PubMed]

188. Keck, T.; Keller, G.B.; Jacobsen, R.I.; Eysel, U.T.; Bonhoeffer, T.; Hübener, M. Synaptic Scaling and Homeostatic Plasticity in the
Mouse Visual Cortex in Vivo. Neuron 2013, 80, 327–334. [CrossRef]

189. He, K.; Song, L.; Cummings, L.W.; Goldman, J.; Huganir, R.L.; Lee, H.-K. Stabilization of Ca2+-Permeable AMPA Receptors at
Perisynaptic Sites by GluR1-S845 Phosphorylation. Proc. Natl. Acad. Sci. USA 2009, 106, 20033–20038. [CrossRef]

190. Garcia-Bereguiain, M.A.; Gonzalez-Islas, C.; Lindsly, C.; Butler, E.; Hill, A.W.; Wenner, P. In Vivo Synaptic Scaling Is Mediated by
GluA2-Lacking AMPA Receptors in the Embryonic Spinal Cord. J. Neurosci. 2013, 33, 6791–6799. [CrossRef]

191. Gonzalez-Islas, C.; Wenner, P. Spontaneous Network Activity in the Embryonic Spinal Cord Regulates AMPAergic and GABAergic
Synaptic Strength. Neuron 2006, 49, 563–575. [CrossRef] [PubMed]

192. Cuevas, M.E.; Haensgen, H.; Sepúlveda, F.J.; Zegers, G.; Roa, J.; Opazo, C.; Aguayo, L.G. Soluble Aβ(1-40) Peptide Increases
Excitatory Neurotransmission and Induces Epileptiform Activity in Hippocampal Neurons. J. Alzheimer Dis. 2011, 23, 673–687.
[CrossRef]

193. Lei, M.; Xu, H.; Li, Z.; Wang, Z.; O’Malley, T.T.; Zhang, D.; Walsh, D.M.; Xu, P.; Selkoe, D.J.; Li, S. Soluble Aβ Oligomers Impair
Hippocampal LTP by Disrupting Glutamatergic/GABAergic Balance. Neurobiol. Dis. 2016, 85, 111–121. [CrossRef] [PubMed]

194. Alcantara-Gonzalez, D.; Villasana-Salazar, B.; Peña-Ortega, F. Single Amyloid-Beta Injection Exacerbates 4-Aminopyridine-
Induced Seizures and Changes Synaptic Coupling in the Hippocampus. Hippocampus 2019, 29, 1150–1164. [CrossRef] [PubMed]

195. Costa, C. Alzheimer’s Disease and Late-Onset Epilepsy of Unknown Origin: Two Faces of Beta Amyloid Pathology. Neurobiol.
Aging 2019, 7. [CrossRef] [PubMed]

http://doi.org/10.1016/j.neuron.2005.08.034
http://www.ncbi.nlm.nih.gov/pubmed/16242409
http://doi.org/10.1016/S0959-4388(00)00091-X
http://doi.org/10.1146/annurev.neuro.28.061604.135751
http://doi.org/10.1098/rstb.2016.0258
http://doi.org/10.1016/j.cell.2008.10.008
http://doi.org/10.1016/j.neuron.2010.04.028
http://doi.org/10.1038/nrn2356
http://www.ncbi.nlm.nih.gov/pubmed/18401345
http://doi.org/10.1515/revneuro-2012-0041
http://doi.org/10.1016/j.neurobiolaging.2009.09.002
http://www.ncbi.nlm.nih.gov/pubmed/19828212
http://doi.org/10.1016/j.neuron.2008.02.003
http://doi.org/10.1038/nrn2234
http://www.ncbi.nlm.nih.gov/pubmed/17948030
http://doi.org/10.3390/ijms21207452
http://www.ncbi.nlm.nih.gov/pubmed/33050345
http://doi.org/10.1073/pnas.1614249113
http://doi.org/10.1074/jbc.M116.774554
http://doi.org/10.1152/jn.00485.2004
http://doi.org/10.1016/S0092-8674(03)00122-3
http://doi.org/10.1038/35016089
http://www.ncbi.nlm.nih.gov/pubmed/10879537
http://doi.org/10.1152/jn.00835.2009
http://doi.org/10.1371/journal.pbio.1001900
http://www.ncbi.nlm.nih.gov/pubmed/24983627
http://doi.org/10.1371/journal.pone.0018264
http://doi.org/10.1038/nn878
http://www.ncbi.nlm.nih.gov/pubmed/12080341
http://doi.org/10.1016/j.neuron.2013.08.018
http://doi.org/10.1073/pnas.0910338106
http://doi.org/10.1523/JNEUROSCI.4025-12.2013
http://doi.org/10.1016/j.neuron.2006.01.017
http://www.ncbi.nlm.nih.gov/pubmed/16476665
http://doi.org/10.3233/JAD-2011-091717
http://doi.org/10.1016/j.nbd.2015.10.019
http://www.ncbi.nlm.nih.gov/pubmed/26525100
http://doi.org/10.1002/hipo.23129
http://www.ncbi.nlm.nih.gov/pubmed/31381216
http://doi.org/10.1016/j.neurobiolaging.2018.09.006
http://www.ncbi.nlm.nih.gov/pubmed/30317034


Int. J. Mol. Sci. 2021, 22, 5991 20 of 21

196. Westmark, C.J.; Westmark, P.R.; Beard, A.M.; Hildebrandt, S.M.; Malter, J.S. Seizure Susceptibility and Mortality in Mice That
Over-Express Amyloid Precursor Protein. Int. J. Clin. Exp. Pathol. 2008, 1, 157–168. [PubMed]

197. Müller-Schiffmann, A.; Herring, A.; Abdel-Hafiz, L.; Chepkova, A.N.; Schäble, S.; Wedel, D.; Horn, A.H.C.; Sticht, H.; de Souza
Silva, M.A.; Gottmann, K.; et al. Amyloid-β Dimers in the Absence of Plaque Pathology Impair Learning and Synaptic Plasticity.
Brain 2016, 139, 509–525. [CrossRef]

198. Smith, L.M.; Strittmatter, S.M. Binding Sites for Amyloid-β Oligomers and Synaptic Toxicity. Cold Spring Harb. Perspect. Med.
2017, 7. [CrossRef]

199. Ziyatdinova, S.; Rönnbäck, A.; Gurevicius, K.; Miszczuk, D.; Graff, C.; Winblad, B.; Pitkänen, A.; Tanila, H. Increased Epileptiform
EEG Activity and Decreased Seizure Threshold in Arctic APP Transgenic Mouse Model of Alzheimer’s Disease. Curr. Alzheimer
Res. 2016, 13, 817–830. [CrossRef]

200. Busche, M.A.; Eichhoff, G.; Adelsberger, H.; Abramowski, D.; Wiederhold, K.-H.; Haass, C.; Staufenbiel, M.; Konnerth, A.;
Garaschuk, O. Clusters of Hyperactive Neurons near Amyloid Plaques in a Mouse Model of Alzheimer’s Disease. Science 2008,
321, 1686–1689. [CrossRef]

201. Vezzani, A.; Granata, T. Brain Inflammation in Epilepsy: Experimental and Clinical Evidence. Epilepsia 2005, 46, 1724–1743.
[CrossRef] [PubMed]

202. Dejakaisaya, H.; Kwan, P.; Jones, N.C. Astrocyte and Glutamate Involvement in the Pathogenesis of Epilepsy in Alzheimer’s
Disease. Epilepsia 2021. [CrossRef]

203. Ren, S.-Q.; Yao, W.; Yan, J.-Z.; Jin, C.; Yin, J.-J.; Yuan, J.; Yu, S.; Cheng, Z. Amyloid β Causes Excitation/Inhibition Imbalance
through Dopamine Receptor 1-Dependent Disruption of Fast-Spiking GABAergic Input in Anterior Cingulate Cortex. Sci. Rep.
2018, 8, 302. [CrossRef]

204. Kurup, P.; Zhang, Y.; Xu, J.; Venkitaramani, D.V.; Haroutunian, V.; Greengard, P.; Nairn, A.C.; Lombroso, P.J. Abeta-Mediated
NMDA Receptor Endocytosis in Alzheimer’s Disease Involves Ubiquitination of the Tyrosine Phosphatase STEP61. J. Neurosci.
2010, 30, 5948–5957. [CrossRef] [PubMed]

205. Ferreira, I.L.; Ferreiro, E.; Schmidt, J.; Cardoso, J.M.; Pereira, C.M.F.; Carvalho, A.L.; Oliveira, C.R.; Rego, A.C. Aβ and NMDAR
Activation Cause Mitochondrial Dysfunction Involving ER Calcium Release. Neurobiol. Aging 2015, 36, 680–692. [CrossRef]

206. Rissman, R.A.; De Blas, A.L.; Armstrong, D.M. GABA(A) Receptors in Aging and Alzheimer’s Disease. J. Neurochem. 2007, 103,
1285–1292. [CrossRef] [PubMed]

207. Farrant, M.; Nusser, Z. Variations on an Inhibitory Theme: Phasic and Tonic Activation of GABA(A) Receptors. Nat. Rev. Neurosci.
2005, 6, 215–229. [CrossRef] [PubMed]

208. Ulrich, D. Amyloid-β Impairs Synaptic Inhibition via GABA(A) Receptor Endocytosis. J. Neurosci. 2015, 35, 9205–9210. [CrossRef]
[PubMed]

209. Zhan, X.-Q.; Yao, J.-J.; Liu, D.-D.; Ma, Q.; Mei, Y.-A. Aβ40 Modulates GABA(A) Receptor A6 Subunit Expression and Rat
Cerebellar Granule Neuron Maturation through the ERK/MTOR Pathway. J. Neurochem. 2014, 128, 350–362. [CrossRef]

210. Li, S.; Selkoe, D.J. A Mechanistic Hypothesis for the Impairment of Synaptic Plasticity by Soluble Aβ Oligomers from Alzheimer’s
Brain. J. Neurochem. 2020, 154, 583–597. [CrossRef] [PubMed]

211. Wang, Z.; Jackson, R.J.; Hong, W.; Taylor, W.M.; Corbett, G.T.; Moreno, A.; Liu, W.; Li, S.; Frosch, M.P.; Slutsky, I.; et al. Human
Brain-Derived Aβ Oligomers Bind to Synapses and Disrupt Synaptic Activity in a Manner That Requires APP. J. Neurosci. 2017,
37, 11947–11966. [CrossRef]

212. Palop, J.J.; Mucke, L. Network Abnormalities and Interneuron Dysfunction in Alzheimer Disease. Nat. Rev. Neurosci. 2016, 17,
777–792. [CrossRef]

213. Wang, B.; Wang, Z.; Sun, L.; Yang, L.; Li, H.; Cole, A.L.; Rodriguez-Rivera, J.; Lu, H.-C.; Zheng, H. The Amyloid Precursor Protein
Controls Adult Hippocampal Neurogenesis through GABAergic Interneurons. J. Neurosci. 2014, 34, 13314–13325. [CrossRef]

214. Dickerson, B.C.; Salat, D.H.; Greve, D.N.; Chua, E.F.; Rand-Giovannetti, E.; Rentz, D.M.; Bertram, L.; Mullin, K.; Tanzi, R.E.;
Blacker, D.; et al. Increased Hippocampal Activation in Mild Cognitive Impairment Compared to Normal Aging and AD.
Neurology 2005, 65, 404–411. [CrossRef] [PubMed]

215. Bakker, A.; Krauss, G.L.; Albert, M.S.; Speck, C.L.; Jones, L.R.; Stark, C.E.; Yassa, M.A.; Bassett, S.S.; Shelton, A.L.; Gallagher,
M. Reduction of Hippocampal Hyperactivity Improves Cognition in Amnestic Mild Cognitive Impairment. Neuron 2012, 74,
467–474. [CrossRef]

216. Bakker, A.; Albert, M.S.; Krauss, G.; Speck, C.L.; Gallagher, M. Response of the Medial Temporal Lobe Network in Amnestic Mild
Cognitive Impairment to Therapeutic Intervention Assessed by FMRI and Memory Task Performance. Neuroimage Clin. 2015, 7,
688–698. [CrossRef] [PubMed]

217. Vossel, K.A.; Tartaglia, M.C.; Nygaard, H.B.; Zeman, A.Z.; Miller, B.L. Epileptic Activity in Alzheimer’s Disease: Causes and
Clinical Relevance. Lancet Neurol. 2017, 16, 311–322. [CrossRef]

218. Lam, A.D.; Deck, G.; Goldman, A.; Eskandar, E.N.; Noebels, J.; Cole, A.J. Silent Hippocampal Seizures and Spikes Identified by
Foramen Ovale Electrodes in Alzheimer’s Disease. Nat. Med. 2017, 23, 678–680. [CrossRef] [PubMed]

219. Vossel, K.A.; Beagle, A.J.; Rabinovici, G.D.; Shu, H.; Lee, S.E.; Naasan, G.; Hegde, M.; Cornes, S.B.; Henry, M.L.; Nelson, A.B.; et al.
Seizures and Epileptiform Activity in the Early Stages of Alzheimer Disease. JAMA Neurol. 2013, 70, 1158–1166. [CrossRef]

220. Joutsa, J.; Rinne, J.O.; Hermann, B.; Karrasch, M.; Anttinen, A.; Shinnar, S.; Sillanpää, M. Association Between Childhood-Onset
Epilepsy and Amyloid Burden 5 Decades Later. JAMA Neurol. 2017, 74, 583–590. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/18784809
http://doi.org/10.1093/brain/awv355
http://doi.org/10.1101/cshperspect.a024075
http://doi.org/10.2174/1567205013666160129095508
http://doi.org/10.1126/science.1162844
http://doi.org/10.1111/j.1528-1167.2005.00298.x
http://www.ncbi.nlm.nih.gov/pubmed/16302852
http://doi.org/10.1111/epi.16918
http://doi.org/10.1038/s41598-017-18729-5
http://doi.org/10.1523/JNEUROSCI.0157-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20699650
http://doi.org/10.1016/j.neurobiolaging.2014.09.006
http://doi.org/10.1111/j.1471-4159.2007.04832.x
http://www.ncbi.nlm.nih.gov/pubmed/17714455
http://doi.org/10.1038/nrn1625
http://www.ncbi.nlm.nih.gov/pubmed/15738957
http://doi.org/10.1523/JNEUROSCI.0950-15.2015
http://www.ncbi.nlm.nih.gov/pubmed/26085642
http://doi.org/10.1111/jnc.12471
http://doi.org/10.1111/jnc.15007
http://www.ncbi.nlm.nih.gov/pubmed/32180217
http://doi.org/10.1523/JNEUROSCI.2009-17.2017
http://doi.org/10.1038/nrn.2016.141
http://doi.org/10.1523/JNEUROSCI.2848-14.2014
http://doi.org/10.1212/01.wnl.0000171450.97464.49
http://www.ncbi.nlm.nih.gov/pubmed/16087905
http://doi.org/10.1016/j.neuron.2012.03.023
http://doi.org/10.1016/j.nicl.2015.02.009
http://www.ncbi.nlm.nih.gov/pubmed/25844322
http://doi.org/10.1016/S1474-4422(17)30044-3
http://doi.org/10.1038/nm.4330
http://www.ncbi.nlm.nih.gov/pubmed/28459436
http://doi.org/10.1001/jamaneurol.2013.136
http://doi.org/10.1001/jamaneurol.2016.6091


Int. J. Mol. Sci. 2021, 22, 5991 21 of 21

221. Paula-Lima, A.C.; Brito-Moreira, J.; Ferreira, S.T. Deregulation of Excitatory Neurotransmission Underlying Synapse Failure in
Alzheimer’s Disease. J. Neurochem. 2013, 126, 191–202. [CrossRef] [PubMed]

222. Tozzi, A.; Sclip, A.; Tantucci, M.; de Iure, A.; Ghiglieri, V.; Costa, C.; Di Filippo, M.; Borsello, T.; Calabresi, P. Region- and Age-
Dependent Reductions of Hippocampal Long-Term Potentiation and NMDA to AMPA Ratio in a Genetic Model of Alzheimer’s
Disease. Neurobiol. Aging 2015, 36, 123–133. [CrossRef] [PubMed]

223. Lipton, S.A. Paradigm Shift in Neuroprotection by NMDA Receptor Blockade: Memantine and Beyond. Nat. Rev. Drug Discov.
2006, 5, 160–170. [CrossRef] [PubMed]

224. Schmitt, H.P. On the Paradox of Ion Channel Blockade and Its Benefits in the Treatment of Alzheimer Disease. Med. Hypotheses
2005, 65, 259–265. [CrossRef]

225. Abbas, G.; Mahmood, W.; Kabir, N. Recent Progress on the Role of GABAergic Neurotransmission in the Pathogenesis of
Alzheimer’s Disease. Rev. Neurosci. 2016, 27, 449–455. [CrossRef]

226. Lu, M.-H.; Zhao, X.-Y.; Xu, D.-E.; Chen, J.-B.; Ji, W.-L.; Huang, Z.-P.; Pan, T.-T.; Xue, L.-L.; Wang, F.; Li, Q.-F.; et al. Transplantation
of GABAergic Interneuron Progenitor Attenuates Cognitive Deficits of Alzheimer’s Disease Model Mice. J. Alzheimer Dis. 2020,
75, 245–260. [CrossRef]

227. Hijazi, S.; Heistek, T.S.; Scheltens, P.; Neumann, U.; Shimshek, D.R.; Mansvelder, H.D.; Smit, A.B.; van Kesteren, R.E. Early
Restoration of Parvalbumin Interneuron Activity Prevents Memory Loss and Network Hyperexcitability in a Mouse Model of
Alzheimer’s Disease. Mol. Psychiatry 2020, 25, 3380–3398. [CrossRef]

http://doi.org/10.1111/jnc.12304
http://www.ncbi.nlm.nih.gov/pubmed/23668663
http://doi.org/10.1016/j.neurobiolaging.2014.07.002
http://www.ncbi.nlm.nih.gov/pubmed/25104560
http://doi.org/10.1038/nrd1958
http://www.ncbi.nlm.nih.gov/pubmed/16424917
http://doi.org/10.1016/j.mehy.2005.03.011
http://doi.org/10.1515/revneuro-2015-0062
http://doi.org/10.3233/JAD-200010
http://doi.org/10.1038/s41380-019-0483-4

	Introduction 
	Molecular Mechanisms of Soluble A Oligomers Formation and Toxicity 
	A Oligomers and Membrane Receptors 
	A Oligomers Interaction with Cellular Membranes 
	Intracellular A Oligomers Affecting Neural Transmission and Excitability 

	Calcium Homeostasis and Oligomer-Mediated Synaptotoxicity 
	Impairment of Synaptic Excitability, Transmission, and Plasticity 
	Oligomers and Alteration of Excitatory/Inhibitory (E/I) Neurotransmission 
	Conclusions 
	References

