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Abstract: A prominent feature of neurodegenerative diseases is synaptic dysfunction and spine loss
as early signs of neurodegeneration. In this context, accumulation of misfolded proteins has been
identified as one of the most common causes driving synaptic toxicity at excitatory glutamatergic
synapses. In particular, a great effort has been placed on dissecting the interplay between the toxic
deposition of misfolded proteins and synaptic defects, looking for a possible causal relationship
between them. Several studies have demonstrated that misfolded proteins could directly exert
negative effects on synaptic compartments, altering either the function or the composition of pre-
and post-synaptic receptors. In this review, we focused on the physiopathological role of tau and
α-synuclein at the level of postsynaptic glutamate receptors. Tau is a microtubule-associated protein
mainly expressed by central nervous system neurons where it exerts several physiological functions.
In some cases, it undergoes aberrant post-translational modifications, including hyperphosphory-
lation, leading to loss of function and toxic aggregate formation. Similarly, aggregated species of
the presynaptic protein α-synuclein play a key role in synucleinopathies, a group of neurological
conditions that includes Parkinson’s disease. Here, we discussed how tau and α-synuclein target
the postsynaptic compartment of excitatory synapses and, specifically, AMPA- and NMDA-type
glutamate receptors. Notably, recent studies have reported their direct functional interactions with
these receptors, which in turn could contribute to the impaired glutamatergic transmission observed
in many neurodegenerative diseases.
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1. Introduction

Protein misfolding, accumulation and the formation of toxic aggregates and fibrils
are common events in neurodegenerative disorders, also referred to as proteinopathies.
Aberrant levels, post-translational modifications (PTMs), mislocalisation, and aggregation
of tau and α-synuclein have been widely described in Alzheimer’s disease (AD) and related
tauopathies and Parkinson’s disease (PD) and related synucleinopathies, respectively. Tau
and α-synuclein are highly expressed in the central nervous system and their toxic forms
can lead to detrimental effects in neurons, including synaptic dysfunction during early
disease stages, affecting several pathways. However, the molecular mechanisms by which
tau and α-synuclein aggregates impair synaptic transmission and plasticity have not
been fully elucidated. Here, we focused on recent evidence addressing a specific role for
ionotropic glutamate receptors, namely α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptors (AMPARs) and N-methyl-D-aspartate receptors (NMDARs), in modulating
postsynaptic toxicity of both tau and α-synuclein.
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2. Tau
2.1. Physiological Function of Synaptic Tau

For decades, the physiological function of microtubule-associated protein tau has been
linked to microtubule stabilisation and axonal elongation in the somato-axonal compart-
ment [1]. The presence of tau in the dendritic compartment was considered an index of
toxicity and was often associated with neurodegeneration.

However, the discovery of tau in both pre- and post-synaptic structures of healthy
neurons has led to the hypothesis that tau could also exert a physiological function in
dendritic spines [2]. In this regard, it has been demonstrated that tau not only migrates to
the spines, but is also locally translated [3].

As the physiological presence of tau in dendritic spines has been proven, it is now
of interest to understand what its synaptic function is. The aim of the following section
discusses this aspect with a specific focus on AMPAR and NMDAR crosstalk with tau.

2.1.1. Tau as a Mediator of Synaptic Plasticity

Synaptic plasticity encompasses a series of mechanisms by which neurons modify
the strength of their connections in an activity-dependent manner. Long-lasting forms of
synaptic plasticity, termed long-term potentiation (LTP) and long-term depression (LTD),
are required for processes such as learning and memory formation.

Kimura and colleagues [4] demonstrated that tau is required for NMDAR-dependent
LTD in the hippocampus. First, they adopted a genetic approach using tau KO mice. They
showed that while LTD was readily induced in adult MAPT+/+, it was completely absent
in MAPT+/− and MAPT−/− mice. No differences in LTP were observed comparing the
three genotypes, indicating a specific impairment of LTD in the absence of tau in vivo.
Additionally, Kimura et al. identified the same impairment in brain slices prepared from
young MAPT−/− mice, suggesting that the LTD impairment in tau KO mice was present
early in development, and was not the result of ageing. To exclude other confounding
factors due to developmental complications resulting from the absence of tau through-
out the life of the animals, they also investigated the effects of acute suppression of tau
through specific shRNA administered to neurons from organotypic cultured hippocampal
slices. Again, the only impairment that they found was in LTD. As further proof, when
the silenced tau was replaced with human tau, the neuronal ability to exhibit LTD was
completely restored.

Subsequently [5], Regan and colleagues looked for a behavioural counterpart of the
LTD deficit identified in tau KO mice. Previous studies did not report significant differences
in cognition in tau KO animals when compared to WT mice [6]. However, Regan et al.
focused on a form of cognition strictly related to LTD: hippocampus-dependent spatial
reversal learning. In their study, tau KO mice showed a pronounced impairment in ability
to forget one location and learn another within a specific context, an aspect which is strictly
related to LTD expression [7,8].

After establishing the necessity for the presence of tau in NMDAR-dependent LTD,
they endeavoured to identify the mechanism through which tau exerts its function in this
form of synaptic plasticity. PICK1-mediated AMPAR endocytosis from the post-synaptic
membrane is a crucial event that supports the weakening of synapses during LTD. Regan
et al. observed that in tau KO mice the physiological interaction between GluA2 and PICK1
triggered by LTD induction was impaired [5]. This result suggested that the function of
tau in LTD could be related to AMPAR internalisation through PICK1. This supports the
findings of other studies, which proposed a role for tau in intra-dendritic trafficking of
AMPAR in both physiological and pathological conditions [9,10].

Another mechanism through which tau may affect NMDAR-dependent LTD expres-
sion could be related to NMDAR targeting. Ittner and colleagues [11] demonstrated the
involvement of tau in post-synaptic targeting of Fyn. In their model, they proposed that
the Src tyrosine kinase Fyn localises to the post-synapse in a tau-dependent manner, where
it associates with PSD95; this association promotes Fyn kinase activity on the GluN2B sub-
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unit (GluN2B). This phosphorylation promoted the interaction of NMDARs with PSD95;
therefore, tau presence in the spine ultimately increased the stability of NMDARs within
the postsynaptic density complex (see Figure 1, panel A).

Figure 1. (A) Fyn localises to the postsynapse in a tau-dependent manner (1) where it associates with
the postsynaptic density and phosphorylates GluN2B in the carboxy terminus domain (2). Since
this phosphorylation facilitates the interaction of NMDARs with the scaffolding protein PSD-95 (3),
Tau–Fyn interaction in spine increases the stability of NMDAR within the PSD [11]. (B) According
to the Mondragón-Rodríguez model [12], the activation of NMDAR (1) leads to phosphorylation of
tau by GSK3 (2). This phosphorylation strengthens the interaction between tau and Fyn (3), thus
supporting a transient increase in NMDA receptor activation (4), but weakens the interaction between
PSD95 and tau. As a result, Fyn finally leaves the PSD95-NMDA receptor complex (5).

In the above studies, no deficits in LTP induction were observed upon knocking out
or silencing tau. However, Sydow and colleagues [13] showed that LTP induction was
inhibited when tau was over-expressed. This effect could still be related to the role of tau
in LTD; an excessive presence and activation of tau may induce chronic LTD that could
manifest as impaired LTP.

Overall, these studies supported a physiological role for tau in the synaptic compart-
ment and, specifically, in synaptic plasticity, as well as in NMDAR and AMPAR synaptic
localisation and trafficking regulation.

2.1.2. A Physiological Role in the Spine for Tau Phosphorylation

Tau phosphorylation has always had negative connotations. However, emerging
evidence has demonstrated that tau phosphorylation could regulate tau in a physiological
manner; not only do different signatures of phosphorylation characterise tau species in
different subcellular domains [14], but different signatures of tau evoke different forms of
synaptic activity (see Figure 2).

In this regard, Mondragon-Rodriguez and colleagues [12] showed that the phospho-
rylation of tau controlled its interaction with the PSD-Fyn-NMDAR complex, therefore
influencing synaptic activity. They determined that the activation of NMDA receptors
led to phosphorylation of different sites in tau (Ser199, Ser202, Thr231, Ser235, Ser396,
Ser404), which in turn modulated the interaction of tau with its partners. Specifically,
phosphorylation of tau strengthened the tau-Fyn interaction and weakened the tau–PSD95
interaction. As a result, NMDAR-dependent changes in the phosphorylation status of
synaptic tau could lead to a transient increase in synaptic Fyn and, consequently, a transient
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increase in NMDA receptor activation before tau–Fyn leaves the PSD95–NMDA receptor
complex (see Figure 1, panel B).

Similarly, it was suggested that glycogen synthase kinase-3 (GSK3) β-mediated phos-
phorylation of tau in the PHF epitope (rather than tau itself) is required for LTD expression.
Kimura and colleagues [4] showed that LTD induction led to an increase in tau PHF epitope
(Ser396 and Ser404) phosphorylation. Furthermore, Regan et al. [5] demonstrated that LTD
could not be induced in the presence of a mutant form of tau resistant to phosphorylation
in Ser396. This indicated that the observed increase in tau phosphorylation upon LTD
induction is not simply a by-product of enhanced activity of LTD-signalling molecules,
such as GSK3β, but has a role in LTD induction. The sole inhibiting action of GSK3β on
tau was sufficient to impair the PICK1–GluA2 interaction upon LTD induction. Similarly,
other studies had already reported that GSK3β was required for LTD [15] and its activation
necessary for AMPAR internalisation [16,17].

Draffin and colleagues [18] proposed a controversial but thought-provoking theory.
GSK3 exists in two isoforms, GSK3β and GSK3α. These isoforms share a similar structure,
especially in the catalytic domain, which is why one isoform can be easily confused with
the other (namely, GSK3β with GSK3α). They demonstrated that GSK3α, but not β

(as indicated by other studies, some of which are reported above), is required for LTD
expression. Additionally, they showed that “the presence of tau is required for the regulated
anchoring of GSK3α during LTD [ . . . ] suggesting that tau is an intrinsic component of
the mechanism by which GSK3α induces synaptic depression”. This suggested that tau
exerts its function in LTD both as a signalling molecule downstream GSK3 activation
and as an upstream factor by mediating GSK3α engagement in the spine in response to
NMDAR activation. On one hand, GSK3 requires tau to be recruited to the spine upon LTD
induction; on the other, the GSK3-mediated phosphorylated form of tau is essential for
LTD expression.

Overall, the studies above demonstrated that tau and its phosphorylated form play a
crucial role in the post-synaptic compartment. This showed it is possible that the hyper-
phosphorylation and mislocalisation of tau, observed in many different neurodegenerative
diseases, could mediate toxic effects not only because of a gain of function (as traditionally
described) but also because of a loss of its physiological function. In the next section, we
describe in vitro and in vivo/ex vivo studies in which a dysregulation of synaptic function
of tau was observed.

2.2. The Pathological Counterpart of Synaptic Tau

Beyond the physiological role exerted by tau in synapse functioning, there has been a
growing interest in the question of how the pathological hyper-phosphorylation of tau has
a detrimental impact on synapse functionality.

2.2.1. In Vitro Models

Recently, several models for the pathological role of tau in synapse functionality
have been proposed through in vitro studies in cultured hippocampal neurons. In this
section, we discuss these models, trying to subsume them into a single paradigm, and
the implications they have on our current knowledge of the course of tauopathy disease.
Importantly, even though neuronal cultures represent a simplification of the complexity of
the brain and of the effects that misfolded tau has on brain circuits, these models give us
insights into the mechanisms that likely precede the macroscopic effects (i.e., synapse loss
and neuronal death) that are observed for in vivo models of tauopathy.

All these models stem from a fundamental observation: when tau aberrantly mislo-
calises to dendritic spines, an impairment in glutamatergic synaptic transmission becomes
evident. In presence of tau mislocalisation, several studies reported a reduction in the
frequency and amplitude of miniature excitatory postsynaptic currents (mEPSCs) and in
the synaptic expression of AMPAR and NMDAR [9,19,20].
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From this premise, great effort has been placed in trying to understand whether a
causal relationship exists between tau mislocalisation and glutamatergic synaptic transmis-
sion and, if verified, what the mechanisms are through which this happens.

In this regard, Braun and colleagues [21] showed that the absence of tau (i.e., hip-
pocampal neurons derived from MAPT−/− animals) prevented all post-synaptic deficits
that they observed in their model of chronic traumatic encephalopathy when tau was
present. Similarly, other studies demonstrated that preventing the aberrant delocalisation
of tau in spines resulted in no detection of deficits in glutamatergic transmission [19,20].

In this regard, the conditio sine qua non for tau mislocalisation is its aberrant phos-
phorylation. Indeed, both the inhibition of the major kinases of tau (cyclin-dependent
kinase 5 (CDK5) and GSK3β) and the introduction of phosphorylation-resistant residues
in the tau sequence, prevented its aberrant localisation in dendritic spines. It is likely that
tau–microtubule interactions are disturbed by the modifications to the phosphorylation
state of tau which, in turn, dissociates from microtubules to localise in spines [22,23].

Together, these results indicate that an alteration in tau state is sufficient to determine
functional glutamatergic deficits and that it is tau hyper-phosphorylation and subsequent
delocalisation in spines that triggers the toxic effects on synapses.

Focusing on hyper-phosphorylation, Teravskis and colleagues [20] tried to determine
whether the phosphorylation of specific domains of tau could regulate its mislocalisation
and the subsequent detrimental effects on the post-synaptic compartment. In their work,
they conclusively demonstrated that “Phosphorylation in two discrete tau domains regu-
lates a stepwise process leading to postsynaptic dysfunction”. Specifically, phosphorylation
of Ser396 and Ser404 in the C-terminal domain promotes tau mislocalisation in spines,
whereas the additional phosphorylation of specific residues in the proline-rich N-terminal
domain (Ser202, Thr205, Thr212, Thr217 and Thr231) is required for tau to exert toxic effects
on glutamatergic neurotransmission.

It must be noted that the aberrant phosphorylation of tau results from different events.
Liao’s research group [9,19] demonstrated that both the presence of genetic mutations in
the tau gene (namely, the well-characterised P301L tau mutation) and the presence of Aβ

oligomers, support tau hyper-phosphorylation. More importantly, the presence of Aβ and
the P301L mutation led to synaptic deficits only when tau could be phosphorylated (and
not in presence of amino acid substitutions that make tau resistant to phosphorylation).
Additionally, other factors, such as mechanical injury, promote tau hyper-phosphorylation
and mislocalisation in spines [21]. These observations suggested that a wide range of
toxic events may potentially converge to a common pathological pathway in which tau
ultimately promotes synaptic deficits.

Having demonstrated the existence of a causal relationship between tau mislocalisation
and synaptic deficits, Miller and colleagues [19] investigated the mechanism through
which tau negatively affects synaptic functionality. They observed that calcineurin plays
an important role in this process. Calcineurin is a serine/threonine phosphatase which
also mediates AMPAR endocytosis during LTD by acting on residue S845 of the GluA1
subunit. Moreover, calcineurin interacts with a segment of the proline-rich domain of tau.
Therefore, Miller et al. hypothesised that the hyper-phosphorylation of tau could positively
affect this interaction by enhancing its binding affinity with calcineurin and, consequently,
promoting calcineurin accumulation in spines. In their model, the resulting enhanced
de-phosphorylation activity of calcineurin on GluA1 promoted AMPAR internalisation
and subsequent synapse depotentiation. Most relevant to our discussion, they showed
that calcineurin inhibition rescued the disruption of AMPAR clustering caused by tau. In
this way, they demonstrated that calcineurin causes, at least in part, tau-triggered synaptic
deficits, therefore elucidating the mechanism through which tau mislocalisation affects
glutamatergic signalling. A role for calcineurin in Aβ driven synaptic deficits has already
been proposed; Wu and colleagues demonstrated that Aβ mediates neurodegeneration, at
least in part, by activation of calcineurin and, subsequently, the nuclear factor of activated
T cells (NFAT)-mediated downstream cascades [24].
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From these studies, a central role for tau hyper-phosphorylation had been hypothe-
sised and demonstrated. However, there could be factors other than tau hyper-phospho-
rylation contributing to tau mislocalisation. Caspase-2 cleavage of tau at Asp314 seemed to
play a crucial role in this process. Indeed, Zhao and colleagues [25] showed that produc-
tion of this cleaved form of tau (called ∆tau314) promoted the mislocalisation of not only
∆tau314 but also full-length tau into synapses. Moreover, they demonstrated that this event,
in turn, supported a reduction in AMPAR trafficking and anchoring in dendritic spines,
and eventually led to impairment in synaptic transmission. Perhaps most importantly, they
showed that this specific cleavage was a required step for P301L tau to mislocalise in spines
and cause synaptic deficits. This was demonstrated through the expression of tau mutants
resistant to caspase-2 cleavage, which prevented tau from infiltrating spines, dislocating
glutamate receptors, and impairing synaptic function in cultured neurons.

These data suggested that more than one bottleneck exists for avoiding tau mislocali-
sation, and that multiple PTMs support tau mislocalisation and it is their additive effect
that ultimately causes tau to exert toxicity on the post-synaptic compartment.

In conclusion, it is evident that tau begins to negatively affect synaptic functionality
(and, specifically, glutamatergic signalling) in an extremely early phase in the progression
of tauopathies. In all the studies discussed here, no spine loss was detected; it is plausible
that tau mislocalisation in spines and the subsequent alteration in AMPAR signalling are
the very first markers of tau-mediated neurodegeneration.

Up to this point, we have described the pathological effects of the soluble form of
tau in the synapse. Contrastingly, Shrivastava and colleagues [26] adopted an in vitro
model (i.e., primary hippocampal neuronal cultures) to investigate the effects of tau fibrils
on neuron functionality. Indeed, it has been documented that high molecular weight
assemblies of Tau have prion-like properties; once released by the affected neuronal cells,
they are taken up by healthy cells and amplified by promoting aggregation of endogenous
tau [27–30]. In this context, Shrivastava et al. studied the early events that occur on
cell surfaces immediately before the endocytosis of tau fibrils. They demonstrated that
fibrillar tau formed clusters at the plasma membrane of excitatory synapses following
lateral diffusion, and that these clusters interacted with different membrane proteins,
including Na+/K+-ATPase (NKA) and AMPA receptors. This interaction altered synaptic
protein composition, reducing the amount of α3-NKA and increasing the amount of AMPA
receptor subunit GluA2, the former reducing neuronal control of membrane depolarisation,
and the latter making neurons more vulnerable following action-potential-induced Ca2+

influx. Overall, this study reported another mechanism through which pathological tau
could affect synapse functionality, albeit in an advanced phase of disease, and potentially
indicated new interactions as targets for decreasing tau fibril toxicity.

2.2.2. In Vivo Models

Tau and Aβ have both been associated with memory impairment, mild cognitive
impairment (MCI), and early AD [31–33]. However, it has not yet been established whether,
and how, they might interact.

Different in vivo studies have tried to address this. It is well known that soluble
Aβ oligomers exert an inhibitory effect on hippocampal LTP [34–37]. Shipton and col-
leagues [38] demonstrated that tau is required for this specific toxic effect of Aβ oligomers.
Indeed, in tau KO mice, the absence of tau was sufficient for prevention of Aβ-induced LTP
impairment. They also observed that tau became hyper-phosphorylated in the presence of
Aβ oligomers, and that the specific inactivation of GSK3 inhibited not only Aβ-mediated
tau phosphorylation, but also Aβ-mediated LTP deficits. These data support the hypothesis
that tau, and specifically its phosphorylation by GSK3, are necessary for the toxic effects of
Aβ on synaptic plasticity. It is possible that preventing tau and Aβ crosstalk may represent
an innovative strategy for treating cognitive impairment.
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Figure 2. Graphic representation of main human tau phosphosites and indications of the molecular
events regulating their phosphorylation. Tau is composed of two main domains: a projection domain
(resides Met1-Tyr197) and an assembly domain (Ser198-Leu441). The first includes the N-terminal
extension and the first part of a proline-rich region (residues 165–197), and the latter the second part
of the proline-rich region, three or four microtubule binding repeats (MTBR, numbered R1 to R4) and
a C-terminal extension [4,5,9,14,20,39].

Ittner and colleagues [11] demonstrated an alternative pathway through which tau
could mediate Aβ toxicity in AD. As described above, they identified a physiological
function for tau in the post-synaptic compartment where it recruits Fyn and promotes its
kinase activity on GluN2B. In tau KO mice crossed with Aβ-forming APP23 mice, they
observed a decrease in Fyn-mediated GluN2B phosphorylation and a reduction in memory
deficits, as well as significantly delayed onset of mortality and an improved overall survival,
without changing Aβ levels or plaque load. The positive effect on survival gained from
the absence of tau may have resulted from a reduced sensibility to excitotoxicity due
to reduced stabilisation of NMDAR in the postsynaptic density complex. Of note, they
observed that a peptide that uncouples the Fyn-mediated interaction of NMDARs and
PSD95 prevented premature lethality and memory deficits in Aβ-forming APP23 mice.
These data indicated that Fyn-related dendritic function of tau confers Aβ toxicity at the
post-synapse. These studies are consistent with the data presented by Liao’s research group
which demonstrated in vitro that tau was necessary for observing Aβ oligomer induced
AMPAR signalling deficits [19].

Monteiro-Fernandes and colleagues proposed an intriguing therapeutic strategy to
counteract tau-mediated excitotoxic synaptic and memory deficits in Aβ-dependent hip-
pocampal pathology [39]. They chronically administered a positive allosteric modulator
(PAM) of AMPAR to a non-transgenic mouse model of Aβ-oligomers. They found that
PAM treatment reverted Aβ-driven memory deficits and synaptic missorting of tau and
the associated Fyn-GluN2B driven excitotoxic synaptic signalling. In this way, they demon-
strated that acting on glutamatergic signalling, and specifically potentiating AMPAR, could
prevent tau-mediated toxic synaptic effects, therefore providing a potential pathway for
new and alternative treatments of AD and other tauopathies.

Focusing on other aspects of tau, Li and colleagues [40] showed another mechanism
through which it mediates neurotoxicity by affecting synaptic functioning. They demon-
strated that long-term ketamine administration to WT mice caused excessive tau protein
phosphorylation at Ser202/Thr205 and Ser396 in mouse hippocampus, with a decrease in
hippocampal synaptic function and the number of AMPAR in the membrane. Interestingly,
these last two effects were tau-dependent as they were not detectable in tau KO mice.
These data are consistent with other studies that have indicated the involvement of tau in
mediating the neurotoxic effects of various factors, such as anaesthesia and drugs [41,42].
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Additionally, as discussed in Section 3.3.2, it seems that many different toxic factors con-
verge on tau to mediate their effects on the synaptic compartment.

Overall, both in vitro and in vivo studies have demonstrated that tau, and specifi-
cally its phosphorylation, when dysregulated, negatively affects synapse functionality and
glutamatergic signalling. In this light, a dysregulation of tau phosphorylation, and the sub-
sequent alteration of its physiological function and localisation in spines, could be the very
initial stage of tauopathies, preceding the misfolding of tau and the accumulation of toxic
aggregates. Should this be the case, targeting of this very first event of tau dysregulation
could represent a valid strategy for counteracting tauopathy disease progression.

3. α-Synuclein
3.1. α-Synuclein Conformations

First discovered in 1988, α-synuclein is a small, soluble intracellular protein of 15 kDa
belonging to the synuclein superfamily, which also comprises β- and γ-synuclein [43].
α-Synuclein can be divided into three main domains with distinct physico-chemical prop-
erties (see Figure 3). The N-terminal region is characterised by seven 11-mer repeats
with a KTKGEV consensus sequence (residues 1–95) [44]. This domain forms an amphi-
pathic α-helix which confer to the protein the ability to bind negatively charged lipid
membranes [45,46]. Aminoacids from 61 to 95 constitute the NAC (Non-amyloid β compo-
nent) domain, thought to favour α-synuclein aggregation [47,48]. α-Synuclein C-terminus
(aa 96–140) is highly acidic and mainly unstructured. It is targeted by post-translational
modifications at various sites, including phosphorylation at Ser129, known to promote
toxic species formation [49–51]. The C-terminal domain is responsible also for interaction
with proteins and ions, modulation of membrane binding, and protection from protein
aggregation [52–54]. α-Synuclein can mainly be referred to as a natively unfolded protein,
whose structure changes depending on localisation, interaction, and membrane-binding
status [55–57]. This protein exists in the cell as a dynamic pool of monomers and multimers
in an equilibrium between soluble and membrane bound states due to its high affinity to
anionic membranes [58,59].

Figure 3. Schematic representation of the secondary structure of the protein αsyn.

Due to its structure and the presence of a hydrophobic non-amyloid β-component
(NAC) region, α-synuclein has a high tendency to change its conformation into β-sheet rich
structures that are prone to aggregating into oligomers, and insoluble amyloid fibrils that
ultimately deposit in Levy Bodies (LB) inclusions [60]. Despite its ubiquitous expression
across the nervous system, the pathological aggregation of α-synuclein and consequent
neurotoxicity seem to selectively affect specific neuronal subpopulations [61].

The characterisation of the α-synuclein oligomer role in cellular damage and amyloid
formation has been quite challenging because of their transient nature and high confor-
mational variability. Oligomers can be described as a continuum of species going from
low-molecular weight prefibrillar oligomers to larger aggregates that are progressing to-
wards amyloid formation [62]. As demonstrated in recent studies, oligomeric species are
emerging as having a leading role in causing neurotoxicity, including small and soluble
forms [63–65].

The process of α-synuclein amyloid fibril formation is not completely understood.
However, an alteration in the dynamic pool of structurally diverse α-synuclein forms, and
defects in proteostasis mechanisms, may be relevant elements in this process [66,67]. A
better comprehension of fibrillar structures has been provided mainly through NMR studies
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and, more recently, advancements in cryo-EM technology [68–71]. Interestingly, recent
works postulate the existence of different strains of amyloid fibrils, capable of provoking
distinct disease phenotypes [72]. In vitro, by varying the buffer and salt conditions, it has
been possible to obtain diverse α-synuclein species as classic fibrils or ribbons, which feature
flat and twisted structures. Upon injection into rodents, these ribbons seemed to produce α-
synuclein inclusions, particularly in oligodendrocytes, which is a typical neuropathological
sign of multiple system atrophy (MSA). Contrastingly, fibrils are reported to cause mainly
PD-like features with loss of dopaminergic nigral neurons and motor impairments [68,73].

3.2. α-Synuclein Synaptic Functions

Highly expressed in neurons of the central and peripheral nervous system, α-synuclein
has important neuronal functions at the presynaptic terminal, where it is predominantly ex-
pressed [74,75]. Indeed, studies on mice with all synuclein members knocked out described
primarily pre-synaptic alterations, including reduced size of the synaptic terminal [76].
Almost no evidence of relevant postsynaptic activities of the endogenous protein have
been demonstrated so far. The intrinsically unfolded nature of α-synuclein, its tendency to
aggregate, and the possible presence of a compensatory effect from the β- and γ-synucleins
make the study of its physiological functions particularly challenging.

In more than twenty years of research, a multitude of cellular and synaptic func-
tions have been attributed to α-synuclein, including dopamine and monoamine metabo-
lism [77,78]. α-Synuclein interacts with multiple presynaptic partners and shows high
affinity to curved anionic membranes, strongly supporting its modulatory function on
the synaptic vesicle pool and plasticity events [47,77,79,80]. Indeed, α-synuclein colo-
calises and interacts with synaptic vesicles, synaptobrevin-2 and the G-protein Rab3a, and
acts as a chaperone for the SNARE-complex assembly [43,59,81,82]. Contrasting results,
however, have been reported regarding α-synuclein inhibition or promotion of neurotrans-
mission [83]. Altogether, literature data indicate a role in intense and regulated neuronal
activity rather than in basal neurotransmission [77]. In this regard, a recent study identified
α-synuclein involvement in regulation of short- and long-term dopaminergic plasticity
in vivo, particularly in the facilitation and depression of dopamine release [84].

3.3. Role of α-Synuclein Aggregates in Functional Alterations of Glutamatergic Synapses

Aberrant levels and forms of α-synuclein exert neurotoxicity through multiple mecha-
nisms, affecting homeostatic cell pathways and synaptic functions. Several works describe
key contributions of toxic forms of α-synuclein in perturbing synapse structure and activity.
Amyloid and oligomeric forms of the protein were shown to spread between neurons tran-
synaptically, making toxic forms of the protein detrimental to multiple aspects of synapse
structure and neuronal transmission [85]. However, the broad spectrum of α-synuclein
toxic aggregates that can be generated in vitro, and can be found in patients’ brains, compli-
cates the precise investigation of molecular events. Interestingly, one hypothesis attributes
clinical heterogeneity and different pathophysiological mechanisms of synucleinopathies to
different strains of α-synuclein bearing distinct ultrastructural features [73]. Recent experi-
mental evidence obtained by using both in vivo and in vitro models of synucleinopathies
reported an early impact of α-synuclein on glutamatergic neurotransmission. Specifically,
aberrant α-synuclein impacted the subunit composition and function of both NMDARs and
AMPARs (see Table 1). However, α-synuclein-mediated toxicity at the glutamatergic post-
synaptic compartment was strictly dependent on the structural biophysical characteristics
of the protein aggregates and of the neuronal subtype being considered.
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Table 1. Table reporting impact of different α-synuclein species on specific ionotropic glutamate
receptor (iGluR) subunits.

Targeted iGluR α-Synuclein
Species Model Mechanism Ref.

GluN1

Overexpression,
monomers

Primary
hippocampal

neurons
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3.3.1. In Vitro Models
Effect of α-Synuclein Monomers

One of the mechanisms responsible for α-synuclein misfolding and aggregation is the
increased expression of the protein and, consequently, the augmented intra- and extracel-
lular concentration of α-synuclein monomers. Indeed, overexpression of the protein or
exposure to increased exogenous monomer concentration in in vitro systems have been
reported to affect the glutamatergic synapse. In this regard, Chen et al. demonstrated that
both α-synuclein overexpression, and the exogenous treatment of primary hippocampal
neurons with α-synuclein monomers, significantly decreased membrane levels of NM-
DARs [86]. In particular, aberrant internalisation of the NMDAR complex was indicated
by decreased surface levels of the obligatory NMDAR subunit GluN1 concomitant to in-
creased cytoplasmic expression. As well as promoting NMDAR endocytosis, α-synuclein
reduced receptor functionality, as shown by impaired NMDAR-mediated calcium influx.
Interestingly, NMDAR defects were rescued by downregulation of Rab5a, suggesting that
it acts as a mediator of α-synuclein-induced NMDAR endocytosis. In agreement with
this, whole-cell patch clamp recordings of treated neurons revealed a marked reduction
in NMDAR-elicited inward currents [86]. Navarria and colleagues [90] showed that the
physiological expression of wt-α-synuclein or a c-terminally truncated form negatively
affected NMDAR surface levels. A significant increase of GluN2B and GluN1 expression
upon genetic deletion of α-synuclein was found in primary cortical neurons, obtained
from α-synuclein-null mice, when compared with wt-mice-derived neurons. Moreover,
overexpression of truncated α-synuclein in SK-N-SH cells led to increased NMDAR subunit
expression and cytoplasmic localisation. Pre-treatment of cells with the GluN2B selective
inhibitor ifenprodil abrogated the NMDAR-calcium elevation, indicating a specific effect of
α-synuclein on the GluN2B subunit [90].

Another study investigated the effects of aberrant extracellular concentrations of
monomeric α-synuclein on neuronal lipid raft composition and postsynaptic activity [91].
The integrity and molecular composition of these cholesterol-enriched membrane domains
are fundamental for the maintenance of proper pre- and post-synaptic structure and, conse-
quently, receptor function [98]. Emanuele and colleagues characterised an indirect effect of
increased extracellular α-synuclein that, through fragmentation of lipid rafts, drove impor-
tant remodulation of the pre- and postsynaptic architecture [91]. Despite not changing the
total levels of the GluN2B subunit and PSD95, α-synuclein exposure modified lipid raft
partitioning of these two postsynaptic proteins in corticostriatal slices. PSD95/GluN2B
interaction was also significantly reduced, possibly due to augmented GluN2B phosphory-
lation at Ser1480, which was already known to modulate its interaction with PSD95 [99].
Along with these modifications, α-synuclein elicited functional impairments, blocking the
induction of chemical LTP. Specifically, α-synuclein dampened NMDARs responses in
presence of normal AMPAR mediated mEPSCs [91].

Effect of Oligomers and Fibrils

A possible explanation for the results obtained with the use of α-synuclein monomers
could reside in the unstable nature of α-synuclein and its ability to rapidly form aggregates
that can contribute to the described neurotoxicity. Therefore, the consequences of direct
application of toxic α-synuclein aggregates have been subsequently investigated in more
detail. As described above, oligomeric and fibrillar species can comprise a wide spectrum of
dimensionally diverse aggregates formed from various proportions of soluble and insoluble
amyloid forms.

The described capability of α-synuclein monomers to induce endocytosis of the NM-
DAR complex was further described by a study published in 2019. In particular, this study
correlated this process to different preparations of α-synuclein oligomers [87]. Firstly, the
authors showed that direct application of oligomers to MES23.5 dopaminergic cells led to an
increased ability to promote GluN1 subunit internalisation with respect to the monomeric
form. Interestingly, aggregates generated by incubating α-synuclein in the plasma of PD
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patients provoked the most significant reduction of surface GluN1. Importantly, treatment
with a clathrin inhibitor was able to rescue oligomer-induced NMDAR internalisation,
suggesting clathrin-mediated endocytosis could be an affected pathway when challenged
by α-synuclein. These species showed increased size and content of phosphorylated α-
synuclein when compared with oligomers aggregated in the plasma of control individuals.
In this regard, an earlier work using a similar in vitro model, consisting of autaptic cultures
of hippocampal primary neurons, explored how biophysically diverse oligomers can af-
fect excitatory neurotransmission [97]. Incubation of monomeric proteins with solvents
(EtOH and DMSO) in combination with Fe3+ ions allowed stabilisation of oligomers to
a higher molecular order. This study did not report any effect on NMDAR function on
autaptic neurons upon application of nanomolar iron-induced oligomers, but patch clamp
recordings revealed a significant increase in the amplitude of AMPAR-mediated EPSCs.
Neither smaller aggregates nor monomeric proteins were able to elicit similar AMPARs
alterations in this experimental setting. Therefore, authors speculated that the molecular
mechanism behind these alterations likely involved an increased responsiveness, or quan-
tity, of AMPARs, without affecting the total number of synapses. Indeed, the demonstrated
detrimental effects of large oligomers on membrane integrity could also be involved in
these alterations. In particular, the formation of calcium-permeable pores could further
increase glutamate-induced excitotoxicity, contributing to neuronal death [97].

In hippocampal slices, high-order oligomeric species were demonstrated to impair
induction of synaptic plasticity through NMDARs-dependent mechanisms [96]. Incubation
of large oligomers on rodent hippocampal slices blocked LTP induced by theta-burst stimu-
lation. The same effect was elicited by oligomers stabilised by 4-hydroxy-2-nonenal (HNE),
a lipid peroxidation product, with aggregates bearing post-translational modifications
comparable to those found in PD-brains. Notably, the same concentration of monomeric or
fibrillar α-synuclein did not reduce LTP, suggesting this was a specific effect for oligomeric
species. Although LTP defects were demonstrated to be strictly dependent on the activation
of NMDARs, oligomers triggered downstream alterations to AMPARs as well. Specifically,
oligomer-treated slices showed a significant increase in current rectification at positive
potentials as a consequence of AMPARs lacking GluA2. Pathological changes in AMPAR
function following NMDAR overactivation was further supported by an increased sur-
face localisation of the GluA1 subunit. The authors suggested that these results indicated
a pathological mechanism involving aberrant Ca2+ influx downstream of NMDAR and
AMPAR alterations. Indeed, aberrant calcium elevation can lead to increased activation of
calcium dependent phosphatases such as calcineurin, which has already been described as
participating in neurotoxic events [100].

In parallel to the characterised postsynaptic toxicity in the hippocampus, oligomeric
forms of α-synuclein can also affect corticostriatal glutamatergic signaling, altering the
postsynaptic activity of NMDARs [88]. Proper composition and localisation of these re-
ceptors is physiopathologically important; deregulation of the GluN2A/GluN2B subunit
ratio at striatal spiny projection neurons (SPNs) was demonstrated to contribute to motor
behaviour and synaptic plasticity impairments in PD [101]. Durante and colleagues [88] in-
vestigated the impact of nanomolar concentrations of small soluble α-synuclein oligomeric
species on corticostriatal plasticity. In particular, α-synuclein prevented the induction
of LTP, mediated primarily by NMDAR activation, at the level SPNs, but retaining the
capability for LTD events. Interestingly, the authors found that AMPAR-mediated synaptic
currents and AMPAR rectification index were not affected by oligomer exposure, while
a selective decrease in GluN2A-mediated currents was recorded. In line with functional
findings, the synaptic expression of AMPAR remained unchanged, in contrast to a selective
reduction of the GluN2A-subunit [88].

While the postsynaptic impact of α-synuclein oligomers towards glutamate receptors
has been largely addressed, knowledge about fibrillar species still remains mostly un-
known and is made more complex by the extreme difference in the biophysical properties
of amyloid aggregates. Although fibrils represent the most utilised species in generating
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in vivo models of synucleinopathies, only one recent study has addressed the molecular
events triggered by diverse α-synuclein fibrillar polymorphs, with each one connected to a
specific synucleinopathy [92]. The authors showed that structurally diverse α-synuclein
fibrils (fibrils and fibrils-91) and ribbons bind to membranes and excitatory synapses of
both hippocampal primary neurons and organotypic cultures, with varying efficiency.
Additionally, they found that distinct polymorphs triggered specific alterations; fibrils
selectively increased the clustering at synapses of GluA2 and GluN2B subunits, fibrils-91
specifically targeted GluA2, while ribbons did not affect any of the evaluated glutamate
receptor subunits. Therefore, α-synuclein-driven redistribution of excitatory postsynaptic
proteins seems strictly related to polymorph structural features, underlying the differ-
ent possible alterations of homeostatic pathways. Mislocalisation of glutamate receptors
induced by fibrillar polymorphs was reflected in significant impairments to neuronal net-
work activity, further supporting the detected upstream defects in glutamatergic synapse
composition [92].

3.3.2. In Vivo Studies

The recent characterisation and validation of various rodent models of synucle-
inopathies has unveiled the different mechanisms of toxicity through which α-synuclein af-
fects glutamatergic transmission in vivo. In 2016, Tozzi et al. identified a specific pathogenic
mechanism mediated by GluN2D-containing NMDARs in striatal cholinergic interneurons,
underlying early behavioural and electrophysiological defects in mice and rats overex-
pressing α-synuclein. While SPNs showed normal electrophysiological properties, LTP
induction was selectively abolished in cholinergic interneurons. Specifically, α-synuclein-
overexpression induced a selective modulation of GluN2D-containing NMDARs, contribut-
ing to impairment of plasticity as well as to early memory and motor alterations [94].
Notably, a subchronic treatment with L-DOPA rescued these cholinergic defects; it can
therefore be speculated that partial dopamine deficiency has a role, together with the
α-synuclein-induced modulation of NMDARs, in these pathophysiological events.

As discussed above, the detrimental effects of oligomeric α-synuclein on NMDAR-
dependent synaptic activity has already been established ex vivo on corticostriatal plasticity.
The in vitro α-synuclein treatment of corticostriatal slices, which reduced NMDAR cur-
rents and impaired the induction of LTP in SPNs, selectively reducing the postsynaptic
localisation of the GluN2A subunit was also discussed [88]. In line with this finding, the
in vivo striatal injection of different α-synuclein toxic species in rats caused visuospatial
alterations that were strictly dependent on NMDAR activation in the dorsal striatum [88].
Data from this study suggested that protofibrils (PFFs) and oligomers of α-synuclein medi-
ated NMDAR-dependent defects to different extents. Specifically, animals inoculated with
oligomers displayed more severe alterations to spatial and novel object recognition abilities
when compared with rats injected with PFFs. Taken together, these studies indicate that
specific concentrations and structural features of α-synuclein aggregates can differentially
impact selective neuronal populations and NMDAR subunits in vivo.

A more recent study by the same research group deepened the understanding of detri-
mental in vivo effects of α-synuclein towards the nigrostriatal circuitry, focusing on the role
of PFFs in the striatum [89]. Prior to significant α-synuclein deposition, PFF-lesioned rats
showed specific behavioural alterations accompanied by electrophysiological impairments
to dopaminergic SNpc neurons. Interestingly, striatal LTP of SPNs was strictly depen-
dent on NMDAR activity and was significantly impaired by 6 weeks post PFF injection.
Conversely, defects in striatal LTD, a form of plasticity more dependent on dopamine
transmission, started to appear 12 weeks after α-synuclein seeding. Although a subchronic
treatment with L-DOPA restored both forms of synaptic plasticity, the recovery of LTP was
only partial. Interestingly, these findings suggested that the block of LTP induction in SPNs
can therefore primarily be ascribed to α-synuclein impact on postsynaptic NMDARs.

Using a combination of in vivo and ex vivo studies, Ferreira et al. described another
possible deregulated pathway contributing to α-synuclein-induced NMDAR toxicity, me-
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diated by the GluN2B subunit [93]. Oligomeric forms of the protein impaired LTP ex
vivo in both hippocampal and striatal rodent slices [88,96]. Here, the authors described a
possible interplay between α-synuclein, the cellular prion protein (PrPC), Fyn kinase, and
GluN2B-containing NMDARs in the hippocampus. In particular, genetic deletion of PrPC
reversed the LTP impairments induced by application of oligomeric species to hippocampal
slices. Similarly, inhibition of Fyn kinase, which is involved in NMDAR phosphoryla-
tion and consequent excitotoxicity, also rescued these functional synaptic impairments.
Using cultured primary neurons, authors subsequently showed that PrPC is needed for
α-synuclein-mediated activation of Fyn. Consequent aberrant Fyn-mediated GluN2B phos-
phorylation could therefore contribute to the molecular events underlying LTP blockade.
Additionally, mGluR5 was identified as an important player in physiopathological GluN2B-
Y1472 phosphorylation. Further supporting these results, blockade of this pathway in vivo
reversed hippocampal-dependent memory deficits in α-synuclein-transgenic mice.

Combining both in vitro and in vivo studies, a recent paper described possible dual
pathophysiological mechanisms through which a mixture of soluble α-synuclein aggre-
gates modulate glutamatergic transmission [95]. α-synuclein preparations in vitro induced
abnormal local glutamate release from cultured astrocytes, a process that was then con-
firmed in vivo. Glutamate microdialysis measurements in transgenic α-synuclein-mice
showed elevated tonic glutamate release. Moreover, the increased basal inward currents
detected in the CA1 region of hippocampal slices indicated a subsequent aberrant acti-
vation of neuronal glutamate receptors, including extrasynaptic NMDARs. Parallel to
this indirect receptor activation, oligomeric α-synuclein was shown to directly activate
NMDARs on slices exposed to the α-synuclein aggregate preparation. The hypothesised
aberrant activation of mainly extrasynaptic NMDARs was further supported by the rescue
of α-synuclein-dependent synaptic damage by application of a selective antagonist of
extrasynaptic NMDARs.

4. α-Synuclein and Tau: Additional Molecular Mechanisms

Even if we focused above on the toxic effects exerted by tau and α-synuclein on
AMPAR and NMDAR-mediated glutamate neurotransmission, it is relevant to mention
that glutamate can indirectly trigger tau aberrant phosphorylation and contribute to α-
synuclein misfolding by other key molecular mechanisms. Indeed, different in vitro and
in vivo studies demonstrated that glutamate mediated excitotoxicity is one of the factors
which supports ER stress [102–105]. Relevantly, it is well known that ER stress promotes
toxic GSK-3β activation and, consequently, hyper-phosphorylation of tau [106–108]. In this
view, we can hypothesise that altered glutamate neurotransmission, affecting ER activity,
could promote tau aberrant phosphorylation and subsequent toxic effects. In other words,
it could be that, under certain circumstances, the toxic crosstalk between tau and glutamate
ionotropic receptors goes also in the opposite direction to what we have described until
now. Moving to α-synuclein, ER stress has been described as one of the mechanisms
that promotes α-synuclein misfolding and aggregation [109,110]. Interestingly, aberrant
α-synuclein species trigger glutamate neurotoxicity (see Section 3.3.1) directly acting on
the synapse or activating inflammatory pathways as discussed above. Therefore, in the
context of synucleinopathies it can be speculated that aberrant glutamate response can also
contribute to α-synuclein aggregation in a pathogenic positive feed-forward loop.

In addition, ER stress possibly contributes to proteinopathies pathogenesis also
through dysfunction of ER chaperons Sigma receptors (Sig-R). Indeed, emerging evidence
pointed out a role for Sig-Rs in the modulation of tau phosphorylation. Tsai and col-
leagues [111] demonstrated that Sig1-R promotes the degradation of the tau kinase CDK5.
In addition, the administration of Sig1-R agonist inhibits tau protein phosphorylation by
reducing the activity of GSK-3β [112,113]. These discoveries suggest that Sig-Rs act as
negative regulators of the two main kinases of tau and, thus, they could have a role in
tauopathies and represent new molecular targets. In the context of synucleinopathies, Hong
and colleagues reported increased levels of α-synuclein phosphorylation and aggregation
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in mice knockout for Sig1-R, eventually leading to motor defects and increased dopamin-
ergic degeneration [114]. Another recent work supported the relevance of Sig-Rs in the
process of α-synuclein pathogenic misfolding. Indeed, compounds blocking Sig2-R activity
were found effective in counteracting detrimental effect of syn oligomers on lipid vesicle
trafficking and lysosomal functions in neurons [115].

5. Conclusions

As described above, several studies in the last decade have clearly demonstrated
complex and diversified crosstalk of tau and α-synuclein with ionotropic glutamate recep-
tors localised at excitatory postsynaptic sites. While it has been shown that tau also has
physiological roles in dendritic spines modulating synaptic plasticity and receptor function,
α-synuclein activity at postsynaptic sites seems restricted to the induction of toxic events
associated with receptor endocytosis and loss of synaptic plasticity. However, aberrant
protein mislocalisation at postsynaptic sites represents a well-demonstrated and common
event for both hyperphosphorylated tau and α-synuclein aggregates and plays a key role
in driving postsynaptic toxicity and induction of early neurodegenerative mechanisms.

Studies here reported clearly indicate that both physiological and pathological func-
tions for tau and α-synuclein must be considered. Accordingly, deepening our knowledge
of specific synaptic functions could also help the development of more precise and ap-
propriate therapies for all those pathological and neurodegenerative conditions in which
their correct function is lost. This issue is highly relevant since no pharmacological strate-
gies have been described that are capable of directly intervening on the action of tau
and synuclein at the level of the ionotropic glutamate receptors. It is hopefully possible
that further knowledge of the molecular mechanisms through which tau and synuclein
act physiologically and pathologically on NMDARs and AMPARs will aid researchers
in the identification and preclinical evaluation of new molecules capable of restoring the
functionality of glutamatergic transmission in the early stages of proteinopathies.

Author Contributions: Writing—original draft preparation, M.I. and E.F.; writing—review and
editing, M.D. and F.G. All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by Min. San. RF-2019-12369272 to MD.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References
1. Kovacs, G.G. Invited Review: Neuropathology of Tauopathies: Principles and Practice: Neuropathology of Tauopathies.

Neuropathol. Appl. Neurobiol. 2015, 41, 3–23. [CrossRef] [PubMed]
2. Regan, P.; Whitcomb, D.J.; Cho, K. Physiological and Pathophysiological Implications of Synaptic Tau. Neuroscientist 2017, 23,

137–151. [CrossRef] [PubMed]
3. Kobayashi, S.; Tanaka, T.; Soeda, Y.; Almeida, O.F.X.; Takashima, A. Local Somatodendritic Translation and Hyperphosphorylation

of Tau Protein Triggered by AMPA and NMDA Receptor Stimulation. EBioMedicine 2017, 20, 120–126. [CrossRef] [PubMed]
4. Kimura, T.; Whitcomb, D.J.; Jo, J.; Regan, P.; Piers, T.; Heo, S.; Brown, C.; Hashikawa, T.; Murayama, M.; Seok, H.; et al.

Microtubule-Associated Protein Tau Is Essential for Long-Term Depression in the Hippocampus. Philo. Trans. R. Soc. B 2014, 369,
20130144. [CrossRef]

5. Regan, P.; Piers, T.; Yi, J.-H.; Kim, D.-H.; Huh, S.; Park, S.J.; Ryu, J.H.; Whitcomb, D.J.; Cho, K. Tau Phosphorylation at Serine 396
Residue Is Required for Hippocampal LTD. J. Neurosci. 2015, 35, 4804–4812. [CrossRef]

6. Morris, M.; Maeda, S.; Vossel, K.; Mucke, L. The Many Faces of Tau. Neuron 2011, 70, 410–426. [CrossRef]
7. Dong, Z.; Bai, Y.; Wu, X.; Li, H.; Gong, B.; Howland, J.G.; Huang, Y.; He, W.; Li, T.; Wang, Y.T. Hippocampal Long-Term Depression

Mediates Spatial Reversal Learning in the Morris Water Maze. Neuropharmacology 2013, 64, 65–73. [CrossRef]
8. Nicholls, R.E.; Alarcon, J.M.; Malleret, G.; Carroll, R.C.; Grody, M.; Vronskaya, S.; Kandel, E.R. Transgenic Mice Lacking

NMDAR-Dependent LTD Exhibit Deficits in Behavioral Flexibility. Neuron 2008, 58, 104–117. [CrossRef]

http://doi.org/10.1111/nan.12208
http://www.ncbi.nlm.nih.gov/pubmed/25495175
http://doi.org/10.1177/1073858416633439
http://www.ncbi.nlm.nih.gov/pubmed/26908138
http://doi.org/10.1016/j.ebiom.2017.05.012
http://www.ncbi.nlm.nih.gov/pubmed/28566250
http://doi.org/10.1098/rstb.2013.0144
http://doi.org/10.1523/JNEUROSCI.2842-14.2015
http://doi.org/10.1016/j.neuron.2011.04.009
http://doi.org/10.1016/j.neuropharm.2012.06.027
http://doi.org/10.1016/j.neuron.2008.01.039


Biomedicines 2022, 10, 1550 16 of 20

9. Hoover, B.R.; Reed, M.N.; Su, J.; Penrod, R.D.; Kotilinek, L.A.; Grant, M.K.; Pitstick, R.; Carlson, G.A.; Lanier, L.M.; Yuan, L.-L.;
et al. Tau Mislocalization to Dendritic Spines Mediates Synaptic Dysfunction Independently of Neurodegeneration. Neuron 2010,
68, 1067–1081. [CrossRef]

10. Suzuki, M.; Kimura, T. Microtubule-Associated Tau Contributes to Intra-Dendritic Trafficking of AMPA Receptors in Multiple
Ways. Neurosci. Lett. 2017, 653, 276–282. [CrossRef]

11. Ittner, L.M.; Ke, Y.D.; Delerue, F.; Bi, M.; Gladbach, A.; van Eersel, J.; Wölfing, H.; Chieng, B.C.; Christie, M.J.; Napier, I.A.;
et al. Dendritic Function of Tau Mediates Amyloid-β Toxicity in Alzheimer’s Disease Mouse Models. Cell 2010, 142, 387–397.
[CrossRef] [PubMed]

12. Mondragón-Rodríguez, S.; Trillaud-Doppia, E.; Dudilot, A.; Bourgeois, C.; Lauzon, M.; Leclerc, N.; Boehm, J. Interaction of
Endogenous Tau Protein with Synaptic Proteins Is Regulated by N-Methyl-d-Aspartate Receptor-Dependent Tau Phosphorylation.
J. Biol. Chem. 2012, 287, 32040–32053. [CrossRef] [PubMed]

13. Sydow, A.; Van der Jeugd, A.; Zheng, F.; Ahmed, T.; Balschun, D.; Petrova, O.; Drexler, D.; Zhou, L.; Rune, G.; Mandelkow, E.;
et al. Tau-Induced Defects in Synaptic Plasticity, Learning, and Memory Are Reversible in Transgenic Mice after Switching Off
the Toxic Tau Mutant. J. Neurosci. 2011, 31, 2511–2525. [CrossRef] [PubMed]

14. Tashiro, K.; Hasegawa, M.; Ihara, Y.; Iwatsubo, T. Somatodendritic Localization of Phosphorylated Tau in Neonatal and Adult Rat
Cerebral Cortex. NeuroReport 1997, 8, 2797–2801. [CrossRef] [PubMed]

15. Peineau, S.; Taghibiglou, C.; Bradley, C.; Wong, T.P.; Liu, L.; Lu, J.; Lo, E.; Wu, D.; Saule, E.; Bouschet, T.; et al. LTP Inhibits LTD in
the Hippocampus via Regulation of GSK3β. Neuron 2007, 53, 703–717. [CrossRef]

16. Du, J.; Wei, Y.; Liu, L.; Wang, Y.; Khairova, R.; Blumenthal, R.; Tragon, T.; Hunsberger, J.G.; Machado-Vieira, R.; Drevets, W.; et al.
A Kinesin Signaling Complex Mediates the Ability of GSK-3β to Affect Mood-Associated Behaviors. Proc. Natl. Acad. Sci. USA
2010, 107, 11573–11578. [CrossRef]

17. Yagishita, S.; Murayama, M.; Ebihara, T.; Maruyama, K.; Takashim, A. Glycogen Synthase Kinase 3β-Mediated Phosphorylation
in the Most C-Terminal Region of Protein Interacting with C Kinase 1 (PICK1) Regulates the Binding of PICK1 to Glutamate
Receptor Subunit GluA2. J. Biol. Chem. 2015, 290, 29438–29448. [CrossRef]

18. Draffin, J.E.; Sánchez-Castillo, C.; Fernández-Rodrigo, A.; Sánchez-Sáez, X.; Ávila, J.; Wagner, F.F.; Esteban, J.A. GSK3α, Not
GSK3β, Drives Hippocampal NMDAR-dependent LTD via Tau-mediated Spine Anchoring. EMBO J. 2021, 40, e105513. [CrossRef]

19. Miller, E.C.; Teravskis, P.J.; Dummer, B.W.; Zhao, X.; Huganir, R.L.; Liao, D. Tau Phosphorylation and Tau Mislocalization Mediate
Soluble Aβ Oligomer-Induced AMPA Glutamate Receptor Signaling Deficits. Eur. J. Neurosci. 2014, 39, 1214–1224. [CrossRef]

20. Teravskis, P.J.; Oxnard, B.R.; Miller, E.C.; Kemper, L.; Ashe, K.H.; Liao, D. Phosphorylation in Two Discrete Tau Domains
Regulates a Stepwise Process Leading to Postsynaptic Dysfunction. J. Physiol. 2021, 599, 2483–2498. [CrossRef]

21. Braun, N.J.; Yao, K.R.; Alford, P.W.; Liao, D. Mechanical Injuries of Neurons Induce Tau Mislocalization to Dendritic Spines and
Tau-Dependent Synaptic Dysfunction. Proc. Natl. Acad. Sci. USA 2020, 117, 29069–29079. [CrossRef] [PubMed]

22. Avila, J.; Lucas, J.J.; Pérez, M.; Hernández, F. Role of Tau Protein in Both Physiological and Pathological Conditions. Physiol. Rev.
2004, 84, 361–384. [CrossRef] [PubMed]

23. Gendron, T.F.; Petrucelli, L. The Role of Tau in Neurodegeneration. Mol. Neurodegener. 2009, 4, 13. [CrossRef] [PubMed]
24. Wu, H.-Y.; Hudry, E.; Hashimoto, T.; Kuchibhotla, K.; Rozkalne, A.; Fan, Z.; Spires-Jones, T.; Xie, H.; Arbel-Ornath, M.; Grosskreutz,

C.L.; et al. Amyloid Induces the Morphological Neurodegenerative Triad of Spine Loss, Dendritic Simplification, and Neuritic
Dystrophies through Calcineurin Activation. J. Neurosci. 2010, 30, 2636–2649. [CrossRef]

25. Zhao, X.; Kotilinek, L.A.; Smith, B.; Hlynialuk, C.; Zahs, K.; Ramsden, M.; Cleary, J.; Ashe, K.H. Caspase-2 Cleavage of Tau
Reversibly Impairs Memory. Nat. Med. 2016, 22, 1268–1276. [CrossRef]

26. Shrivastava, A.N.; Redeker, V.; Pieri, L.; Bousset, L.; Renner, M.; Madiona, K.; Mailhes-Hamon, C.; Coens, A.; Buée, L.; Hantraye,
P.; et al. Clustering of Tau Fibrils Impairs the Synaptic Composition of A3-Na+/K+-ATP Ase and AMPA Receptors. EMBO J.
2019, 38, e99871. [CrossRef]

27. Clavaguera, F.; Bolmont, T.; Crowther, R.A.; Abramowski, D.; Frank, S.; Probst, A.; Fraser, G.; Stalder, A.K.; Beibel, M.; Staufenbiel,
M.; et al. Transmission and Spreading of Tauopathy in Transgenic Mouse Brain. Nat. Cell Biol. 2009, 11, 909–913. [CrossRef]

28. Dujardin, S.; Lécolle, K.; Caillierez, R.; Bégard, S.; Zommer, N.; Lachaud, C.; Carrier, S.; Dufour, N.; Aurégan, G.; Winderickx,
J.; et al. Neuron-to-Neuron Wild-Type Tau Protein Transfer through a Trans-Synaptic Mechanism: Relevance to Sporadic
Tauopathies. Acta Neuropathol. Commun. 2014, 2, 14. [CrossRef]

29. Sanders, D.W.; Kaufman, S.K.; DeVos, S.L.; Sharma, A.M.; Mirbaha, H.; Li, A.; Barker, S.J.; Foley, A.C.; Thorpe, J.R.; Serpell,
L.C.; et al. Distinct Tau Prion Strains Propagate in Cells and Mice and Define Different Tauopathies. Neuron 2014, 82, 1271–1288.
[CrossRef]

30. Iba, M.; McBride, J.D.; Guo, J.L.; Zhang, B.; Trojanowski, J.Q.; Lee, V.M.-Y. Tau Pathology Spread in PS19 Tau Transgenic Mice
Following Locus Coeruleus (LC) Injections of Synthetic Tau Fibrils Is Determined by the LC’s Afferent and Efferent Connections.
Acta Neuropathol. 2015, 130, 349–362. [CrossRef]

31. Markesbery, W.R.; Schmitt, F.A.; Kryscio, R.J.; Davis, D.G.; Smith, C.D.; Wekstein, D.R. Neuropathologic Substrate of Mild
Cognitive Impairment. Arch. Neurol. 2006, 63, 38. [CrossRef]

32. Selkoe, D.J. Alzheimer’s Disease Is a Synaptic Failure. Science 2002, 298, 789–791. [CrossRef] [PubMed]

http://doi.org/10.1016/j.neuron.2010.11.030
http://doi.org/10.1016/j.neulet.2017.05.056
http://doi.org/10.1016/j.cell.2010.06.036
http://www.ncbi.nlm.nih.gov/pubmed/20655099
http://doi.org/10.1074/jbc.M112.401240
http://www.ncbi.nlm.nih.gov/pubmed/22833681
http://doi.org/10.1523/JNEUROSCI.5245-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21325519
http://doi.org/10.1097/00001756-199708180-00029
http://www.ncbi.nlm.nih.gov/pubmed/9295120
http://doi.org/10.1016/j.neuron.2007.01.029
http://doi.org/10.1073/pnas.0913138107
http://doi.org/10.1074/jbc.M114.619668
http://doi.org/10.15252/embj.2020105513
http://doi.org/10.1111/ejn.12507
http://doi.org/10.1113/JP277459
http://doi.org/10.1073/pnas.2008306117
http://www.ncbi.nlm.nih.gov/pubmed/33139536
http://doi.org/10.1152/physrev.00024.2003
http://www.ncbi.nlm.nih.gov/pubmed/15044677
http://doi.org/10.1186/1750-1326-4-13
http://www.ncbi.nlm.nih.gov/pubmed/19284597
http://doi.org/10.1523/JNEUROSCI.4456-09.2010
http://doi.org/10.1038/nm.4199
http://doi.org/10.15252/embj.201899871
http://doi.org/10.1038/ncb1901
http://doi.org/10.1186/2051-5960-2-14
http://doi.org/10.1016/j.neuron.2014.04.047
http://doi.org/10.1007/s00401-015-1458-4
http://doi.org/10.1001/archneur.63.1.38
http://doi.org/10.1126/science.1074069
http://www.ncbi.nlm.nih.gov/pubmed/12399581


Biomedicines 2022, 10, 1550 17 of 20

33. Kandimalla, R.; Manczak, M.; Yin, X.; Wang, R.; Reddy, P.H. Hippocampal Phosphorylated Tau Induced Cognitive Decline,
Dendritic Spine Loss and Mitochondrial Abnormalities in a Mouse Model of Alzheimer’s Disease. Hum. Mol. Genet. 2018, 27,
30–40. [CrossRef] [PubMed]

34. Cullen, W.K.; Suh, Y.-H.; Anwyl, R.; Rowan, M.J. Block of LTP in Rat Hippocampus in Vivo by β-Amyloid Precursor Protein
Fragments. NeuroReport 1997, 8, 3213–3217. [CrossRef] [PubMed]

35. 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] [PubMed]

36. Wang, Q. Block of Long-Term Potentiation by Naturally Secreted and Synthetic Amyloid -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]

37. Townsend, M.; Shankar, G.M.; Mehta, T.; Walsh, D.M.; Selkoe, D.J. Effects of Secreted Oligomers of Amyloid β-Protein on
Hippocampal Synaptic Plasticity: A Potent Role for Trimers: Amyloid β-Protein and Hippocampal Synaptic Plasticity. J. Physiol.
2006, 572, 477–492. [CrossRef]

38. Shipton, O.A.; Leitz, J.R.; Dworzak, J.; Acton, C.E.J.; Tunbridge, E.M.; Denk, F.; Dawson, H.N.; Vitek, M.P.; Wade-Martins, R.;
Paulsen, O.; et al. Tau Protein Is Required for Amyloid -Induced Impairment of Hippocampal Long-Term Potentiation. J. Neurosci.
2011, 31, 1688–1692. [CrossRef]

39. Monteiro-Fernandes, D.; Silva, J.M.; Soares-Cunha, C.; Dalla, C.; Kokras, N.; Arnaud, F.; Billiras, R.; Zhuravleva, V.; Waites, C.;
Bretin, S.; et al. Allosteric Modulation of AMPA Receptors Counteracts Tau-Related Excitotoxic Synaptic Signaling and Memory
Deficits in Stress- and Aβ-Evoked Hippocampal Pathology. Mol. Psychiatry 2021, 26, 5899–5911. [CrossRef]

40. Li, Y.; Ding, R.; Ren, X.; Wen, G.; Dong, Z.; Yao, H.; Tan, Y.; Yu, H.; Wang, X.; Zhan, X.; et al. Long-Term Ketamine Administration
Causes Tau Protein Phosphorylation and Tau Protein-Dependent AMPA Receptor Reduction in the Hippocampus of Mice. Toxicol.
Lett. 2019, 315, 107–115. [CrossRef]

41. Tao, G.; Zhang, J.; Zhang, L.; Dong, Y.; Yu, B.; Crosby, G.; Culley, D.J.; Zhang, Y.; Xie, Z. Sevoflurane Induces Tau Phosphorylation
and Glycogen Synthase Kinase 3β Activation in Young Mice. Anesthesiology 2014, 121, 510–527. [CrossRef] [PubMed]

42. Cao, M.; Liu, F.; Ji, F.; Liang, J.; Liu, L.; Wu, Q.; Wang, T. Effect of C-Jun N-Terminal Kinase (JNK)/P38 Mitogen-Activated Protein
Kinase (P38 MAPK) in Morphine-Induced Tau Protein Hyperphosphorylation. Behav. Brain Res. 2013, 237, 249–255. [CrossRef]
[PubMed]

43. Maroteaux, L.; Campanelli, J.T.; Scheller, R.H. Synuclein: A Neuron-Specific Protein Localized to the Nucleus and Presynaptic
Nerve Terminal. J. Neurosci. 1988, 8, 2804–2815. [CrossRef] [PubMed]

44. Bussell, R.; Eliezer, D. A Structural and Functional Role for 11-Mer Repeats in α-Synuclein and Other Exchangeable Lipid Binding
Proteins. J. Mol. Biol. 2003, 329, 763–778. [CrossRef]

45. Bussell, R. Helix Periodicity, Topology, and Dynamics of Membrane-Associated-Synuclein. Protein Sci. 2005, 14, 862–872.
[CrossRef] [PubMed]

46. Davidson, W.S.; Jonas, A.; Clayton, D.F.; George, J.M. Stabilization of Alpha-Synuclein Secondary Structure upon Binding to
Synthetic Membranes. J. Biol. Chem. 1998, 273, 9443–9449. [CrossRef]

47. George, J.M.; Jin, H.; Woods, W.S.; Clayton, D.F. Characterization of a Novel Protein Regulated during the Critical Period for
Song Learning in the Zebra Finch. Neuron 1995, 15, 361–372. [CrossRef]

48. Xu, L.; Nussinov, R.; Ma, B. Coupling of the Non-Amyloid-Component (NAC) Domain and the KTK(E/Q)GV Repeats Stabilize
the α-Synuclein Fibrils. Eur. J. Med. Chem. 2016, 121, 841–850. [CrossRef]

49. Burai, R.; Ait-Bouziad, N.; Chiki, A.; Lashuel, H.A. Elucidating the Role of Site-Specific Nitration of α-Synuclein in the
Pathogenesis of Parkinson’s Disease via Protein Semisynthesis and Mutagenesis. J. Am. Chem. Soc. 2015, 137, 5041–5052.
[CrossRef]

50. Fujiwara, H.; Hasegawa, M.; Dohmae, N.; Kawashima, A.; Masliah, E.; Goldberg, M.S.; Shen, J.; Takio, K.; Iwatsubo, T. α-Synuclein
Is Phosphorylated in Synucleinopathy Lesions. Nat. Cell Biol. 2002, 4, 160–164. [CrossRef]

51. Souza, J.M.; Giasson, B.I.; Chen, Q.; Lee, V.M.-Y.; Ischiropoulos, H. Dityrosine Cross-Linking Promotes Formation of Stable
α-Synuclein Polymers Implication of nitrative and oxidative stress in the pathogenesis of neurodegenerative synucleinopathies.
J. Biol. Chem. 2000, 275, 18344–18349. [CrossRef] [PubMed]

52. Hoyer, W.; Cherny, D.; Subramaniam, V.; Jovin, T.M. Impact of the Acidic C-Terminal Region Comprising Amino Acids 109−140
on α-Synuclein Aggregation in Vitro. Biochemistry 2004, 43, 16233–16242. [CrossRef] [PubMed]

53. Nielsen, M.S.; Vorum, H.; Lindersson, E.; Jensen, P.H. Ca2+ Binding to α-Synuclein Regulates Ligand Binding and Oligomerization.
J. Biol. Chem. 2001, 276, 22680–22684. [CrossRef] [PubMed]

54. Oueslati, A.; Fournier, M.; Lashuel, H.A. Role of Post-Translational Modifications in Modulating the Structure, Function and
Toxicity of α-Synuclein. In Progress in Brain Research; Elsevier: Amsterdam, The Netherlands, 2010; Volume 183, pp. 115–145.
ISBN 978-0-444-53614-3.

55. Burré, J.; Vivona, S.; Diao, J.; Sharma, M.; Brunger, A.T.; Südhof, T.C. Properties of Native Brain α-Synuclein. Nature 2013, 498,
E4–E6; discussion E6–E7. [CrossRef] [PubMed]

56. Kim, J. Evidence That the Precursor Protein of Non-A Beta Component of Alzheimer’s Disease Amyloid (NACP) Has an Extended
Structure Primarily Composed of Random-Coil. Mol. Cells 1997, 7, 78–83.

http://doi.org/10.1093/hmg/ddx381
http://www.ncbi.nlm.nih.gov/pubmed/29040533
http://doi.org/10.1097/00001756-199710200-00006
http://www.ncbi.nlm.nih.gov/pubmed/9351645
http://doi.org/10.1038/416535a
http://www.ncbi.nlm.nih.gov/pubmed/11932745
http://doi.org/10.1523/JNEUROSCI.1633-03.2004
http://doi.org/10.1113/jphysiol.2005.103754
http://doi.org/10.1523/JNEUROSCI.2610-10.2011
http://doi.org/10.1038/s41380-020-0794-5
http://doi.org/10.1016/j.toxlet.2019.08.023
http://doi.org/10.1097/ALN.0000000000000278
http://www.ncbi.nlm.nih.gov/pubmed/24787352
http://doi.org/10.1016/j.bbr.2012.09.040
http://www.ncbi.nlm.nih.gov/pubmed/23026374
http://doi.org/10.1523/JNEUROSCI.08-08-02804.1988
http://www.ncbi.nlm.nih.gov/pubmed/3411354
http://doi.org/10.1016/S0022-2836(03)00520-5
http://doi.org/10.1110/ps.041255905
http://www.ncbi.nlm.nih.gov/pubmed/15741347
http://doi.org/10.1074/jbc.273.16.9443
http://doi.org/10.1016/0896-6273(95)90040-3
http://doi.org/10.1016/j.ejmech.2016.01.044
http://doi.org/10.1021/ja5131726
http://doi.org/10.1038/ncb748
http://doi.org/10.1074/jbc.M000206200
http://www.ncbi.nlm.nih.gov/pubmed/10747881
http://doi.org/10.1021/bi048453u
http://www.ncbi.nlm.nih.gov/pubmed/15610017
http://doi.org/10.1074/jbc.M101181200
http://www.ncbi.nlm.nih.gov/pubmed/11312271
http://doi.org/10.1038/nature12125
http://www.ncbi.nlm.nih.gov/pubmed/23765500


Biomedicines 2022, 10, 1550 18 of 20

57. Weinreb, P.H.; Zhen, W.; Poon, A.W.; Conway, K.A.; Lansbury, P.T. NACP, A Protein Implicated in Alzheimer’s Disease and
Learning, Is Natively Unfolded. Biochemistry 1996, 35, 13709–13715. [CrossRef]

58. Bartels, T.; Choi, J.G.; Selkoe, D.J. α-Synuclein Occurs Physiologically as a Helically Folded Tetramer That Resists Aggregation.
Nature 2011, 477, 107–110. [CrossRef]

59. Burre, J.; Sharma, M.; Tsetsenis, T.; Buchman, V.; Etherton, M.R.; Sudhof, T.C. -Synuclein Promotes SNARE-Complex Assembly in
Vivo and in Vitro. Science 2010, 329, 1663–1667. [CrossRef]

60. Spillantini, M.G.; Crowther, R.A.; Jakes, R.; Hasegawa, M.; Goedert, M. Alpha-Synuclein in Filamentous Inclusions of Lewy
Bodies from Parkinson’s Disease and Dementia with Lewy Bodies. Proc. Natl. Acad. Sci. USA 1998, 95, 6469–6473. [CrossRef]

61. Totterdell, S.; Hanger, D.; Meredith, G.E. The Ultrastructural Distribution of Alpha-Synuclein-like Protein in Normal Mouse Brain.
Brain Res. 2004, 1004, 61–72. [CrossRef]

62. Pieri, L.; Madiona, K.; Melki, R. Structural and Functional Properties of Prefibrillar α-Synuclein Oligomers. Sci. Rep. 2016, 6,
24526. [CrossRef] [PubMed]

63. Chen, S.W.; Drakulic, S.; Deas, E.; Ouberai, M.; Aprile, F.A.; Arranz, R.; Ness, S.; Roodveldt, C.; Guilliams, T.; De-Genst, E.J.; et al.
Structural Characterization of Toxic Oligomers That Are Kinetically Trapped during α-Synuclein Fibril Formation. Proc. Natl.
Acad. Sci. USA 2015, 112, E1994–E2003. [CrossRef] [PubMed]

64. Chiti, F.; Dobson, C.M. Protein Misfolding, Functional Amyloid, and Human Disease. Annu. Rev. Biochem. 2006, 75, 333–366.
[CrossRef] [PubMed]

65. Winner, B.; Jappelli, R.; Maji, S.K.; Desplats, P.A.; Boyer, L.; Aigner, S.; Hetzer, C.; Loher, T.; Vilar, M.; Campioni, S.; et al. In Vivo
Demonstration That Alpha-Synuclein Oligomers Are Toxic. Proc. Natl. Acad. Sci. USA 2011, 108, 4194–4199. [CrossRef]

66. Brehme, M.; Voisine, C.; Rolland, T.; Wachi, S.; Soper, J.H.; Zhu, Y.; Orton, K.; Villella, A.; Garza, D.; Vidal, M.; et al. A Chaperome
Subnetwork Safeguards Proteostasis in Aging and Neurodegenerative Disease. Cell Rep. 2014, 9, 1135–1150. [CrossRef]

67. Morimoto, R.I. The Heat Shock Response: Systems Biology of Proteotoxic Stress in Aging and Disease. Cold Spring Harb. Symp.
Quant. Biol. 2011, 76, 91–99. [CrossRef]

68. Bousset, L.; Pieri, L.; Ruiz-Arlandis, G.; Gath, J.; Jensen, P.H.; Habenstein, B.; Madiona, K.; Olieric, V.; Böckmann, A.; Meier, B.H.;
et al. Structural and Functional Characterization of Two Alpha-Synuclein Strains. Nat. Commun. 2013, 4, 2575. [CrossRef]

69. Heise, H.; Hoyer, W.; Becker, S.; Andronesi, O.C.; Riedel, D.; Baldus, M. Molecular-Level Secondary Structure, Polymorphism,
and Dynamics of Full-Length α-Synuclein Fibrils Studied by Solid-State NMR. Proc. Natl. Acad. Sci. USA 2005, 102, 15871–15876.
[CrossRef]

70. Tuttle, M.D.; Comellas, G.; Nieuwkoop, A.J.; Covell, D.J.; Berthold, D.A.; Kloepper, K.D.; Courtney, J.M.; Kim, J.K.; Barclay, A.M.;
Kendall, A.; et al. Solid-State NMR Structure of a Pathogenic Fibril of Full-Length Human α-Synuclein. Nat. Struct. Mol. Biol.
2016, 23, 409–415. [CrossRef]

71. Verasdonck, J.; Bousset, L.; Gath, J.; Melki, R.; Böckmann, A.; Meier, B.H. Further Exploration of the Conformational Space of
α-Synuclein Fibrils: Solid-State NMR Assignment of a High-PH Polymorph. Biomol. NMR Assign. 2016, 10, 5–12. [CrossRef]

72. Melki, R. Role of Different Alpha-Synuclein Strains in Synucleinopathies, Similarities with Other Neurodegenerative Diseases.
J. Parkinson’s Dis. 2015, 5, 217–227. [CrossRef] [PubMed]

73. Peelaerts, W.; Bousset, L.; Van der Perren, A.; Moskalyuk, A.; Pulizzi, R.; Giugliano, M.; Van den Haute, C.; Melki, R.; Baekelandt,
V. α-Synuclein Strains Cause Distinct Synucleinopathies after Local and Systemic Administration. Nature 2015, 522, 340–344.
[CrossRef] [PubMed]

74. Burré, J.; Sharma, M.; Südhof, T.C. Cell Biology and Pathophysiology of α-Synuclein. Cold Spring Harb. Perspect. Med. 2018, 8,
a024091. [CrossRef] [PubMed]

75. Withers, G.S.; George, J.M.; Banker, G.A.; Clayton, D.F. Delayed Localization of Synelfin (Synuclein, NACP) to Presynaptic
Terminals in Cultured Rat Hippocampal Neurons. Dev. Brain Res. 1997, 99, 87–94. [CrossRef]

76. Greten-Harrison, B.; Polydoro, M.; Morimoto-Tomita, M.; Diao, L.; Williams, A.M.; Nie, E.H.; Makani, S.; Tian, N.; Castillo, P.E.;
Buchman, V.L.; et al. -Synuclein Triple Knockout Mice Reveal Age-Dependent Neuronal Dysfunction. Proc. Natl. Acad. Sci. USA
2010, 107, 19573–19578. [CrossRef]

77. Burré, J. The Synaptic Function of α-Synuclein. J. Parkinson’s Dis. 2015, 5, 699–713. [CrossRef]
78. Yu, S.; Uéda, K.; Chan, P. α-Synuclein and Dopamine Metabolism. Mol. Neurobiol. 2005, 31, 243–254. [CrossRef]
79. Cheng, F.; Vivacqua, G.; Yu, S. The Role of Alpha-Synuclein in Neurotransmission and Synaptic Plasticity. J. Chem. Neuroanat.

2011, 42, 242–248. [CrossRef]
80. Longhena, F.; Faustini, G.; Spillantini, M.G.; Bellucci, A. Living in Promiscuity: The Multiple Partners of Alpha-Synuclein at the

Synapse in Physiology and Pathology. Int. J. Mol. Sci. 2019, 20, 141. [CrossRef]
81. Chen, R.H.C.; Wislet-Gendebien, S.; Samuel, F.; Visanji, N.P.; Zhang, G.; Marsilio, D.; Langman, T.; Fraser, P.E.; Tandon, A.

α-Synuclein Membrane Association Is Regulated by the Rab3a Recycling Machinery and Presynaptic Activity. J. Biol. Chem. 2013,
288, 7438–7449. [CrossRef]

82. Diao, J.; Burré, J.; Vivona, S.; Cipriano, D.J.; Sharma, M.; Kyoung, M.; Südhof, T.C.; Brunger, A.T. Native α-Synuclein Induces Clus-
tering of Synaptic-Vesicle Mimics via Binding to Phospholipids and Synaptobrevin-2/VAMP2. eLife 2013, 2, e00592. [CrossRef]
[PubMed]

83. Emanuele, M.; Chieregatti, E. Mechanisms of Alpha-Synuclein Action on Neurotransmission: Cell-Autonomous and Non-Cell
Autonomous Role. Biomolecules 2015, 5, 865–892. [CrossRef] [PubMed]

http://doi.org/10.1021/bi961799n
http://doi.org/10.1038/nature10324
http://doi.org/10.1126/science.1195227
http://doi.org/10.1073/pnas.95.11.6469
http://doi.org/10.1016/j.brainres.2003.10.072
http://doi.org/10.1038/srep24526
http://www.ncbi.nlm.nih.gov/pubmed/27075649
http://doi.org/10.1073/pnas.1421204112
http://www.ncbi.nlm.nih.gov/pubmed/25855634
http://doi.org/10.1146/annurev.biochem.75.101304.123901
http://www.ncbi.nlm.nih.gov/pubmed/16756495
http://doi.org/10.1073/pnas.1100976108
http://doi.org/10.1016/j.celrep.2014.09.042
http://doi.org/10.1101/sqb.2012.76.010637
http://doi.org/10.1038/ncomms3575
http://doi.org/10.1073/pnas.0506109102
http://doi.org/10.1038/nsmb.3194
http://doi.org/10.1007/s12104-015-9628-9
http://doi.org/10.3233/JPD-150543
http://www.ncbi.nlm.nih.gov/pubmed/25757830
http://doi.org/10.1038/nature14547
http://www.ncbi.nlm.nih.gov/pubmed/26061766
http://doi.org/10.1101/cshperspect.a024091
http://www.ncbi.nlm.nih.gov/pubmed/28108534
http://doi.org/10.1016/S0165-3806(96)00210-6
http://doi.org/10.1073/pnas.1005005107
http://doi.org/10.3233/JPD-150642
http://doi.org/10.1385/MN:31:1-3:243
http://doi.org/10.1016/j.jchemneu.2010.12.001
http://doi.org/10.3390/ijms20010141
http://doi.org/10.1074/jbc.M112.439497
http://doi.org/10.7554/eLife.00592
http://www.ncbi.nlm.nih.gov/pubmed/23638301
http://doi.org/10.3390/biom5020865
http://www.ncbi.nlm.nih.gov/pubmed/25985082


Biomedicines 2022, 10, 1550 19 of 20

84. Somayaji, M.; Cataldi, S.; Choi, S.J.; Edwards, R.H.; Mosharov, E.V.; Sulzer, D. A Dual Role for α-Synuclein in Facilitation and
Depression of Dopamine Release from Substantia Nigra Neurons in Vivo. Proc. Natl. Acad. Sci. USA 2020, 117, 32701–32710.
[CrossRef] [PubMed]

85. Ferreira, N.; Gonçalves, N.P.; Jan, A.; Jensen, N.M.; van der Laan, A.; Mohseni, S.; Vægter, C.B.; Jensen, P.H. Trans-Synaptic
Spreading of Alpha-Synuclein Pathology through Sensory Afferents Leads to Sensory Nerve Degeneration and Neuropathic Pain.
Acta Neuropathol. Commun. 2021, 9, 31. [CrossRef] [PubMed]

86. Chen, Y.; Yang, W.; Li, X.; Li, X.; Yang, H.; Xu, Z.; Yu, S. α-Synuclein-Induced Internalization of NMDA Receptors in Hippocampal
Neurons Is Associated with Reduced Inward Current and Ca2+ Influx upon NMDA Stimulation. Neuroscience 2015, 300, 297–306.
[CrossRef]

87. Yu, W.; Yang, W.; Li, X.; Li, X.; Yu, S. Alpha-Synuclein Oligomerization Increases Its Effect on Promoting NMDA Receptor
Internalization. Int. J. Clin. Exp. Pathol. 2019, 12, 87–100.

88. Durante, V.; de Iure, A.; Loffredo, V.; Vaikath, N.; De Risi, M.; Paciotti, S.; Quiroga-Varela, A.; Chiasserini, D.; Mellone, M.;
Mazzocchetti, P.; et al. Alpha-Synuclein Targets GluN2A NMDA Receptor Subunit Causing Striatal Synaptic Dysfunction and
Visuospatial Memory Alteration. Brain 2019, 142, 1365–1385. [CrossRef]

89. Tozzi, A.; Sciaccaluga, M.; Loffredo, V.; Megaro, A.; Ledonne, A.; Cardinale, A.; Federici, M.; Bellingacci, L.; Paciotti, S.; Ferrari, E.;
et al. Dopamine-Dependent Early Synaptic and Motor Dysfunctions Induced by α-Synuclein in the Nigrostriatal Circuit. Brain
2021, 144, 3477–3491. [CrossRef]

90. Navarria, L.; Zaltieri, M.; Longhena, F.; Spillantini, M.G.; Missale, C.; Spano, P.; Bellucci, A. Alpha-Synuclein Modulates
NR2B-Containing NMDA Receptors and Decreases Their Levels after Rotenone Exposure. Neurochem. Int. 2015, 85–86, 14–23.
[CrossRef]

91. Emanuele, M.; Esposito, A.; Camerini, S.; Antonucci, F.; Ferrara, S.; Seghezza, S.; Catelani, T.; Crescenzi, M.; Marotta, R.; Canale,
C.; et al. Exogenous Alpha-Synuclein Alters Pre- and Post-Synaptic Activity by Fragmenting Lipid Rafts. EBioMedicine 2016, 7,
191–204. [CrossRef]

92. Shrivastava, A.N.; Bousset, L.; Renner, M.; Redeker, V.; Savistchenko, J.; Triller, A.; Melki, R. Differential Membrane Binding and
Seeding of Distinct α-Synuclein Fibrillar Polymorphs. Biophys. J. 2020, 118, 1301–1320. [CrossRef] [PubMed]

93. Ferreira, D.G.; Temido-Ferreira, M.; Vicente Miranda, H.; Batalha, V.L.; Coelho, J.E.; Szegö, É.M.; Marques-Morgado, I.; Vaz, S.H.;
Rhee, J.S.; Schmitz, M.; et al. α-Synuclein Interacts with PrPC to Induce Cognitive Impairment through MGluR5 and NMDAR2B.
Nat. Neurosci. 2017, 20, 1569–1579. [CrossRef] [PubMed]

94. Tozzi, A.; de Iure, A.; Bagetta, V.; Tantucci, M.; Durante, V.; Quiroga-Varela, A.; Costa, C.; Di Filippo, M.; Ghiglieri, V.; Latagliata,
E.C.; et al. Alpha-Synuclein Produces Early Behavioral Alterations via Striatal Cholinergic Synaptic Dysfunction by Interacting
With GluN2D N -Methyl-D-Aspartate Receptor Subunit. Biol. Psychiatry 2016, 79, 402–414. [CrossRef] [PubMed]

95. Trudler, D.; Sanz-Blasco, S.; Eisele, Y.S.; Ghatak, S.; Bodhinathan, K.; Akhtar, M.W.; Lynch, W.P.; Piña-Crespo, J.C.; Talantova,
M.; Kelly, J.W.; et al. α-Synuclein Oligomers Induce Glutamate Release from Astrocytes and Excessive Extrasynaptic NMDAR
Activity in Neurons, Thus Contributing to Synapse Loss. J. Neurosci. 2021, 41, 2264–2273. [CrossRef]

96. Diogenes, M.J.; Dias, R.B.; Rombo, D.M.; Vicente Miranda, H.; Maiolino, F.; Guerreiro, P.; Nasstrom, T.; Franquelim, H.G.; Oliveira,
L.M.A.; Castanho, M.A.R.B.; et al. Extracellular Alpha-Synuclein Oligomers Modulate Synaptic Transmission and Impair LTP Via
NMDA-Receptor Activation. J. Neurosci. 2012, 32, 11750–11762. [CrossRef]

97. Hüls, S.; Högen, T.; Vassallo, N.; Danzer, K.M.; Hengerer, B.; Giese, A.; Herms, J. AMPA-Receptor-Mediated Excitatory
Synaptic Transmission Is Enhanced by Iron-Induced α-Synuclein Oligomers: α-Synuclein Oligomers Alter Synaptic Transmission.
J. Neurochem. 2011, 117, 868–878. [CrossRef]

98. Hering, H.; Lin, C.-C.; Sheng, M. Lipid Rafts in the Maintenance of Synapses, Dendritic Spines, and Surface AMPA Receptor
Stability. J. Neurosci. 2003, 23, 3262–3271. [CrossRef]

99. Chung, H.J. Regulation of the NMDA Receptor Complex and Trafficking by Activity-Dependent Phosphorylation of the NR2B
Subunit PDZ Ligand. J. Neurosci. 2004, 24, 10248–10259. [CrossRef]

100. Miñano-Molina, A.J.; España, J.; Martín, E.; Barneda-Zahonero, B.; Fadó, R.; Solé, M.; Trullás, R.; Saura, C.A.; Rodríguez-Alvarez,
J. Soluble Oligomers of Amyloid-β Peptide Disrupt Membrane Trafficking of α-Amino-3-Hydroxy-5-Methylisoxazole-4-Propionic
Acid Receptor Contributing to Early Synapse Dysfunction. J. Biol. Chem. 2011, 286, 27311–27321. [CrossRef]

101. Mellone, M.; Stanic, J.; Hernandez, L.F.; Iglesias, E.; Zianni, E.; Longhi, A.; Prigent, A.; Picconi, B.; Calabresi, P.; Hirsch, E.C.;
et al. NMDA Receptor GluN2A/GluN2B Subunit Ratio as Synaptic Trait of Levodopa-Induced Dyskinesias: From Experimental
Models to Patients. Front. Cell. Neurosci. 2015, 9, 245. [CrossRef]

102. Zhang, X.-M.; Zhu, J. Kainic Acid-Induced Neurotoxicity: Targeting Glial Responses and Glia-Derived Cytokines. Curr. Neu-
ropharmacol. 2011, 9, 388–398. [CrossRef] [PubMed]

103. Bhardwaj, A.; Bhardwaj, R.; Dhawan, D.K.; Kaur, T. Exploring the Effect of Endoplasmic Reticulum Stress Inhibition by 4-
Phenylbutyric Acid on AMPA-Induced Hippocampal Excitotoxicity in Rat Brain. Neurotox. Res. 2019, 35, 83–91. [CrossRef]
[PubMed]

104. Sokka, A.-L.; Putkonen, N.; Mudo, G.; Pryazhnikov, E.; Reijonen, S.; Khiroug, L.; Belluardo, N.; Lindholm, D.; Korhonen, L.
Endoplasmic Reticulum Stress Inhibition Protects against Excitotoxic Neuronal Injury in the Rat Brain. J. Neurosci. 2007, 27,
901–908. [CrossRef] [PubMed]

http://doi.org/10.1073/pnas.2013652117
http://www.ncbi.nlm.nih.gov/pubmed/33273122
http://doi.org/10.1186/s40478-021-01131-8
http://www.ncbi.nlm.nih.gov/pubmed/33632316
http://doi.org/10.1016/j.neuroscience.2015.05.035
http://doi.org/10.1093/brain/awz065
http://doi.org/10.1093/brain/awab242
http://doi.org/10.1016/j.neuint.2015.03.008
http://doi.org/10.1016/j.ebiom.2016.03.038
http://doi.org/10.1016/j.bpj.2020.01.022
http://www.ncbi.nlm.nih.gov/pubmed/32059758
http://doi.org/10.1038/nn.4648
http://www.ncbi.nlm.nih.gov/pubmed/28945221
http://doi.org/10.1016/j.biopsych.2015.08.013
http://www.ncbi.nlm.nih.gov/pubmed/26392130
http://doi.org/10.1523/JNEUROSCI.1871-20.2020
http://doi.org/10.1523/JNEUROSCI.0234-12.2012
http://doi.org/10.1111/j.1471-4159.2011.07254.x
http://doi.org/10.1523/JNEUROSCI.23-08-03262.2003
http://doi.org/10.1523/JNEUROSCI.0546-04.2004
http://doi.org/10.1074/jbc.M111.227504
http://doi.org/10.3389/fncel.2015.00245
http://doi.org/10.2174/157015911795596540
http://www.ncbi.nlm.nih.gov/pubmed/22131947
http://doi.org/10.1007/s12640-018-9932-0
http://www.ncbi.nlm.nih.gov/pubmed/30008047
http://doi.org/10.1523/JNEUROSCI.4289-06.2007
http://www.ncbi.nlm.nih.gov/pubmed/17251432


Biomedicines 2022, 10, 1550 20 of 20

105. Kang, J.H.; Kim, M.H.; Lee, H.J.; Huh, J.-W.; Lee, H.-S.; Lee, D.-S. Peroxiredoxin 4 Attenuates Glutamate-Induced Neuronal Cell
Death through Inhibition of Endoplasmic Reticulum Stress. Free. Radic. Res. 2020, 54, 207–220. [CrossRef] [PubMed]

106. Resende, R.; Ferreiro, E.; Pereira, C.; Oliveira, C.R. ER Stress Is Involved in Aβ-induced GSK-3β Activation and Tau Phosphoryla-
tion. J. Neurosci. Res. 2008, 86, 2091–2099. [CrossRef]

107. Shi, C.; Zeng, J.; Li, Z.; Chen, Q.; Hang, W.; Xia, L.; Wu, Y.; Chen, J.; Shi, A. Melatonin Mitigates Kainic Acid-Induced Neuronal
Tau Hyperphosphorylation and Memory Deficits through Alleviating ER Stress. Front. Mol. Neurosci. 2018, 11, 5. [CrossRef]

108. Liu, Z.-C.; Fu, Z.-Q.; Song, J.; Zhang, J.-Y.; Wei, Y.-P.; Chu, J.; Han, L.; Qu, N.; Wang, J.-Z.; Tian, Q. Bip Enhanced the Association
of GSK-3β with Tau During ER Stress Both in vivo and in vitro. J. Alzheimers Dis. 2012, 29, 727–740. [CrossRef]

109. Jiang, P.; Gan, M.; Ebrahim, A.S.; Lin, W.-L.; Melrose, H.L.; Yen, S.-H.C. ER Stress Response Plays an Important Role in Aggregation
of α-Synuclein. Mol. Neurodegener. 2010, 5, 56. [CrossRef]

110. Cóppola-Segovia, V.; Cavarsan, C.; Maia, F.G.; Ferraz, A.C.; Nakao, L.S.; Lima, M.M.; Zanata, S.M. ER Stress Induced by
Tunicamycin Triggers α-Synuclein Oligomerization, Dopaminergic Neurons Death and Locomotor Impairment: A New Model of
Parkinson’s Disease. Mol. Neurobiol. 2017, 54, 5798–5806. [CrossRef]

111. Tsai, S.-Y.A.; Pokrass, M.J.; Klauer, N.R.; Nohara, H.; Su, T.-P. Sigma-1 Receptor Regulates Tau Phosphorylation and Axon
Extension by Shaping P35 Turnover via Myristic Acid. Proc. Natl. Acad. Sci. USA 2015, 112, 6742–6747. [CrossRef]

112. Lahmy, V.; Meunier, J.; Malmström, S.; Naert, G.; Givalois, L.; Kim, S.H.; Villard, V.; Vamvakides, A.; Maurice, T. Blockade of Tau
Hyperphosphorylation and Aβ1–42 Generation by the Aminotetrahydrofuran Derivative ANAVEX2-73, a Mixed Muscarinic and
Σ1 Receptor Agonist, in a Nontransgenic Mouse Model of Alzheimer’s Disease. Neuropsychopharmacology 2013, 38, 1706–1723.
[CrossRef] [PubMed]

113. Fisher, A.; Bezprozvanny, I.; Wu, L.; Ryskamp, D.A.; Bar-Ner, N.; Natan, N.; Brandeis, R.; Elkon, H.; Nahum, V.; Gershonov, E.;
et al. AF710B, a Novel M1/Σ1 Agonist with Therapeutic Efficacy in Animal Models of Alzheimer’s Disease. Neurodegener. Dis.
2016, 16, 95–110. [CrossRef] [PubMed]

114. Hong, J.; Wang, L.; Zhang, T.; Zhang, B.; Chen, L. Sigma-1 Receptor Knockout Increases α-Synuclein Aggregation and Phosphory-
lation with Loss of Dopaminergic Neurons in Substantia Nigra. Neurobiol. Aging 2017, 59, 171–183. [CrossRef] [PubMed]

115. Limegrover, C.S.; Yurko, R.; Izzo, N.J.; LaBarbera, K.M.; Rehak, C.; Look, G.; Rishton, G.; Safferstein, H.; Catalano, S.M. Sigma-2
Receptor Antagonists Rescue Neuronal Dysfunction Induced by Parkinson’s Patient Brain-derived A-synuclein. J. Neurosci. Res.
2021, 99, 1161–1176. [CrossRef]

http://doi.org/10.1080/10715762.2020.1745201
http://www.ncbi.nlm.nih.gov/pubmed/32241191
http://doi.org/10.1002/jnr.21648
http://doi.org/10.3389/fnmol.2018.00005
http://doi.org/10.3233/JAD-2012-111898
http://doi.org/10.1186/1750-1326-5-56
http://doi.org/10.1007/s12035-016-0114-x
http://doi.org/10.1073/pnas.1422001112
http://doi.org/10.1038/npp.2013.70
http://www.ncbi.nlm.nih.gov/pubmed/23493042
http://doi.org/10.1159/000440864
http://www.ncbi.nlm.nih.gov/pubmed/26606130
http://doi.org/10.1016/j.neurobiolaging.2017.08.007
http://www.ncbi.nlm.nih.gov/pubmed/28870519
http://doi.org/10.1002/jnr.24782

	Introduction 
	Tau 
	Physiological Function of Synaptic Tau 
	Tau as a Mediator of Synaptic Plasticity 
	A Physiological Role in the Spine for Tau Phosphorylation 

	The Pathological Counterpart of Synaptic Tau 
	In Vitro Models 
	In Vivo Models 


	-Synuclein 
	-Synuclein Conformations 
	-Synuclein Synaptic Functions 
	Role of -Synuclein Aggregates in Functional Alterations of Glutamatergic Synapses 
	In Vitro Models 
	In Vivo Studies 


	-Synuclein and Tau: Additional Molecular Mechanisms 
	Conclusions 
	References

