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Definition
Although the mechanisms of toxic activity of tau are not fully recognized, it is supposed that the tau
toxicity is related rather not to insoluble tau aggregates but to its intermediate forms. It seems that
neuroﬁbrillar tangles (NFTs) themselves, despite being composed of toxic tau, are probably neither
necessary nor suﬃcient for tau-induced neuronal dysfunction and toxicity. Tau oligomers (TauOs)
formed during the early stages of tau aggregation are the pathological forms that play a key role in
eliciting the loss of neurons and behavioral impairments in several neurodegenerative disorders called
tauopathies. They can be found in tauopathic diseases, the most common of which is Alzheimer’s
disease (AD). Evidence of co-occurrence of b-amyloid, α-synuclein, and tau into their most toxic forms,
i.e., oligomers, suggests that these species interact and inﬂuence each other’s aggregation in several
tauopathies. The mechanism responsible for oligomeric tau neurotoxicity is a subject of intensive
investigation.

1. Introduction
Neurodegenerative diseases share many common pathomechanisms, the most prevalent of which is the
death of speciﬁc populations of neurons as a result of disturbed protein metabolism, which leads to the
deposition of pathological products of their metabolism in the central nervous system. Many data indicate
that protein conformation disorders are the mechanism leading to both direct neurotoxicity and
insuﬃciently eﬀective elimination processes of these proteins. As a result, the products of their
metabolism are deposited both in the intercellular space and inside neurons. Among intracellular
aggregates, the most common are ﬁlamentous tangles (NFT, neuroﬁbrillar tangles)

[1],

which are

pathomorphological deposits of the tau protein resulting from disturbance of post-translational processes
of this protein in the nerve cell. NFTs were ﬁrst identiﬁed and described in the pathology of Alzheimer’s
disease

[2],

but they are also present in the pathology of many other dementia diseases, which are

collectively known as tauopathies.
In its physiological state, tau is a protein with many functions that can have both positive and negative
consequences for the cell

[3].

This is due to its ability to form complexes with many proteins and other

elements in the cell, and speciﬁcally, it may participate in many signaling pathways that determine cell
functioning and survival

[4][5]

. Conversely, disturbances related to (i) alternative splicing of the tau gene,

(ii) abnormal interactions between individual post-translational modiﬁcations, (iii) the formation of
pathological tau aggregates, (iv) interactions with elements of the cytoskeleton, and (v) the coexistence
of pathologies of other proteins forming amyloids lead to the appearance of pathological forms of the tau
protein

[6]

. It was assumed that NFTs were the cause of neuronal toxicity, since they correlate very well

with cognitive decline and neuronal loss

[7].

However, in some animal models overexpressing tau,

neurodegeneration has been demonstrated in the absence of NFT pathology

[8].

The formation of

insoluble NFTs was suggested rather to be a protective mechanism than a necessary precursor of the
neuronal death in tauopathies

[9].

Based on the obtained data, the researchers suggest that the presence

of tau protein deposits in the form of NFT not only does not have a toxic eﬀect on cells but is likely to
repair damage caused by free radicals in the course of neurodegenerative diseases. Overexpression of
the tau protein in neurons reduces the level of oxidative stress and prevents apoptosis, regardless of the
tau hyperphosphorylation process taking place in the cell

[10].

The obtained data indicate that

phosphorylation of the tau protein may be a speciﬁc cell response to oxidative stress and is
neuroprotective

[11].

A growing body of experimental data has shown that tau in the nervous system can occur in many forms

that perform physiological functions, but it can also display a pathological activity

[12].

Forms of tau that

are probably not toxic are monomers (≈60 kDa), straight ﬁlaments, paired helical ﬁlaments (PHF),
neuroﬁbrillary tangles (NFT), and ghost tangles

[13].

In contrast, some types of tau dimers/trimers (120–

180 kDa), small soluble oligomers (300–500 kDa), and granular tau oligomers (~1800 kDa) possibly
display toxic activities

[14][15][16][17].

In the pathology of Alzheimer’s disease (AD), a recently debated issue has become to explain the role of
tau oligomerization in the disease pathology. Tau protein oligomers are characterized by a secondary βsheet structure and contain 3 or 4 repeats of the microtubule binding domain, and after reaching a size
greater than 20 nm, they begin to aggregate and, as a result, form ﬁbrillar forms

[18][19].

Tau oligomers

are composed primarily of monomeric or dimeric subunits of the highly phosphorylated or pathologically
truncated tau protein

[20].

However, assembly of two distinct dimers and higher-order oligomers from full-

length tau was also observed

[21].

Granular tau oligomers consisting of approximately 40 tau protein

molecules have also been identiﬁed in the brain tissue of AD patients. The results of the conducted
research indicate that granular oligomers appear inside neurons even before the formation of PHF,
because their presence is detected in the earliest stages [2] of Alzheimer’s disease

[17][22].

Similarly, the role of tau monomers may be ambiguous, as their potential toxicity cannot be ruled out
when they undergo post-translational modiﬁcations (PTMs) in the protein maturation process. Several
studies demonstrated that AD-associated PTMs of tau impairs neuronal function, structure, and viability
[23]

. When tau composed mostly of monomers is injected into the hippocampus, it reduces the number of

synapses, causes a loss of synaptic vesicles, and exerts detrimental eﬀects on the morphology and
connectivity of newborn granule neurons of dental gyrus, and these eﬀects correlate with impaired
behavior

[24]

. In addition, tau modiﬁcations suppress compensatory responses to mitochondrial stress and

thus lead to numerous metabolic disturbances and reduced energy production [25]. It seems that the
mechanism of toxicity of modiﬁed monomers is diﬀerent from that of oligomers. The intracerebral
injection of toxic monomers cleaves endogenous tau by activating calpain and consequently triggers
apoptotic neuronal death, whereas oligomers induce auto-aggregation of the endogenous tau by
conformational changes of the protein regardless of its phosphorylation

[23]

. In addition to oligomers and

modiﬁed monomers, also, truncated tau containing the N-terminal domain exhibits toxic properties,
causing disrupted Ca2+-dependent glutamate release, perturbation in K+-evoked calcium dynamics,
deterioration in presynaptic terminals, neuritic degeneration, microtubule collapse, and reduction of
mitochondrial density

[26]

.

The high toxicity of TauOs may be related to their presence in the extracellular space and their
propagation through nerve connections

[27]

. The presence of tau in the extracellular space is the result of

the leakage of tau deposits from inside the degenerating neuron. Tau can then exist as single molecules
as well as in the form of low complexed aggregates/oligomers

[28]

. A possible mechanism for the

appearance of tau in the extracellular space is the secretion of tau aggregates in micro vesicles such as
exosomes and ectosomes

[29][30]

and its release by exocytosis in a chaperone-dependent manner. There

is also evidence that most of the extracellular tau is not associated with vesicle secretion
tau or oligomeric tau may also propagate between cells by tunneling nanotubes

[32][33]

[31].

Truncated

. Once tau appears

in the extracellular space, it may undergo endocytosis by surrounding cells and inﬂuence their functioning
[34][35]

. The results of the experiment of Pampuscenko et al. [36] showed that the extracellular self-

assembly dimers–tetramers of the 1N4R tau isoform (one extra exon in the N-terminal domain and four
tubulin binding motifs), but not monomers, caused neuronal death in mixed neuronal/glial cell cultures. In
contrast, monomeric and pre-aggregated tau peptide with 4R repeats but lacking the N-terminal fragment
did not reduce the viability of the cells, suggesting that tau oligomers’ neurotoxicity might be dependent
on the presence of the N-terminal fragment in the molecule.
It is possible that the toxic eﬀect of the extracellular tau species is based on their interaction with M1 and
M3 muscarinic membrane receptors
2+

calcium [Ca

[37][38].

As a consequence, there is an increase in intracellular

] and cell die due to excitotoxicity [27][39]. Several forms of tau were tested in these studies

such as recombinant human tau (isoform with three tubulin binding motifs and two extra exons in the Nterminal domain), tau fragment 2N, which contains the amino-terminal half of the tau protein tau
fragment 3RC, which contains the three tubulin-binding motifs and the carboxyl-terminal region, and tau
fragments 4R, 3R, i.e., four or three tubulin-binding motifs. It was shown that mainly the tau fragment
3RC containing the C-terminal region and comprising residues 391 to 407 of the tau molecule is
responsible for the excessive inﬂux of calcium ions into the neuroblastoma cells. Recent reports suggest
that the neurotoxic eﬀect of extracellular tau interaction with muscarinic receptors is dependent on the
activity of alkaline phosphatase

[40]

.

The data reviewed in the present paper highlight the toxic eﬀect of oligomeric forms of the tau protein on
selected intraneuronal functions such as the stability of the genome and the function of the nucleus,
energy production and mitochondrial function, cell signaling and synaptic plasticity, the microtubule
assembly, neuronal cytoskeleton and axonal transport, and the eﬀectiveness of the protein degradation
system (Figure 1).

Figure 1. Schematic illustration of intraneuronal processes aﬀected by toxic tau oligomers.

2. Harmful Effects in Genome
The presence of tau protein in the nucleus of neurons [41][42] and the capacity of tau protein to form
protein–DNA complexes have been reported [41][43][44][45][46]. It has been proven that tau-interacting DNA
regions are positioned at regular intervals in the structure of the chromosome. Tau protein plays a role
also in the maintenance of genomic stability
oxidative stress

[41][42][48]

[47]

, protection of RNA and DNA from damage induced by

, and in sustenance of the dense chromatin structure [49][50]. Dysfunctional

nuclear tau may disrupt heterochromatin organization, leading to cell cycle re-entry, which is fatal to
neurons, and dysregulate gene expression and RNA transcription, giving rise to altered protein synthesis.
Post-translational modiﬁcations or conformational changes of the tau molecule can modulate its nuclear
translocation and function

[51]

. An aberrant modiﬁcation of tau in diseases such as AD could alter its

function and enhance genome vulnerability and neurodegeneration

[51]

.

Mansuroglu et al. [50] studied the physiological role of tau protein in maintaining the neuronal genome
structure and organization, namely, the role of tau protein in the organization of pericentromeric
heterochromatin (PCH) DNA regions. PCH contains very dense chromatin substructures rich in epigenetic
factors, such as the trimethylated form of lysine 9 of histone H3 (H3K9me3) and the protein
heterochromatin 1α (HP1α), which regulate genome expression and stability

[52][53][54]

. The studies were

performed on primary cultures of neurons obtained from wild-type (WT) or tau-deﬁcient (KOTau) mice. In
WT mouse neurons, the tau protein was found within or in the immediate vicinity of PCH and interacting
with major PCH satellite sequences [50]. Mansuroglu et al. [50] also showed that in the neurons of WT mice,
H3K9me3 and HP1α were distributed in PCH in the form of regular clusters. This cluster distribution of
H3K9me3 and HP1α was disrupted in the neurons of KOTau mice, although the total amount of H3K9me3

and HP1α remained unchanged compared to WT mice. Under heat stress condition, the disruption of PCH
organization in the neurons of KOTau mice was associated with a high degree of DNA breaks accumulated
mainly in PCH sequences

[50]

. At the same time, the loss of clustered distribution of H3K9me3 observed in

KOTau neurons aﬀected the localization of one of the histone proteins phosphorylated on serine 139
residue (γH2AX) and made KOTau neurons unable to repair PCH–DNA breakage induced by stress

[50]

.

Interestingly, an induced overexpression of hTau in the nuclei of KOTau neurons restored the clustered
distribution of H3K9me3 that was lost due to primary tau protein gene silencing. This observation
conﬁrmed the regulatory role of nuclear tau protein in the clustering distribution of H3K9me3 and HP1α in
the structure of PCH.
The expression of γH2AX is an early cellular response to the induction of DNA double-strand breaks and is
used as a highly speciﬁc and sensitive molecular marker to monitor the initiation of DNA damage
Similar changes in γH2AX expression were reported in neurons from AD brains
[50]

[56][57]

[55]

.

. Mansuroglu et al.

suggested that changes in the structure of PCH, such as the disturbed localization pattern of

H3K9me3, are partially responsible for the increased expression of heterochromatically silenced genes
reported in the hippocampal neurons of AD patients

[49]

.

H3K9me3 and γH2AX were detected not only in the nucleus but also as scattered small clusters in the
cytoplasm of KOTau neurons

[50].

This cytoplasmic distribution of H3K9me3 was also observed in neurons

of AD patients and was co-localized with AT8 antibody staining, which detects phosphorylated forms of tau
[58]

. This may suggest that post-translational tau modiﬁcations aﬀect the translocation of the protein

between the nucleus and the cytoplasm and alter its physiological function.
Loss of tau nuclear physiological function may be caused by its oligomerization [59]. The physiological
inhibitory eﬀect of tau on gene expression has been demonstrated under heat shock conditions (HS) [60].
Tau appears to protect tau-interacting genes from deregulation that can occur during the HS-induced
overexpression of these genes. The increased presence of pathological TauOs in the nuclear
compartment of neurons was correlated with their inability to bind to DNA and their incapability to repress
Tau-interacting genes

[59]

. The transcriptionally repressing role of Tau protein was augmented in neurons

from the hippocampal CA1 region of THY-Tau22 mice, where a nuclear accumulation of pathological
oligomerized forms of Tau protein was detected

[59]

. Tau oligomers were recognized by antibodies TOC1,

AT100 for tau phosphorylated at residues 212 and 214, and Tau1au for unphosphorylated tau between
residues 189 and 207. In this study, nuclear accumulation of pathological oligomerized forms of tau
resulted in signiﬁcant deregulation of the Dlg2 gene (coding Discs Large Scaﬀold Protein 2) expression in
neurons from the CA1 region of THYTau22 mice. Dlg2 gene is connected with long non-coding (lnc)RNA
and contains the highest number of tau-interacting sites, and it codes a key scaﬀolding protein for
postsynaptic membranes (postsynaptic density protein 93-PSD-93)

[61]

. Deﬁciency of this gene product

may cause disturbances in the clustering of membrane receptors, the permeability of ion channels, and
associated synapse signaling.
Tau oligomers can interact with p53, which is a transcription factor involved in many processes such as
apoptosis

[62]

, DNA damage repair [63], and cell cycle control

[63]

. Farmer et al. [64] proved that the p53

protein and TauOs (recognized by the T22 antibody) interact in the neurons of AD patients and a mouse
model associated with AD (Tg2576/Tau P301L). The evidences presented in the study by Farmer et al.

[64]

suggest that the interaction between p53 and TauOs may be due to protein misfolding. In the p53
molecule, the DNA-binding domains, the N-terminal domain and the C-terminal base domain, were in a
state of intrinsic disorder

[65][66]

and therefore prone to misfolding. Tau is also intrinsically disordered

[67]

and therefore contained many aggregation-prone regions that could interact with p53. It is known that
p53 is normally associated with microtubules

[68]

. Thus, the proximity of p53 and tau may increase the

likelihood of p53 interaction with tau, also at an earlier stage of pathology, when TauOs are initially
formed. The interaction of p53 and TauOs leading to the aggregation of both proteins inhibits nuclear
import of the p53 and causes loss of its function of the transcription factor

[64]

. Lasagna-Reeves et al. [69]

showed that aggregated p53 cannot bind to DNA, conﬁrming that aggregation leads to a loss of p53

function. Moreover, the structure of the nuclear membrane and its pores can be aﬀected by pathological
forms of tau

[70]

. This may hinder p53 transport into the nucleus and cause its accumulation in the

cytoplasm, which has been observed both in neurons of AD patients and tau overexpressing mice

[64][71]

.

The nucleotoxic activity of TauOs may be related to the dysfunction of the Musashi family proteins (MSI1
and MSI2). MSIs belong to RNA-binding proteins involved in the transcription and post-transcriptional
regulation of genes

[72]

. Montalbano et al. [73] observed oligomeric forms of MSI1 and MSI2 in the

cytoplasm and in the nuclei of cortical neurons of AD, ALS (amyotrophic lateral sclerosis), and FTD
(frontotemporal dementia) patients, where they were localized with oligomeric species of tau. Tau
oligomers were identiﬁed with the TOMA2 antibody (anti-oligomeric tau monoclonal antibody).
Montalbano et al.

[73]

also conducted studies on two iHEK (immortalized human epidermal keratinocytes)

cell lines that express human wild-type tau or the form of tau containing the P301L mutation. In the
P301L line, increased associations were observed between MSI2, toxic TauOs, Histone3, and Lamin
(nuclear ﬁbrous protein). This large complex can damage the chromatin structure and disarray its
compartmentalization in the nucleus. In cells overexpressing the mutant form of tau, a signiﬁcant
decrease in the levels of the proteins LaminB1 and LaminA/C in the nuclear membrane was observed.
This was accompanied by a general downregulation of nuclear membrane linkers such as emerin, LaminB
receptor, companion lamellar protein 3 Man1 containing the polypeptide 2-emerin domain, and the
nuclear envelope type II transmembrane protein Nesprin2. This resulted in instability of the nuclear
membrane. Chromatin linkers such as heterochromatin 1 protein (HP1), plaque 2-associated polypeptide
(LAP-2), and autointegration barrier factor (BAF) were also reduced.
Disruptions in the structure of the nuclear membrane and the pore system caused by pathological forms
of tau were also described in the studies by Montalbano et al.

[73]

. Toxic tau inﬂuenced nucleocytoplasmic

import, preventing substances from penetrating into the nucleus through the nuclear pore complex. It has
been shown that TauOs can bind to phenylalanine/glycine-rich nucleoporins Nup98 and Nup62 and aﬀect
the permeability of the nuclear pore complex. The authors

[73]

also observed a decreased level of Nup50

and Nup153 nucleoporins in the nuclear fraction and at the same time their increased level in the
cytoplasm of P301L tau iHEK cells. Thus, tau oligomers by interacting with nuclear transport receptors can
seriously dysregulate intra-nuclear transport.
Pathogenic tau directly contributes to the depletion of cAMP response element binding protein (CREB),
which is a major regulator of gene transcription critical to neuronal survival, neural plasticity, learning,
and memory

[74]

. A signiﬁcant decrease in the level of CREB and phospho-CREB was noted in post mortem

human AD brain tissue
Mahoney et al.

[77]

[75]

and in cultures of hippocampal neurons derived from tau transgenic mice [76].

investigated whether pathogenic forms of tau inﬂuenced nuclear Ca2+ levels, which

are critical for CREB-dependent gene expression. The observations were carried out in neurons derived
from induced pluripotent stem cells (iPSCs) of patients with sporadic AD and in the Drosophila
melanogaster tauopathy model expressing human tau bearing the R406W mutation [78]. TauR406W is an
autosomal dominant mutation that causes frontotemporal lobe degeneration (FTLD) [79]. It was found that
the neuronal expression of human transgenic tauR406W in the brain of adult Drosophila resulted in a
reduction in the total and nuclear CREB protein level. It was observed that in the resting state, the level of
nuclear Ca2+ decreased with physiological aging, and pathogenic tauR406W signiﬁcantly increased the
age-related loss of calcium ions from the nucleus. It has also been reported that blocking the nuclear
Ca2+ signal enhances tauR406W-induced neuronal death, suggesting that Ca2+ nuclear depletion is a
causal mediator of neurodegeneration in tauopathy [77].

3. Selective Effect of Tau Oligomers Treatment on Synaptic Integrity
and Function
Since the discovery of tau mutation as a cause of FTLD, tau has been implicated in diﬀerent synaptic
dysfunctions, such as impaired LTP, reduced excitatory synaptic transmission, decreased level of PSD-95
and glutamate receptors, and increased levels of glutamate and excitotoxicity
[81]

[80]

. Usenovic et al.

noted that the model relevant for sporadic tauopathies, such as AD, in which the MAPT (microtubule-

associated tau protein) mutations are absent would be one in which changes similar to those seen in AD
would occur despite the absence of a mutation in the tau protein or lack of tau overexpression. They
proposed such a model: the human forebrain neurons with active GABAergic and glutamatergic receptors,
which were derived from induced pluripotent stem cells and treated with preparations of tau monomers
and oligomers for 24 h. In this model, fourteen days after TauOs were applied, the number of synapses
declined, basal GABA (gamma-aminobutyric acid) release moderately increased, and glutamate release
remain unchanged. In addition to synaptic-related changes, they observed a host of other changes, which
are similar to those characterizing AD. No such changes were observed when tau monomers were
applied.
Eﬀects of oligomeric tau treatment on synaptic integrity and function were also evident within a much
shorter time frame. Lasagna-Reeves et al.

[82]

found in the neurons of the CA1 region of the hippocampus

that the subcortical injection of TauOs reduced the levels of synaptophysin, which is a synaptic vesicle
bound protein, and of septin-11, which is a protein involved in vesicle traﬃcking. On the other hand, the
level of synapsin-1, the protein that regulates the reserve pool of synaptic vesicles, remained unchanged.
These eﬀects were observed about 30 h post-injection. The animals treated with TauOs did not distinguish
the new object in the Object Recognition Task. This may mean that TauOs impair the ability to store newly
acquired information, which is the kind of memory deﬁcit occurring in early stage of AD. The injection of
tau monomers and ﬁbrillary forms neither aﬀected the level of synaptic proteins nor caused memory
deﬁcit.
Fa et al. [83] showed that a brief exposure of mouse hippocampal slices to diﬀerent recombinant human
TauOs, but not tau monomers, reduced LTP as soon as 20 min after exposure to the oligomers. This ﬁnding
was paralleled by the demonstration that two bilateral injections of TauOs performed shortly prior to the
training into the dorsal mouse hippocampi impaired associative fear memory assessed 24 h later. The
authors also demonstrated the worsening of spatial memory in a radial arm water maze after infusion of
oligomeric tau.
Ondrejcak et al.

[84]

injected into brain ventricles soluble human recombinant tau aggregates and

observed the potent inhibition of LTP at CA3 to CA1 synapses of the hippocampus, whereas no change in
LTP followed the injection of tau monomers and tau ﬁbrils. The gradual decline of LTP was observed during
the 3 h period following tau injection. The eﬀect of TauOs was prevented by the administration of anti-tau
monoclonal antibody, Tau5 to the prion protein (PrP), which may suggest that the involvement of PrP in
tau oligomers induced LTP reduction.
Hill et al. [85] delivered oligomeric full-length tau-441 (TauOs) in nanomolar concentration directly into
mouse hippocampal CA1 pyramidal and neocortical layer V thick-tufted pyramidal cells. Within the ﬁrst
few minutes after intracellular TauOs delivery, the electrophysiological readouts remained unchanged,
and some of them changed signiﬁcantly after 40 min. The introduction of TauOs into hippocampal
neurons increased the input resistance, membrane potential depolarization, and ﬁring rate but decreased
the amplitude, speed of rise, and speed of decay of action potentials. Examination of connected pairs of
thick-tufted layer V neocortical pyramidal cells revealed that the delivery of TauOs into presynaptic cells
impaired within a short time frame basal synaptic transmission, which was associated with short-term
depression. The delivery of TauOs into postsynaptic cells impaired LTP, which may indicate that the
presence of TauOs in postsynaptic cells interferes with synaptic plasticity. The delivery of tau monomers
did not evoke any similar eﬀects.
The observations presented above point collectively to TauOs being taken up by neurons from
extracellular space, and once being inside the neurons, they change the functioning of synapses within a
short time, even during tens of minutes. The relatively short time needed to reveal the eﬀect of TauOs on
various electrophysiological parameters, reported by Hill et al.

[85],

can be explained by the direct delivery

of TauO into neurons, which shortened the time needed for TauO molecules to reach distal dendrites and
axons, where they have been indeed clearly visible. These ﬁndings speak for the direct involvement of

TauOs molecules in processes of synaptic transmission and plasticity. The common ﬁnding of reported
data is the impairment of long-term potentiation (LTP). LTP is believed to be one of the cellular
mechanisms that underlies learning and memory, and indeed, in the two studies

[82][83]

, behavioral tests

revealed TauOs were related to memory impairment.
The use of well-deﬁned oligomeric forms of the tau protein in research shows that tau interacts with
synaptic proteins. It plays a role in monitoring intracellular signaling pathways. The entering of
pathological forms of tau into postsynaptic compartments and dendrites
number of synaptic vesicles
promotes synaptic loss

[24]

[86]

[80]

causes a decrease in the

and reduction of synaptic proteins and dendritic spines, which in turn

, reduces neuronal signaling

[87][88]

, and ﬁnally, induces memory impairment.
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