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1. Introduction

Proteins are essential macromolecules that play important roles in almost any cellular process. They usually do not

function alone but rather as complexes with other molecules, mainly with proteins. Protein-protein interactions (PPIs) are

elementary for many processes and it is proposed that their dysfunction or deregulation is located upstream, leading to

various pathological conditions . In Alzheimer’s disease and other tauopathies, tau protein undergoes pathological

modifications that lead to the formation of paired helical filaments (PHF) and neurofibrillary tangles (NT) which belong to

the main hallmarks of these diseases. The conversion of physiological tau into its pathological forms and their

participation in disease etiology have not been fully understood yet and are still under investigation. In physiological

conditions, tau interacts with many protein partners which maintain their proper structure and function. Under pathological

conditions, proteins interacting with tau can also participate in its non-physiological modifications leading to the

development of neurodegenerative diseases. Interaction partners of tau protein and involved molecular pathways can

either initiate and drive the tau pathology or can have neuroprotective roles, by reducing pathological tau changes or

inflammation.

Tau protein belongs to the family of microtubule-associated proteins (MAPs)  and can influence axonal transport and

growth , neuronal polarization , and thus the normal function of neurons and the brain (Figure 1) .

Figure 1. Schematic representation of physiological tau protein functions in neurons. The axonal tau (A) stabilizes

microtubules (MTs), and it can also bind actin filaments thus facilitating cytoskeleton networking. Furthermore, tau
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regulates MT dynamics by interacting with end-binding (EB) proteins. The EB proteins promote and regulate MT

nucleation and elongation. Tau inhibits the EB protein binding to MTs and this inhibition is reversed by tau

phosphorylation. Tau also competitively inhibits the interaction of dynein and kinesin to MTs and thus influences the

intraneuronal transport and cargo release. In the synapses (B), tau protein can be directly translated, and during neuronal

activity, it is released into the synaptic cleft. Through linking the MTs and actin filaments, tau can influence synaptic

plasticity. Moreover, tau is a known interacting partner of the BAR domain-containing proteins such as BAIAP2, PACSIN1,

and BIN1, that ensure the curvature and shaping of the neuronal membrane. Tau may play a role in the removal of

developmental NMDARs and their replacement for mature NMDARs in dendrites (dashed arrows) as it is a known

substrate of the protein kinase C (PKC), which is activated by the G protein-coupled receptors (GPCR). The PACSIN1

recruits clathrin and dynamin endocytic machinery to the developmental NMDARs and thus mediates their removal. The

developmental/mature NMDARs exchange is important for the formation of new synaptic connections. ER—endoplasmic

reticulum. In the nucleus (C), tau interacts with DNA and RNA, maintains their integrity, and protects them from oxidative

damage. Furthermore, tau may be involved in rRNA-coding DNA transcription and rRNA processing.

In humans, tau protein is expressed mainly in neurons , and in lower amounts in oligodendrocytes and astrocytes 

. Besides the central nervous system (CNS), tau is expressed by peripheral neurons , and more recently, tau

immunoreactivity was also found in the human submandibular gland and sigmoid colon tissues . Human tau protein is

encoded by MAPT gene localized on chromosome 17q21 and consists of 16 exons. In the adult human brain, six tau

isoforms are expressed ranging from 352 to 441 amino acids (see Figure 2). Three decades ago, it was proposed that

individual tau isoforms may have different functions since they are differently expressed in the fetal and developed brain

. Now, it is known that alternative splicing even varies across neuronal cell types and during neuronal maturation

.

Figure 2. Schematic representation of six human tau protein isoforms and their domains. The N-terminal part is more

acidic due to N1 and N2 inserts. The microtubule-binding domain (MTBD) is composed of repeats R1–R4. The number of

repeats and N-terminal inserts varies according to the type of tau protein isoform.

Tau protein is distinctly divided into the N-terminal part, proline-rich region (PRR), microtubule-binding domain (MTBD),

and C-terminus. The N-terminal domain length is dependent on alternative splicing of exons 2 and 3 which encode acidic

amino acids. In MTBD, the splicing-dependent manner of exon 10 results in either 3 (3R) or 4 (4R) microtubule-binding

repeats which are essential for binding of tau to individual tubulin heterodimers, and through this interaction tau stabilizes

microtubules (MT) .

Despite the MT-stabilizing function of tau, its removal or modification had no significant impact on microtubule stability,

cellular function, or cognition in mouse models . It was shown that the MT-stabilizing function of tau protein

is replaceable by microtubule-associated proteins MAP1a  or MAP1b . However, experiments performed by

several other groups on tau-knockout mice revealed that tau can influence the regulation of neuronal activity , synaptic

plasticity , neurogenesis , iron export from neurons , and long-term depression of synapses . Along with

other animal disease models where the tau levels were reduced, it was found that depletion of tau protein had a protective

effect on neurons against amyloid-beta (Aβ) induced excitotoxicity or by other excitotoxins in mice over-expressing

amyloid precursor protein (APP) and presenilin 1 . In chemically induced seizure models, hyperexcitability

of neurons was reduced in mice with attenuated tau expression . This suggests that endogenous tau is integral for

regulating, or rather, upregulating neuronal hyperexcitability in diseased animals. In addition, in mice with impaired

function of voltage-dependent sodium and potassium channels, the depletion of tau protein had a protective effect on

neurons . These studies suggest that tau protein may play a role in the regulation of neuronal network activity in both
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pathological and physiological conditions. Moreover, this is also supported by the evidence that tau protein has several

additional roles in neurons and the brain .

In pathological conditions, the accumulation of insoluble tau aggregates occurs inside neurons, in extracellular space 

, and other brain cells such as astrocytes and oligodendrocytes . The formation of this stable material is the

consequence of abnormally modified and truncated tau proteins which self-aggregate and gradually mature to paired

helical filaments (PHF) and neurofibrillary tangles (NFT) which are common hallmarks of several neurodegenerative

diseases . The formation of PHFs and NFTs is associated with the engulfment of the cytosol of neurons, failure in

intracellular trafficking, and gradual disruption of basic physiological processes that end in apoptosis and neuronal death

. The formation of these aggregates is accompanied by inflammation which on one hand could help in their

clearance, but on the other, can exacerbate the pathological processes . Tau pathology is the main cause of

dementia in Alzheimer’s disease and other neurodegenerative diseases, including frontotemporal dementia ,

argyrophilic grain disease , corticobasal degeneration , progressive supranuclear palsy , and several other

diseases . These disorders, where the accumulation of abnormal tau protein in the brain occurs, are referred to as

tauopathies.

2. Roles of Tau Protein in Physiology and Pathology

2.1. Tau and Axonal Transport

Tau protein is enriched in axons where it binds microtubules through its MTBD and participates in their stabilization and

regulation. Tau protein’s “free” flanking N-terminal and C-terminal regions interact with various classes of proteins involved

in the regulation of cytoskeleton  and motor proteins kinesins and dyneins . Thus, tau participates in the

regulation of intraneuronal transport and modulation of microtubule dynamics, which ensures flexible reorganization of

cytoskeleton and synaptic transmission. Tau can modulate functions of motor proteins by competitive inhibition of

interactions of dynein and kinesin with microtubules, facilitating dynein binding to microtubules, or regulation of transport-

vesicle releasing from motor proteins .

2.2. Tau Protein in Synapses

Besides axons, tau protein occurs also in pre- and post-synapses and in smaller amounts also in dendrites . Tau

protein can be directly translated in synapses and this translation is regulated by synaptic activity . Furthermore,

synaptic activity mediates tau protein release into extracellular space including synaptic clefts . When

discussing tau in the neuronal synapse, it is important to mention that synapses are complex biological structures also

comprising astrocytes. These physiological structures composed of neuronal synapses and astrocyte protrusions are

referred to as tripartite synapses . Through these protrusions, astrocytes maintain the proper function of synapses

through astrocyte–lactate shuttle, glutamate and GABA uptake from the synaptic cleft, growth factors release, and other

processes . In tauopathies, tau protein aggregates damage these tripartite synapses and disturb the normal function of

neuronal networks . Furthermore, the microglia, which constantly scan the surroundings with their processes, interact

regularly with synapses . Along with the fact that tau proteins are released during synaptic activity under both,

physiological and pathological conditions, the microglia themselves also can mediate the inter-cellular spreading of the tau

protein . Released extracellular tau could be capable of interactions with proteins present in the synaptic clefts, thus

influencing synaptic functions.

The structure of synapses is determined by the actin filaments, microtubules, and proteins modulating the membrane

shape. It was shown that tau can mediate changes in the dendritic cytoskeleton and regulate synaptic plasticity and

signaling . Tau protein is known to interact with proteins regulating cytoskeleton and membrane curvature which are

essential for synapse formation and sustainability . Tau binds actin via its PRR, and at the same time also

binds microtubules through its MTBD and serves as a crosslinker between microtubules and actin filaments and thus

helps to organize the cytoskeleton network . Furthermore, tau regulates the function of synaptic and extrasynaptic

NMDA receptors (NMDARs) which mediate Na  and Ca  influx into neurons and regulate membrane polarization .

2.3. Tau Protein in the Nucleus of Neurons

Tau is localized in the nucleus of neurons, more precisely, in nucleolar organized regions of the nucleolus .

Since nucleolus is the center of ribosomal RNA (rRNA) synthesis and processing, several studies which described

localization of tau in parts of nucleolus suggest that tau can be involved in rRNA-coding DNA transcription and rRNA

processing . Tau can directly bind DNA  and RNA  and protects them from oxidative damage  which helps

to maintain DNA and RNA integrity . Furthermore, tau-DNA interaction is modulated by tau phosphorylation, which
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strongly reduces the ability of tau to bind DNA . Hyperphosphorylation, which is one of the major hallmarks of the

pathological forms of tau, may also influence its nucleocytoplasmic transport. According to the recent study,

hyperphosphorylated tau directly interacts with a subunit of nuclear pore complex—nucleoporin NUP98 causes its

mislocalization and disrupts the nucleocytoplasmic transport .

2.4. Big Tau

Big tau was initially known from studies on rats and mice where tau proteins were detected in their tissues, as well as, in

cell lines derived from these species. This high-molecular-weight form of a rat and murine tau has an apparent molecular

weight of ~110 kDa and possesses 733 or 752 amino acids (aa), respectively , as a result of the involvement of

exon 4a and alternatively spliced exon 6 of MAPT gene in its transcript . It was shown that Big tau is expressed only

in the peripheral nervous system (PNS), neurons of the optic nerve, but also in specific CNS neurons with long axons

projecting to the periphery . In human sequence databases, Big tau is also designated as the PNS tau. Human Big

tau (Figure 3) has not been confirmed experimentally in human tissues or human-derived cell lines so far, and its specific

function remains unanswered. In light of the known functions of brain tau protein, several benefits of Big tau due to its

increased length were proposed. The most important is the increased spacing between microtubules observed in

processes of Sf9 cells overexpressing Big tau, which may reduce the energy required for axonal transport .

Furthermore, the elongated N-terminus of Big tau was proposed to reduce the rate of phosphorylation of motor proteins,

and not mitigating their activity, thus supporting uninterrupted axonal transport .

Figure 3. Schematic representation of human Big tau. Its counterparts in rat and mouse possess 752 or 733 aa and share

74.9% or 74.2% identity, respectively. Exons 4a and 6 are responsible for differentiation from the brain tau protein.

2.5. Extracellular Tau Protein

Mounting evidence shows that pathological forms of tau protein spread from diseased to healthy cells and transform

physiological tau to its misfolded pathological forms which in turn self-aggregate and form PHF and NFT . It was

shown that neuronal activity, accompanied by synaptic transmission, mediates tau protein release into extracellular space,

mainly in an exosome-bound form, but also in a soluble form, and that this process occurs under both physiological and

pathological conditions . One of the suggested pathways of pathological tau spreading is connected to the

resident macrophages of CNS–microglia . Microglia have both phagocytic and secretion properties and can play a key

role in the spreading of tau pathology . Microglial exosomes serve as a medium for intercellular transport of cytokines,

miRNAs, and other regulating factors . The fact that microglia can be involved in the spreading of pathological tau

forms is supported by several experiments. The group of Asai showed that depletion of the microglia in mouse brain

significantly slowed propagation of tau between cells and that tau spreading was mediated by microglial exosomes .

Another research group demonstrated that reactive, inflammatory microglia can contribute to the spreading of tau

pathology .
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