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During normal aging, there is a decline in all physiological functions in the organism.
One of the most affected organs is the brain, where neurons lose their proper synaptic
function leading to cognitive impairment. Aging is one of the main risk factors for the

development of neurodegenerative diseases, such as Alzheimer’s disease. One of the

From the Contents

Introduction 1645
Search Strategy and Selection Criteria 1646
Post-Translationally Modified tau Protein: from 1646
Function to Pathology
Abnormal tau Interaction with Mitochondrial

. 1647
Proteins
Phosphorylated tau and Its Effects on 1647
Mitochondrial Function: Possible Mechanisms
Tau Accumulation in Synaptic Mitochondria:
Contribution to Synaptic Failure and Cognitive 1648
Impairment
Future Directions and Conclusion 1649

main responsible factors for synaptic dysfunction in aging and neurodegenerative
diseases is the accumulation of abnormal proteins forming aggregates. The most studied
brain aggregates are the senile plaques, formed by AR peptide; however, the aggregates
formed by phosphorylated tau protein have gained relevance in the last years by their
toxicity. It is reported that neurons undergo severe mitochondrial dysfunction with age,
with a decrease in adenosine 5'-triphosphate production, loss of the mitochondrial
membrane potential, redox imbalance, impaired mitophagy, and loss of calcium buffer
capacity. Interestingly, abnormal tau protein interacts with several mitochondrial proteins,
suggesting that it could induce mitochondrial dysfunction. Nevertheless, whether tau-
mediated mitochondrial dysfunction occurs indirectly or directly is still unknown. A recent
study of our laboratory shows that phosphorylated tau at Ser396/404 (known as PHF-

1), an epitope commonly related to pathology, accumulates inside mitochondria during
normal aging. This accumulation occurs preferentially in synaptic mitochondria, which
suggests that it may contribute to the synaptic failure and cognitive impairment seen in
aged individuals. Here, we review the main tau modifications promoting mitochondrial
dysfunction, and the possible mechanism involved. Also, we discuss the evidence that
supports the possibility that phosphorylated tau accumulation in synaptic mitochondria
promotes synaptic and cognitive impairment in aging. Finally, we show evidence and

argue about the presence of phosphorylated tau PHF-1 inside mitochondria in Alzheimer’s
disease, which could be considered as an early event in the neurodegenerative process.
Thus, phosphorylated tau PHF-1 inside the mitochondria could be considered such a
potential therapeutic target to prevent or attenuate age-related cognitive impairment.
Key Words: age pathology; aging; Alzheimer’s disease; hippocampus; memory;
mitochondria; PHF-1; phosphorylated tau; synaptic mitochondria; tau

Introduction

Aging is a natural process characterized by the progressive decrease
of functions in tissues and organs, causing an increased risk of
mortality (Sen et al., 2016). Among the characteristics of brain aging
found aberrant neuronal activity (Reagh et al., 2018), dysregulation of
calcium homeostasis, mitochondrial dysfunction (Olesen et al., 2020)
and increased reactive oxygen species (ROS), finally all contributing
cognitive deterioration (Chakravarti and Chakravarti, 2007). Diverse
theories explain aging, one of the most prominent is the “free
radical theory”. This theory postulates that aging is a consequence
of free radical overload, promoting lipid peroxidation of membranes,
damage to DNA and proteins, and failure of mitochondrial function
(Grimm and Eckert, 2017). However, although some studies show
that overexpression of antioxidant enzymes causes an increase
in longevity, other authors show a positive correlation between
oxidative stress and longevity (Vina et al., 2013), possibly due to free
radicals in a moderate concentration act as signalers, modulating

different signaling pathways. Over the last decades it has become
relevant the idea that damaged mitochondria accumulating over
time may be responsible for the aging process; because mitochondria
are the principal producer of ROS (Kowald, 2001). Although studies
are still lacking to fully elucidate this theory, the current background
could help to generate strategies to improve mitochondrial quality
and function to reduce aging-related alterations.

During aging, there is an accumulation of diverse abnormal proteins
in several brain regions, such as the phosphorylated tau protein
(Harrison et al., 2019). Tau is abundant in the central nervous system
(Binder et al., 1985) and specifically in neurons, predominantly in
axons (lttner and Gotz, 2011). Tau contains four repeat domains
which bind to microtubules (R1-R4) (Tapia-Rojas et al., 2019) and
participates in the assembly and stabilization of these structures
(Mietelska-Porowska et al., 2014). Tau function is strictly regulated,
mainly by post-translational modifications, such as phosphorylation
(Barbier et al., 2019; Tapia-Rojas et al., 2019). Tau phosphorylation
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is controlled by a balance between the activity of kinases (such as
glycogen synthase kinase-3 beta (GSK-3f) and CDK5, among others)
and phosphatases (such as PP2A, and others), which in turn regulate
tau binding to microtubules (Tapia-Rojas et al., 2019). However,
in several neurogenerative diseases, such as tauopathies and
Alzheimer’s disease (AD) tau phosphorylation is drastically increased,
which leads to tau hyperphosphorylation and disassemble of the
microtubules (Barbier et al., 2019). Tau-microtubules interaction
is greatly reduced by tau phosphorylation in residues located in
the R1-R4 domains (Dickey et al., 2007). In addition, an important
site of phosphorylation in tau related to pathologies is known as
PHF-1 epitope (phospho-Ser396 and Ser404), since it induces
synaptic damage (Mandelkow and Mandelkow, 2012), cognitive
decline (Mondragon-Rodriguez et al., 2014) and it may contribute
to the formation of intracellular deposits (Hefti et al., 2019). Thus,
tau hyperphosphorylation promotes its cytoplasmic aggregation,
may contribute to the formation of toxic oligomers and insoluble
aggregates, leading to the development of neurodegenerative
diseases (Barbier et al., 2019).

A clear relationship between phosphorylated tau and mitochondrial
dysfunction has been described; however, the causality is still
a matter of study. Overexpression of mutated forms of tau that
favor its phosphorylation are related to abnormal mitochondrial
distribution and mitochondrial dysfunction in neurons from mice
models of tauopathies and AD (Kopeikina et al., 2011; Perez
et al., 2018). However, the mechanism associated currently is
unclear. Neurons are polarized cells; therefore, mitochondria are
classified into synaptic and non-synaptic mitochondria (Graham
et al., 2017). Synaptic mitochondria include those located in both
pre and postsynaptic regions (Graham et al., 2017); and synaptic
mitochondrial dysfunction has been associated with neuronal
failure in diverse diseases including AD (Attwell and Laughlin, 2001).
Therefore, phosphorylated tau could be a key factor promoting
synaptic mitochondrial dysfunction in aging and age-related
pathologies. In fact, we and other laboratories have observed an
early decrease in bioenergetic and calcium buffering function in aged
hippocampal synaptic mitochondria compared with non-synaptic
mitochondria (Lores-Arnaiz et al., 2016; Olesen et al., 2020). This
mitochondrial failure could be caused by the interaction between
phosphorylated tau with several mitochondrial proteins (Manczak
and Reddy, 201243, b), or by our recent finding that demonstrated for
the first time that phosphorylated tau PHF-1 accumulates within the
mitochondria during aging, both in the intermembrane space and
with a minor proportion in the mitochondrial matrix, preferentially
into mitochondria located in the synapses (Torres et al., 2021). With
these and other antecedents is possible to suggest that age-related
synaptic mitochondrial deterioration in aging and neurodegenerative
diseases could be, almost in part, by the accumulation of tau PHF-
1 in the mitochondria, which in turn may lead to synaptic failure and
cognitive decline (Torres et al., 2021).

In this review, we mention how post-translational modifications,
mainly tau phosphorylation promotes mitochondrial dysfunction, as
well as the possible mechanism(s) involved. In addition, we mention
and discuss evidence from our laboratory showing that tau PHF-
1 accumulates within synaptic mitochondria, suggesting that it
may contribute to synaptic and ultimately cognitive impairment in
aging. More relevant, we show new evidence that tau PHF-1 also
accumulates in mitochondria in @ mouse model of AD, thus we also
discuss that tau PHF-1 accumulation in the mitochondria could be an
early event during the neurodegenerative process in AD. This could
have a great impact on the search for new therapeutic targets, that
help prevent or attenuate cognitive deterioration during aging as well
as the development of neurodegenerative diseases, such as AD.

Search Strategy and Selection Criteria

References for this review were identified through searches of
PubMed (from 1975 to 2021), using various keywords related to
“phosphorylated tau and mitochondria” and “phosphorylated tau
and synaptic failure” in both aging and AD. Only papers published in
English were reviewed.

Post-Translationally Modified tau Protein: from
Function to Pathology

Tau is a protein of the family of microtubule-associated proteins
(MAPs) (Weingarten et al., 1975; Perez et al., 2018). In the human’s
central nervous system, tau is encoded by a single gene MAPT

situated on the long arm of chromosome 17 (17q 21) (Perez et al.,
2018; Tapia-Rojas et al., 2019). This gene contains 16 exons that
by alternative splicing of exons 2, 3, and 10 renders six different
tau isoforms containing either three or four microtubule-binding
domains: ON/3R, ON/4R, 1N/3R, 1N/4R, 2N/3R, and 2N/4R, in which
“R” represents the number of microtubules repeats and “N” indicates
the number of N terminal inserts (Guo et al., 2017; Kang et al., 2020).
Tau protein was discovered by Weingarten et al. in 1975, which was
identified as a crucial protein promoting microtubules stabilization
(Weingarten et al., 1975). Tau is mainly an intracellular protein,
though recent evidence shows that it is also actively secreted with
functions and implications still not well understood (Dong et al.,
2021; Lussier et al., 2021). In mature neurons, tau is present to
great extent in axons, with minimal presence in soma and dendrites
(Zempel et al., 2017; Ittner and Ittner, 2018); and its function
regulating microtubules dynamics supports neuronal development
(Barbier et al., 2019), neuronal polarity (Zempel et al., 2017), axonal
transport (Dixit et al., 2008), and other processes involving the
cytoskeleton (Dixit et al., 2008; Tapia-Rojas et al., 2019).

For its proper function, tau phosphorylation requires an equilibrium
between kinases and phosphatases (Tapia-Rojas et al., 2019). Tau is
phosphorylated by kinases, such as MAPK, PKA, system CDK5/p35,
and GSK3[, among others, and these post-translational modifications
regulate their ability to associate with microtubules and other
cytoskeletal filaments (Tapia-Rojas et al., 2019). In contrast, one
of the causes for tau dysfunction is excessive phosphorylation
in specific sites, predominantly in serine or threonine (Ser/Thr)
residues followed by a proline (Pro), such as pSer202/pT205,
Ser212/Thr214, Ser262, and Ser396/404 (Augustinack et al., 2002;
Tapia-Rojas et al., 2019). In neurodegenerative diseases, tau is
hyperphosphorylated in crucial sites, which favor the loss of tau
binding ability to microtubules, modifies its secondary structure,
the charges distribution, and their intramolecular interactions,
which contribute to its auto-aggregation that result in aberrant
conformational and functional modifications (Augustinack et al.,
2002). Progressive hyperphosphorylated tau aggregation leads to the
formation of soluble aggregates, such as oligomers, and insoluble
deposits, including paired helical filaments (PHFs) and neurofibrillary
tangles, one of the main neuropathological hallmarks of AD (Lasagna-
Reeves et al., 2012). Tau disassembly of microtubules and its
accumulation also cause destabilization of the cytoskeleton network
and interruption of axonal transport (Perez et al., 2018), including
mitochondrial transport, depleting the synapses of functional
mitochondria, and inducing synaptic dysfunction and eventually cell
death (Guo et al., 2017; Jara et al., 2020).

Although phosphorylation is considered as one of the most
numerous posttranslational modifications of tau, also suffers other
posttranslational modifications. Tau is also a substrate of methylation,
acetylation, ubiquitination, nitration, sumoylation, and caspases
cleavage, among others (Tapia-Rojas et al., 2019; Alquezar et al.,
2020). All these modifications may differentially regulate tau function
(Wesseling et al., 2020). For example, lysine methylation regulates
tau metabolism by competing with ubiquitylation and acetylation
directing tau turnover (Balmik and Chinnathambi, 2021). Besides,
methylation in specific residues, such as K267 and K290 assists in
the stability of tau and has a protector effect, because it prevents
tau phosphorylation and aggregation (Funk et al., 2014; Huseby et
al., 2019). An oppositive effect is observed if residues like Lys24 and
Lys44 (that are normally methylated) are acetylated since they favor
tau hyperphosphorylation and aggregation as found in PHFs (Funk et
al., 2014; Kontaxi et al., 2017). Therefore, a decrease in acetylation
in these residues can have a neuroprotective role and beneficial
consequences including microtubule stabilization (Cook et al., 2014b;
Cook et al., 2014a). In contrast, decreasing HDAC6 activity and
therefore inducing the acetylation in KXGS motifs (conserved motif
located in the R-domains that comprises Ser262, Ser293, Ser324,
and Ser356 phosphorylation, regulating tau-mediated microtubule
assembly) (Kolarova et al., 2012) inhibits tau phosphorylation and
reduces potential aggregation (Cook et al., 2012, 2014b).

Proteomic studies with samples of both healthy and AD brains have
shown that several posttranslational modifications are present just
in AD brains, including majority phosphorylated, ubiquitinated,
acetylated, and in fewer degree methylated specific residues
(Alquezar et al., 2020; Wesseling et al., 2020). Phosphorylation
is predominant in the proline-rich region of tau, as well as its
C-terminus. Besides, truncation of the C-terminus of tau, following
by the microtubule-binding domain, was also a feature of AD
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brains (Wesseling et al., 2020). Curiously, both ubiquitination and
acetylation in the microtubule-binding domain (R-domains) are
specific changes occurring in AD (Wesseling et al., 2020) that could be
promoting aggregation propensity (Sohn et al., 2016; Tapia-Rojas et
al., 2019). Studies suggest that ubiquitination is more predominated
in the R1-R3 domain and acetylation in the R4 domain (Wesseling et
al., 2020). Therefore, altogether these observations suggest that the
phosphorylation could start with an early pre-symptomatic period of
disease, and enhance up over time, other later modifications could
stimulate hyperphosphorylation and aggregation as occurring in
symptomatic stages of AD and tauopathies.

Interestingly, tau phosphorylation also has been described in
normal aging (Rodriguez-Callejas et al., 2020; Torres et al., 2021).
These abnormal forms of tau lead to alterations in mitochondrial
structure and function, accompanied by neuronal dysfunction and
alterations in synaptic communication in absence of any pathological
condition (Jara et al., 2020; Torres et al., 2021), suggesting that
accumulation of tau phosphorylation could trigger a cascade of
event that culminates in age-related cognitive deficit. Studies in
diverse models and at different aging stages have shown that tau
phosphorylation increase along with aging in non-demented aged
brains (Gil et al., 2017; Rodriguez-Callejas et al., 2020). Studies
using Positron Emission Tomography scan detecting tau found an
increase in phosphorylated tau in older individuals, related to initial
changes in memory impairment (Marks et al., 2017; Ziontz et al.,
2019). Thus, for example, phosphorylated tau at Thr212 and Ser214
(recognized by AT100 antibody) has an age-related increase in human
hippocampal cells (Gil et al., 2017). In the same way, it is reported
that tau PHF-1 accumulates during aging in the hippocampus (Torres
et al., 2021), suggesting that tau phosphorylation (and eventually
hyperphosphorylation) started during normal aging and could be an
early marker of AD predisposition.

Abnormal tau Interaction with Mitochondrial

Proteins

Abnormal interactions between tau protein, especially its
phosphorylated form, with different proteins have been described (Liu
et al., 2016). Within membrane-bound proteins that interact with tau,
nearly 40% are mitochondrial proteins, being the largest fraction (Liu
et al., 2016). In the same way, one of the most enriched pathways
containing tau-interacting proteins is mitochondrial dysfunction,
suggesting an important relation between tau and mitochondria (Liu
et al., 2016). An interactome study of phosphorylated tau at epitope
PHF-1 showed that tau PHF-1 interacts with several mitochondrial
proteins (Drummond et al., 2020). One of these proteins is dynamin-
related protein (Drp1), which mediates mitochondrial fission through
its oligomerization into membrane-associated tubular structures
that constrict and sever the mitochondrial membrane (Koirala et
al., 2013). Studies using post-mortem brains of AD patients and
brain samples of the murine AD model 3xTg (mutations APPswedish,
MAPT P301L, and PSEN1 M146V) showed the interaction between
phosphorylated tau and Drpl. Co-immunoprecipitation assays
showed that this interaction increases the GTPase activity of Drpl
in both the frontal cortex of AD patients and cortical tissues of
3xTg mice, suggesting an increase in mitochondrial fission, which
could lead to mitochondrial dysfunction and oxidative stress in
mitochondria, resulting in neuronal damage (Manczak and Reddy,
2012a). Nevertheless, how phosphorylated tau induces the increase
in the activity of Drp1 is still not well understood and more studies
are required to clarify the effect of this abnormal interaction on
exacerbated mitochondrial fragmentation, and neuronal dysfunction.

In the outer mitochondrial membrane, the voltage-dependent
anion channel 1 (VDAC1) contributes to maintaining cellular Ca’*
homeostasis, by mediating the transport of Ca’* in and out of
mitochondria (Shoshan-Barmatz et al., 2017) and thus preventing
Ca’-mediated apoptosis (Giacomello et al., 2007). Moreover, VDAC1
allows the entry of metabolites as pyruvate, malate, succinate,
nucleotides, NADH, and cholesterol into the mitochondria (Shoshan-
Barmatz et al., 2010). Thus, VDAC1 appears to be a convergence
point for a variety of cell survival and death signals. VDAC1 is another
mitochondrial protein reported interacting with phosphorylated tau
in postmortem brains of AD patients and the 3xTg AD mice (Manczak
and Reddy, 2012b). In addition, the VDAC levels are increased in the
cortical tissues from AD patients compared with control subjects
(Manczak and Reddy, 2012b). This abnormal interaction between
VDAC and phosphorylated tau could explain the alterations in the
pattern of interactions of VDAC with its regulators, in addition to the

hyperphosphorylated state of the channel and the impairment in its
conductance reported in pathological conditions (Kerner et al., 2012;
Lemasters et al., 2012). However, this idea has not been studied.

Recently, new important interactions of phosphorylated tau with
mitochondrial proteins had been described (Drummond et al., 2020).
Several proteins of the electron transport chain co-immunoprecipitate
with tau PHF-1, including subunits of cytochrome-c oxidase, NADH
ubiquinone oxidoreductase 75KDa subunit, adenosine triphosphate
(ATP) synthase subunit beta (ATP5B), subunit O (ATP50), subunit
delta (ATP5D), subunit gamma (ATP5C1), subunit d (ATP5H), subunit
g (ATP5L) and ATP synthase-coupling factor 6 (ATP5J) (Drummond
et al., 2020). Subunits of ATP synthase and cytochrome-c oxidase
complex interacting with tau PHF-1 could explain the bioenergetics
mitochondrial dysfunction observed in neurodegenerative disorders
and aging, evidenced by an increase in ROS generation and decrease
of ATP production (Grimm and Eckert, 2017; Jara et al., 2019; Olesen
et al., 2020). Similarly, in isolated neurofibrillary tangles from AD
patients, an association with the ATP synthase alpha-chain (ATP5al)
was described (Sergeant et al., 2003). The accumulation of ATP5al
with tau aggregates in the cytosol is observed even in the early
stages of the neurofibrillary process (Sergeant et al., 2003). As
ATP5al is a nuclear-encoded mitochondrial protein, its accumulation
in the cytosol could lead to an inefficient import to the mitochondria,
contributing to failure in the functionality of complex V (Sergeant
et al., 2003). However, none of these ATP synthase subunits were
confirmed to be interacting with tau by biochemical assays in
addition to interactomics assay, making them interesting targets to
better elucidate the impact of tau and its pathological species in
neuronal energy homeostasis.

Among other ways to disrupt the mitochondrial ATP production,
tau may act interfering with the function of the adenine nucleotide
translocator (ANT), possibly through interaction between ANT
and the N-terminal region of tau (Atlante et al., 2008). Electron
transport chain function was dramatically impaired by NH(2)-26-
44 tau fragment, through completely preventing ADP/ATP exchange
by ANT (Atlante et al., 2008). Therefore, tau could be affecting
mitochondrial ATP production through a direct effect on ADP/ATP
translocase ANT in neuropathological diseases and aging. Proteins of
the tricarboxylic acid cycle also are present in cytosolic neurofibrillary
tangles microdissected from the brain of AD patients (Drummond et
al., 2020), such as aconitate hydratase 2. Aconitate hydratase 2 is an
enzyme that catalyzes the stereo-specific isomerization of citrate to
isocitrate and whose activity and expression is diminished in blood
samples of AD and mild cognitive impairment patients compared
to older adults with normal cognition (Mangialasche et al., 2015),
therefore, modified tau could also interfere with previous stages
to oxidative phosphorylation, limiting the availability of oxidative
substrates.

The increasing evidence of phosphorylated and/or other modified
tau forms interacting with mitochondrial proteins suggests that
abnormal tau has an important role in the mitochondrial dysfunction
seen during aging and in AD. Although further investigations are
needed to elucidate the mechanism underlying these interactions,
they are important data for searching new therapeutic targets that
contribute to the improvement of mitochondrial function and thus
the aging and AD phenotype.

Phosphorylated tau and Its Effects on

Mitochondrial Function: Possible Mechanisms

It is clear that phosphorylated tau triggers a deleterious effect on
mitochondrial function; however, the mechanism involved is not
completely known. Thus, phosphorylated tau could act controlling
and presumably damaging the mitochondrial transport, dynamics,
mitophagy, and function.

Primary neurons from the APP transgenic mice model of AD
present AB-mediated deficits in anterograde axonal transport of
mitochondria (Kopeikina et al., 2011; Schulz et al., 2012; Rodriguez-
Martin et al., 2016); however, these defects are prevented by
tau ablation. Mechanistically AB would activate GSK-3f, which in
turn phosphorylates tau blocking axonal transport, more severely
inhibiting anterograde than retrograde transport (Vossel et al., 2015).
This idea is supported by assays of tau overexpression, which reduces
the anterograde mitochondrial movement in neurons (Stamer et al.,
2002). In fact, tau phosphorylation at Ser199, Ser202 and Thr205
residues (epitope AT8) have a more significant effect blocking
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mitochondrial transport compared with non-phosphorylated tau
(Stamer et al., 2002); similar to observed in cells SH-SY5Y stably
overexpressing either human WT tau, or the P301L tau mutation that
favor tau hyperphosphorylation and aggregation (Schulz et al., 2012),
and in rTg4510 mice overexpressing P301L mutation (Kopeikina et
al., 2011). Therefore, tau phosphorylation impedes mitochondrial
transport (Rodriguez-Martin et al., 2016) and mainly anterograde
transport, by increasing the distance among the microtubules
(Shahpasand et al., 2012) and by direct tau interaction with kinesin-1
(Dubey et al., 2008; Kanaan et al., 2011), an interaction that is
regulated by GSK-3B-mediated tau phosphorylation (Cuchillo-Ibanez
et al., 2008; Kanaan et al., 2011). Thus, this could explain, almost
in part, the perinuclear localization of the mitochondria (Dubey et
al., 2008; Shahpasand et al., 2012; Rodriguez-Martin et al., 2016),
the reduced number of axonal mitochondria (Rodriguez-Martin et
al., 2016), and because the synapses are depleted of mitochondria
in the hippocampus and cortex of AD patients (Pickett et al., 2018).
In contrast, diverse reports propose that phosphorylation of tau by
GSK-3pB increases mitochondrial movement toward the synapses
in hippocampal neurons of a chronic stress mouse model or in
vitro using primary hippocampal neurons (Zhang et al., 2012). In
concordance with the anterior, overexpression of GSK-3f in primary
cultures enhances the movement of mitochondria in the axons, an
effect that is not observed when tau is depleted (Llorens-Martin
et al., 2011); whereas inhibition of GSK-3B by lithium reduces
mitochondrial movement (Zhang et al., 2012). Then, is highly
probable that tau regulates mitochondrial transport to and from
the synapse in response to fine control of its phosphorylation state
and GSK-3p activity, with a dual effect depending on its grade of
phosphorylation.

Additionally, mitochondria are highly dynamic organelles, which
respond to environmental stimulus, through events of mitochondrial
fusion and fission (Tilokani et al., 2018). It is known that in vitro
overexpression of human tau promotes mitochondrial fusion
(DuBoff et al., 2012; Li et al., 2016), accompanied by increased
levels of the fusion proteins Mitofusins 1 and 2 (Mfn1 and Mfn2)
and Opal, generating longer and dysfunctional mitochondria that
accumulate in the perinuclear region (DuBoff et al., 2012; Li et al.,
2016); effects that are prevented using shRNA to Mfns (Li et al.,
2016). A more increased mitochondrial fusion was observed when
the mutant tau R406W highly prone to hyperphosphorylation, or
the pseudo-hyperphosphorylated tau were expressed, almost in
part due to mislocation of Drp1 (DuBoff et al., 2012). In addition, tau
mutated in P301L block mitochondrial fission and fusion, possibly
as a consequence of reduced levels of fusion and fission proteins:
Mfn1 and Opal, as well as Fis1 and Drp1 respectively (Schulz et al.,
2012). Therefore, phosphorylated tau alters mitochondrial dynamics,
producing an imbalance between fission and fusion events that
favor the appearance of elonged mitochondria, incapable to be
transported to synaptic sites; this last due to mitochondria present in
synaptic sites need to be smaller (Seager et al., 2020).

On another hand abnormal tau also impairs mitophagy,
overexpression of WT human tau reduces the transport of
autophagosomes and the levels of Parkin in the mitochondria
(Amadoro et al., 2014; Hu et al., 2016). Also, tau mutations that
mimic phosphorylation at Thr231 and acetylation at Lys274
and Lys281 inhibit mitophagy (Guha et al., 2020). In AD brains,
mitophagy defects also are observed, indicated by increased levels
of COX IV, TOMM20, and the ratio of mtDNA to genomic DNA, but
these mitophagy alterations only are detected when tau levels
are increased in AD brains (Hu et al., 2016). Mechanistically, tau
increased autophagy flux by enhancing the degradation phase;
however, both human wild-type (hTau) and more severely the
mutant tau P301L inhibit mitophagy, by tau sequestration of Parkin
in the cytosol and ultimately impairing Parkin translocation to the
mitochondria (Cummins et al., 2019), which contribute to the
accumulation of damaged mitochondria.

Considering that mitochondrial transport, dynamics, and
mitochondrial turnover are key events for the proper mitochondrial
function (Seager et al., 2020), is logical to think that tau affects
mitochondrial functionality. In fact, overexpression of a pseudo-
phosphorylated tau PHF-1 in primary cultures reduces the
mitochondrial membrane potential (Quintanilla et al., 2014), similar
to observed by overexpression of human WT tau (Li et al., 2016), or
in @ mouse model of Down’s Syndrome with hyperphosphorylated
tau (Esteras et al., 2017), with reduced ATP production and ATP/
ADP ratio, inhibition of the complex | activity and ROS production (Li

et al., 2016). In addition, in vitro overexpression of tau P301L, a tau
highly prone to hyperphosphorylation, reduces ATP, mitochondrial
membrane potential and the activity of the complex | (Schulz et al.,
2012); whereas in P301L transgenic mice from 12-month-old, the
observations previously described are accompanied by a loss of
activity in the complex V, and a major severity of the mitochondrial
function according to the mice aged, reducing basal respiration
and more increased ROS production (David et al., 2005). This
could be explained, almost in part, by the interaction of tau with
diverse mitochondrial proteins, such as different subunits of the
ATP synthase in the complex V (Liu et al., 2016; Drummond et al.,
2020). However, considering that the proteomic and interactomics
assays are performed in tissue lysates, still is unclear if the negative
effects of tau on the mitochondrial function are indirect or by
direct interaction with the mitochondria, for example, due to tau is
imported to mitochondria, explaining our recent finding showing
phosphorylated tau PHF-1 inside mitochondria during aging (Torres
et al,, 2021). More detailed studies are necessary to understand how
phosphorylated tau affects these and other mitochondrial functions.

Despite the questions, it is known that the absence of tau is
protective or beneficial for mitochondrial function. Tau deletion in
wild-type mice improves mitochondrial functionality, reducing ROS
generation and increasing ATP production in young mice, enhancing
your attention and exploratory capacity (Jara et al., 2018), as well
as preventing memory loss in stressed animals (Lopes et al., 2017),
or preserving the mitochondrial function in the hippocampus
of aged animals (Jara et al., 2020). Thus, the absence of tau and
thus its hyperphosphorylation could attenuate the mitochondrial
damage observed at advanced age and reduce the risk of developing
neurodegenerative diseases, such as AD. Thus, the great challenge
is to describe the precise mechanism(s) involved in phosphorylated
tau-mediated mitochondrial dysfunction.

Tau Accumulation in Synaptic Mitochondria:
Contribution to Synaptic Failure and Cognitive

Impairment

Despite that phosphorylated forms of tau are described to
interact with mitochondrial proteins with possible negative effects
on mitochondrial function, the form by which tau influence
mitochondrial function is still unclear. All the studies focused on the
effect of tau on the mitochondria describe a correlation between
the presence of abnormal tau and mitochondrial dysfunction,
corroborating an impact of tau in mitochondrial functions (Grimm et
al., 2016; Szabo et al., 2020). However, if tau-mediated mitochondrial
damage is triggered by a direct or indirect mechanism is still a
mystery. In neurons, mitochondrial function is particularly relevant,
because in these cells, there are two mitochondrial populations:
synaptic mitochondria and non-synaptic mitochondria. The first are
the ones located in the synapses, both in pre-synaptic and post-
synaptic regions, and the latter are the mitochondria located in
soma and axon (Stauch et al., 2014). It is reported that mitochondria
moved along the axon through cellular trafficking, which allows
them to reach the synaptic region (Schwarz, 2013). In this region,
mitochondria provide ATP for the neurotransmitter release and
act buffering the calcium that enters the neuron during the
synapsis process (Cai and Tammineni, 2017). Interestingly, synaptic
mitochondria are described to be more susceptible to damage and
in aging are reported to fail earlier than non-synaptic mitochondria
in both hippocampus and cortex (Stauch et al., 2014; Olesen et al.,
2020). During aging, there is an increase in dysfunctional synaptic
mitochondria in the presynaptic and postsynaptic zone of the
hippocampus, shown as an increase in swollen mitochondria and
a decrease in intact mitochondria (Rybka et al., 2019; Torres et al.,,
2021). Also, we previously reported that synaptic mitochondria
of the hippocampus of aged mice had a severe reduction in ATP
production, accompanied by an overproduction of ROS and a major
susceptibility to calcium overload which correlates with memory loss
in these animals (Olesen et al., 2020). This strongly suggests that the
functionality of synaptic mitochondria is very important for memory
and cognitive processes; however, the factor(s) responsible for this
sensitivity and early dysfunction is unknown.

Relevantly, a deficit in synaptic mitochondrial oxidative capacity
both in the hippocampus and cortex from the 3xTg AD mice
model was reported (Espino de la Fuente-Munoz et al., 2020). The
bioenergetic function of synaptic mitochondria of these mice was
age-related decreased, at the same time that phosphorylated tau
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in mitochondria from synaptosomes was increased observed by
transmission electron microscopy (Espino de la Fuente-Munoz et al.,
2020), suggesting a possible direct effect of tau on mitochondrial
function. More importantly, in a recent study of our laboratory, we
showed data that strongly suggest that phosphorylated tau have a
direct impact on mitochondria, specifically on synaptic mitochondria.
We demonstrate by biochemical and immunogold assays that the
phosphorylated form of tau PHF-1 is located inside hippocampal
synaptic mitochondria in young and old mice, with a higher
accumulation of tau PHF-1 in mitochondria of aged mice (Torres et
al., 2021). We showed clear evidence that tau PHF-1 accumulates
mainly in the intermembrane space with a minor proportion in the
mitochondrial matrix (Torres et al., 2021). These results suggest that
during aging occur an imbalance between tau phosphorylation and
degradation that leads to tau disassembly of microtubules and the
accumulation of tau PHF-1 in the cytosol and cytoplasmic structures,
including the mitochondria in absence of pathology, which could
contribute to the early failure of these pools of mitochondria during
aging. Therefore, we hypothesize that the accumulation of tau
PHF-1 in the synaptic mitochondria could be contributing to the
synaptic impairment and cognitive decline in a non-pathological aged
organism (Figure 1); however, this hypothesis needs to be probed in
further studies.

Adult

Aging/AD

tros

Late

Figure 1 | Accumulation of tau PHF-1 in synaptic mitochondria impairs
synaptic transmission.

Schematic representation of the proposed hypothesis that the accumulation
of tau PHF-1 in synaptic mitochondria in a context of hyperphosphorylated
tau, like aging and AD, leads to mitochondrial dysfunction in synapses and
therefore to impairment in synaptic transmission, thus explaining the memory
deficit. AD: Alzheimer’s disease; ATP: adenine triphosphate; Ca”": calcium ion;
ROS: reactive oxygen species.

Thus, the relationship between tau and synaptic mitochondria
is gaining relevance lately. A recent study in tau transgenic mice
overexpressing human tau (hTau) showed increased accumulation
of tau only in synaptic mitochondria of 5- and 8-month-old mice,
while in non-synaptic mitochondria there are no changes in tau
levels (Trease et al., 2021). Surprisingly, tau PHF-1 was the most
prominent phosphorylated form of tau accumulating in the synaptic
mitochondrial fraction of these transgenic mice (Trease et al., 2021),
supporting the idea that tau PHF-1 has a direct impact on synaptic
mitochondrial functioning. Moreover, tau phosphorylated in Ser202
also is associated, but to a lesser extent, with synaptic mitochondria
(Trease et al., 2021), suggesting that tau phosphorylated in PHF-
1, accompanied or not of other phosphorylated residues, enter
mitochondria; but this need to be probed.

Finally, it is known that aging is the main risk factor for developing
Alzheimer’s disease (AD). Also, the mitochondrial dysfunction
present during aging is similar to the observed in the early stages
of AD (Abate et al., 2020), which suggests that this impairment
in aged mitochondria could be a marker of AD predisposition.
It is reported that in AD patients, there are several changes in
synaptic mitochondria morphology and a 4-fold decrease of pre-
synaptic terminals with multiple mitochondria (Pickett et al., 2018).
Also, it is reported that synaptic mitochondria are an early target
of AB peptides, which could contribute to its failure (Mungarro-
Menchaca et al., 2002; Du et al., 2010). Surprisingly, we observed
that the accumulation of tau PHF-1 in aged mice is also observed

in 15-month-old SAMP8 mice (Figure 2), a mouse model of AD at
this age (Liu et al., 2020). SAMP8 developed an AD-like phenotype
from 10 months of age, indicated by the apparition of AR plaques,
hyperphosphorylated tau, and cognitive impairment, among others
(Liu et al., 2020). Therefore, this result strongly suggests that the
entrance of tau PHF-1 to mitochondria occurring during aging, also
may be occurring in AD, but this needs major confirmation. All these
results support the idea that synaptic mitochondrial dysfunction
could be an early marker of AD predisposition and also proposed the
accumulation of modified forms of tau (specially PHF-1 tau) as a new
marker of early stages of AD. It is reported that abnormal forms of
tau spread between neurons transynaptically (DeVos et al., 2018),
which may increase the probability of synaptic mitochondria to
become in contact with abnormal tau, making them more vulnerable
to mitochondrial damage.

Proteinase K - + + +
Digitonin - - + -
Triton X-100 - - - +
1 2 3 4

Tau PHF-1

Lonp1 h —— ey
.

Figure 2 | Tau PHF-1 enters hippocampal mitochondria in SAMP8 mice.
Western blot assay of the proteinase K protection assay in a mitochondrial
fraction of the AD mice model Senescence Accelerated Mouse Prone 8
(SAMPS8, 15-month-old). The mitochondrial fraction was treated with
Proteinase K with or without 0.1% Digitonin (Lane 3) or 1% Triton X-100 (Lane
4). The mitochondrial fraction without Proteinase K was used as a control (Lane
1). Western blot of 1/3 of the volume of sample. Lonp1: LON peptidase 1;

Tau PHF-1: Tau phosphorylated in PHF-1 epitope (Serine 396 and Serine 404).
Unpublished data.

Future Directions and Conclusion

Nowadays, the relation between phosphorylated tau and
mitochondria is gaining relevance, since recent studies suggest that
this protein may have a direct effect on mitochondrial function.
Several investigators have shown a correlation effect between
abnormal tau and dysfunctional mitochondrial in different models
of tauopathies, including AD. However, thanks to our study now
it is demonstrated that phosphorylated tau enters mitochondria,
specifically to synaptic mitochondria, where it may directly
impair its functionality, leading to synaptic failure and finally to
deficits in cognitive abilities. More importantly, this direct effect
is demonstrated in physiological aging and strongly suggested in
a mouse model of AD. Nevertheless, the mechanism of how this
phosphorylated form of tau could enter synaptic mitochondria and
whether this entrance is a cause or a consequence of mitochondrial
dysfunction is still a matter of investigation. Anyway, this sets a
precedent about phosphorylated tau mislocalization and eventually
could be used as a potential therapeutic target to prevent
mitochondrial dysfunction in aging and related diseases.

Acknowledgments: We would like to thank Dr. Peter Davies (Department of
Pathology, Albert Einstein College of Medicine, USA) for his kind gift of the
mouse anti-tau antibody epitope PHF-1.

Author contributions: AKT drafted the manuscript and prepared the figures.
CTR and AKT reviewed critically the manuscript. All authors contributed to the
writing of the manuscript, read and approved the final version.

NEURAL REGENERATION RESEARCH | Vol 17 | No. 8 | August 2022 | 1649



NEURAL REGENERATION RESEARCH
www.nrronline.org

Review

Conflicts of interest: The authors declare no conflicts of interest.

Open access statement: This is an open access journal, and

articles are distributed under the terms of the Creative Commons
AttributionNonCommercial-ShareAlike 4.0 License, which allows others

to remix, tweak, and build upon the work non-commercially, as long as
appropriate credit is given and the new creations are licensed under the
identical terms.

OArticle author(s) (unless otherwise stated in the text of the article) 2022.
All rights reserved. No commercial use is permitted unless otherwise
expressly granted.

References

Abate G, Vezzoli M, Sandri M, Rungratanawanich W, Memo M, Uberti D (2020)
Mitochondria and cellular redox state on the route from ageing to Alzheimer’s
disease. Mech Ageing Dev 192:111385.

Alquezar C, Arya S, Kao AW (2020) Tau post-translational modifications: dynamic
transformers of tau function, degradation, and aggregation. Front Neurol 11:595532.

Amadoro G, Corsetti V, Florenzano F, Atlante A, Ciotti MT, Mongiardi MP, Bussani R,
Nicolin V, Nori SL, Campanella M, Calissano P (2014) AD-linked, toxic NH2 human tau
affects the quality control of mitochondria in neurons. Neurobiol Dis 62:489-507.

Atlante A, Amadoro G, Bobba A, de Bari L, Corsetti V, Pappalardo G, Marra E, Calissano
P, Passarella S (2008) A peptide containing residues 26-44 of tau protein impairs
mitochondrial oxidative phosphorylation acting at the level of the adenine nucleotide
translocator. Biochim Biophys Acta 1777:1289-1300.

Attwell D, Laughlin SB (2001) An energy budget for signaling in the grey matter of the
brain. J Cereb Blood Flow Metab 21:1133-1145.

Augustinack JC, Schneider A, Mandelkow EM, Hyman BT (2002) Specific tau
phosphorylation sites correlate with severity of neuronal cytopathology in Alzheimer’s
disease. Acta Neuropathol 103:26-35.

Balmik AA, Chinnathambi S (2021) Methylation as a key regulator of Tau aggregation and
neuronal health in Alzheimer’s disease. Cell Commun Signal 19:51.

Barbier P, Zejneli O, Martinho M, Lasorsa A, Belle V, Smet-Nocca C, Tsvetkov PO, Devred
F, Landrieu | (2019) Role of Tau as a microtubule-associated protein: structural and
functional aspects. Front Aging Neurosci 11:204.

Binder LI, Frankfurter A, Rebhun LI (1985) The distribution of tau in the mammalian
central nervous system. J Cell Biol 101:1371-1378.

Cai Q, Tammineni P (2017) Mitochondrial aspects of synaptic dysfunction in Alzheimer’s
disease. J Alzheimers Dis 57:1087-1103.

Chakravarti B, Chakravarti DN (2007) Oxidative modification of proteins: age-related
changes. Gerontology 53:128-139.

Cook C, Stankowski JN, Carlomagno Y, Stetler C, Petrucelli L (2014a) Acetylation: a new
key to unlock tau’s role in neurodegeneration. Alzheimers Res Ther 6:29.

Cook C, Gendron TF, Scheffel K, Carlomagno Y, Dunmore J, DeTure M, Petrucelli L (2012)
Loss of HDAC6, a novel CHIP substrate, alleviates abnormal tau accumulation. Hum
Mol Genet 21:2936-2945.

Cook C, Carlomagno Y, Gendron TF, Dunmore J, Scheffel K, Stetler C, Davis M, Dickson
D, Jarpe M, DeTure M, Petrucelli L (2014b) Acetylation of the KXGS motifs in tau is a
critical determinant in modulation of tau aggregation and clearance. Hum Mol Genet
23:104-116.

Cuchillo-Ibanez I, Seereeram A, Byers HL, Leung KY, Ward MA, Anderton BH, Hanger DP
(2008) Phosphorylation of tau regulates its axonal transport by controlling its binding
to kinesin. FASEB J 22:3186-3195.

Cummins N, Tweedie A, Zuryn S, Bertran-Gonzalez J, Gotz J (2019) Disease-associated
tau impairs mitophagy by inhibiting Parkin translocation to mitochondria. EMBO J
38:€99360.

David DC, Hauptmann S, Scherping |, Schuessel K, Keil U, Rizzu P, Ravid R, Drose S, Brandt
U, Muller WE, Eckert A, Gotz J (2005) Proteomic and functional analyses reveal a
mitochondrial dysfunction in P301L tau transgenic mice. J Biol Chem 280:23802-
23814.

DeVos SL, Corjuc BT, Oakley DH, Nobuhara CK, Bannon RN, Chase A, Commins C,
Gonzalez JA, Dooley PM, Frosch MP, Hyman BT (2018) Synaptic tau seeding precedes
tau pathology in human Alzheimer’s disease brain. Front Neurosci 12:267.

Dickey CA, Kamal A, Lundgren K, Klosak N, Bailey RM, Dunmore J, Ash P, Shoraka S,
Zlatkovic J, Eckman CB, Patterson C, Dickson DW, Nahman NS, Jr., Hutton M, Burrows
F, Petrucelli L (2007) The high-affinity HSP90-CHIP complex recognizes and selectively
degrades phosphorylated tau client proteins. J Clin Invest 117:648-658.

Dixit R, Ross JL, Goldman YE, Holzbaur EL (2008) Differential regulation of dynein and
kinesin motor proteins by tau. Science 319:1086-1089.

Dong Y, Liang F, Huang L, Fang F, Yang G, Tanzi RE, Zhang Y, Quan Q, Xie Z (2021) The
anesthetic sevoflurane induces tau trafficking from neurons to microglia. Commun
Biol 4:560.

Drummond E, Pires G, MacMurray C, Askenazi M, Nayak S, Bourdon M, Safar J,
Ueberheide B, Wisniewski T (2020) Phosphorylated tau interactome in the human
Alzheimer’s disease brain. Brain 143:2803-2817.

DuH, Guo L, Yan S, Sosunov AA, McKhann GM, Yan SS (2010) Early deficits in synaptic
mitochondria in an Alzheimer’s disease mouse model. Proc Natl Acad Sci U S A
107:18670-18675.

Dubey M, Chaudhury P, Kabiru H, Shea TB (2008) Tau inhibits anterograde axonal
transport and perturbs stability in growing axonal neurites in part by displacing
kinesin cargo: neurofilaments attenuate tau-mediated neurite instability. Cell Motil
Cytoskeleton 65:89-99.

DuBoff B, Gotz J, Feany MB (2012) Tau promotes neurodegeneration via DRP1
mislocalization in vivo. Neuron 75:618-632.

Espino de la Fuente-Munoz C, Rosas-Lemus M, Moreno-Castilla P, Bermudez-Rattoni
F, Uribe-Carvajal S, Arias C (2020) Age-dependent decline in synaptic mitochondrial
function is exacerbated in vulnerable brain regions of female 3xTg-AD mice. Int J Mol
Sci 21:8727.

Esteras N, Rohrer JD, Hardy J, Wray S, Abramov AY (2017) Mitochondrial hyperpolarization
in iPSC-derived neurons from patients of FTDP-17 with 10+16 MAPT mutation leads to
oxidative stress and neurodegeneration. Redox Biol 12:410-422.

Funk KE, Thomas SN, Schafer KN, Cooper GL, Liao Z, Clark DJ, Yang AJ, Kuret J (2014)
Lysine methylation is an endogenous post-translational modification of tau protein in
human brain and a modulator of aggregation propensity. Biochem J 462:77-88.

Giacomello M, Drago |, Pizzo P, Pozzan T (2007) Mitochondrial Ca2+ as a key regulator of
cell life and death. Cell Death Differ 14:1267-1274.

Gil L, Federico C, Pinedo F, Bruno F, Rebolledo AB, Montoya JJ, Olazabal IM, Ferrer |,
Saccone S (2017) Aging dependent effect of nuclear tau. Brain Res 1677:129-137.

Graham LC, Eaton SL, Brunton PJ, Atrih A, Smith C, Lamont DJ, Gillingwater TH, Pennetta
G, Skehel P, Wishart TM (2017) Proteomic profiling of neuronal mitochondria reveals
modulators of synaptic architecture. Mol Neurodegener 12:77.

Grimm A, Eckert A (2017) Brain aging and neurodegeneration: from a mitochondrial
point of view. J Neurochem 143:418-431.

Grimm A, Biliouris EE, Lang UE, Gotz J, Mensah-Nyagan AG, Eckert A (2016) Sex hormone-
related neurosteroids differentially rescue bioenergetic deficits induced by amyloid-
beta or hyperphosphorylated tau protein. Cell Mol Life Sci 73:201-215.

GuhaS, Fischer S, Johnson GVW, Nehrke K (2020) Tauopathy-associated tau modifications
selectively impact neurodegeneration and mitophagy in a novel C. elegans single-copy
transgenic model. Mol Neurodegener 15:65.

Guo T, Noble W, Hanger DP (2017) Roles of tau protein in health and disease. Acta
Neuropathol 133:665-704.

Harrison TM, La Joie R, Maass A, Baker SL, Swinnerton K, Fenton L, Mellinger TJ, Edwards L,
Pham J, Miller BL, Rabinovici GD, Jagust WJ (2019) Longitudinal tau accumulation and
atrophy in aging and alzheimer disease. Ann Neurol 85:229-240.

Hefti MM, Kim S, Bell AJ, Betters RK, Fiock KL, lida MA, Smalley ME, Farrell K, Fowkes ME,
Crary JF (2019) Tau phosphorylation and aggregation in the developing human brain. J
Neuropathol Exp Neurol 78:930-938.

Hu'Y, Li XC, Wang ZH, Luo Y, Zhang X, Liu XP, Feng Q, Wang Q, Yue Z, Chen Z, Ye K, Wang
JZ, Liu GP (2016) Tau accumulation impairs mitophagy via increasing mitochondrial
membrane potential and reducing mitochondrial Parkin. Oncotarget 7:17356-17368.

Huseby CJ, Hoffman CN, Cooper GL, Cocuron JC, Alonso AP, Thomas SN, Yang AJ, Kuret
J(2019) Quantification of Tau protein lysine methylation in aging and Alzheimer’s
disease. J Alzheimers Dis 71:979-991.

Ittner A, Ittner LM (2018) Dendritic Tau in Alzheimer’s disease. Neuron 99:13-27.

Ittner LM, Gotz J (2011) Amyloid-beta and tau--a toxic pas de deux in Alzheimer’s
disease. Nat Rev Neurosci 12:65-72.

Jara C, Torres AK, Oleses AM, Tapia-Rojas C (2019) Mitochondrial dysfunction as a key
event during aging: from synaptic failure to memory loss. In: Mitochondria and Brain
disorders. Avilable at: https://core.ac.uk/reader/322443928. Accessed 2021 August
19.

Jara C, Cerpa W, Tapia-Rojas C, Quintanilla RA (2020) Tau deletion prevents cognitive
impairment and mitochondrial dysfunction age associated by a mechanism dependent
on cyclophilin-D. Front Neurosci 14:586710.

Jara C, Aranguiz A, Cerpa W, Tapia-Rojas C, Quintanilla RA (2018) Genetic ablation of tau
improves mitochondrial function and cognitive abilities in the hippocampus. Redox
Biol 18:279-294.

Kanaan NM, Morfini GA, LaPointe NE, Pigino GF, Patterson KR, Song Y, Andreadis A, Fu Y,
Brady ST, Binder LI (2011) Pathogenic forms of tau inhibit kinesin-dependent axonal
transport through a mechanism involving activation of axonal phosphotransferases. J
Neurosci 31:9858-9868.

Kang SG, Eskandari-Sedighi G, Hromadkova L, Safar JG, Westaway D (2020) Cellular
biology of Tau diversity and pathogenic conformers. Front Neurol 11:590199.

Kerner J, Lee K, Tandler B, Hoppel CL (2012) VDAC proteomics: post-translation
modifications. Biochim Biophys Acta 1818:1520-1525.

Koirala S, Guo Q, Kalia R, Bui HT, Eckert DM, Frost A, Shaw JM (2013) Interchangeable
adaptors regulate mitochondrial dynamin assembly for membrane scission. Proc Natl
Acad Sci U S A 110:E1342-1351.

Kolarova M, Garcia-Sierra F, Bartos A, Ricny J, Ripova D (2012) Structure and pathology of
tau protein in Alzheimer disease. Int J Alzheimers Dis 2012:731526.

1650 | NEURAL REGENERATION RESEARCH | Vol 17 | No. 8 | August 2022



Review

o
NEURAL REGENERATION RESEARCH ¢
www.nrronline.org MM

Kontaxi C, Piccardo P, Gill AC (2017) Lysine-directed post-translational modifications of
Tau protein in Alzheimer’s disease and related tauopathies. Front Mol Biosci 4:56.
Kopeikina K, Carlson GA, Pitstick R, Ludvigson AE, Peters A, Luebke JI, Koffie RM, Frosch
MP, Hyman BT, Spires-Jones TL (2011) Tau accumulation causes mitochondrial
distribution deficits in neurons in a mouse model of tauopathy and in human

Alzheimer’s disease brain. Am J Pathol 179:2071-2082.

Kowald A (2001) The mitochondrial theory of aging. Biol Signals Recept 10:162-175.

Lasagna-Reeves CA, Castillo-Carranza DL, Sengupta U, Sarmiento J, Troncoso J, Jackson
GR, Kayed R (2012) Identification of oligomers at early stages of tau aggregation in
Alzheimer’s disease. FASEB J 26:1946-1959.

Lemasters JJ, Holmuhamedov EL, Czerny C, Zhong Z, Maldonado EN (2012) Regulation of
mitochondrial function by voltage dependent anion channels in ethanol metabolism
and the Warburg effect. Biochim Biophys Acta 1818:1536-1544.

Li XC, Hu Y, Wang ZH, Luo Y, Zhang Y, Liu XP, Feng Q, Wang Q, Ye K, Liu GP, Wang JZ (2016)
Human wild-type full-length tau accumulation disrupts mitochondrial dynamics and
the functions via increasing mitofusins. Sci Rep 6:24756.

Liu B, Liu J, ShiJS (2020) SAMP8 mice as a model of age-related cognition decline with
underlying mechanisms in Alzheimer’s disease. J Alzheimers Dis 75:385-395.

Liu C, Song X, Nisbet R, Gotz J (2016) Co-immunoprecipitation with Tau isoform-specific
antibodies reveals distinct protein interactions and highlights a putative role for 2N
Tau in disease. J Biol Chem 291:8173-8188.

Llorens-Martin M, Lopez-Domenech G, Soriano E, Avila J (2011) GSK3beta is involved in
the relief of mitochondria pausing in a Tau-dependent manner. PLoS One 6:227686.

Lopes S, Teplytska L, Vaz-Silva J, Dioli C, Trindade R, Morais M, Webhofer C, Maccarrone
G, Almeida OFX, Turck CW, Sousa N, Sotiropoulos I, Filiou MD (2017) Tau deletion
prevents stress-induced dendritic atrophy in prefrontal cortex: role of synaptic
mitochondria. Cereb Cortex 27:2580-2591.

Lores-Arnaiz S, Lombardi P, Karadayian AG, Orgambide F, Cicerchia D, Bustamante J
(2016) Brain cortex mitochondrial bioenergetics in synaptosomes and non-synaptic
mitochondria during aging. Neurochem Res 41:353-363.

Lussier FZ, Benedet AL, Therriault J, Pascoal TA, Tissot C, Chamoun M, Mathotaarachchi
S, Savard M, Ashton NJ, Karikari TK, Rodriguez JL, Snellman A, Bezgin G, Kang MS,
Fernandez Arias J, Wang YT, Gauthier S, Zetterberg H, Blennow K, Rosa-Neto P, et
al. (2021) Plasma levels of phosphorylated tau 181 are associated with cerebral
metabolic dysfunction in cognitively impaired and amyloid-positive individuals. Brain
Commun 3:fcab073.

Manczak M, Reddy PH (2012a) Abnormal interaction between the mitochondrial
fission protein Drp1 and hyperphosphorylated tau in Alzheimer’s disease neurons:
implications for mitochondrial dysfunction and neuronal damage. Hum Mol Genet
21:2538-2547.

Manczak M, Reddy PH (2012b) Abnormal interaction of VDAC1 with amyloid beta and
phosphorylated tau causes mitochondrial dysfunction in Alzheimer’s disease. Hum
Mol Genet 21:5131-5146.

Mandelkow EM, Mandelkow E (2012) Biochemistry and cell biology of tau protein in
neurofibrillary degeneration. Cold Spring Harb Perspect Med 2:a006247.

Mangialasche F, Baglioni M, Cecchetti R, Kivipelto M, Ruggiero C, Piobbico D, Kussmaul
L, Monastero R, Brancorsini S, Mecocci P (2015) Lymphocytic mitochondrial aconitase
activity is reduced in Alzheimer’s disease and mild cognitive impairment. J Alzheimers
Dis 44:649-660.

Marks SM, Lockhart SN, Baker SL, Jagust WJ (2017) Tau and beta-amyloid are associated
with medial temporal lobe structure, function, and memory encoding in normal aging.
J Neurosci 37:3192-3201.

Mietelska-Porowska A, Wasik U, Goras M, Filipek A, Niewiadomska G (2014) Tau protein
modifications and interactions: their role in function and dysfunction. Int J Mol Sci
15:4671-4713.

Mondragon-Rodriguez S, Perry G, Luna-Munoz J, Acevedo-Aquino MC, Williams S (2014)
Phosphorylation of tau protein at sites Ser(396-404) is one of the earliest events in
Alzheimer’s disease and Down syndrome. Neuropathol Appl Neurobiol 40:121-135.

Mungarro-Menchaca X, Ferrera P, Moran J, Arias C (2002) beta-Amyloid peptide induces
ultrastructural changes in synaptosomes and potentiates mitochondrial dysfunction in
the presence of ryanodine. J Neurosci Res 68:89-96.

Olesen MA, Torres AK, Jara C, Murphy MP, Tapia-Rojas C (2020) Premature synaptic
mitochondrial dysfunction in the hippocampus during aging contributes to memory
loss. Redox Biol 34:101558.

Perez MJ, Jara C, Quintanilla RA (2018) Contribution of Tau pathology to mitochondrial
impairment in neurodegeneration. Front Neurosci 12:441.

Pickett EK, Rose J, McCrory C, McKenzie CA, King D, Smith C, Gillingwater TH, Henstridge
CM, Spires-Jones TL (2018) Region-specific depletion of synaptic mitochondria in the
brains of patients with Alzheimer’s disease. Acta Neuropathol 136:747-757.

Quintanilla RA, von Bernhardi R, Godoy JA, Inestrosa NC, Johnson GV (2014)
Phosphorylated tau potentiates Abeta-induced mitochondrial damage in mature
neurons. Neurobiol Dis 71:260-269.

Reagh ZM, Noche JA, Tustison NJ, Delisle D, Murray EA, Yassa MA (2018) Functional
imbalance of anterolateral entorhinal cortex and hippocampal dentate/CA3 underlies
age-related object pattern separation deficits. Neuron 97:1187-1198.

Rodriguez-Callejas JD, Fuchs E, Perez-Cruz C (2020) Increased oxidative stress,
hyperphosphorylation of tau, and dystrophic microglia in the hippocampus of aged
Tupaia belangeri. Glia 68:1775-1793.

Rodriguez-Martin T, Pooler AM, Lau DHW, Morotz GM, De Vos KJ, Gilley J, Coleman
MP, Hanger DP (2016) Reduced number of axonal mitochondria and tau
hypophosphorylation in mouse P301L tau knockin neurons. Neurobiol Dis 85:1-10.

Rybka V, Suzuki YJ, Gavrish AS, Dibrova VA, Gychka SG, Shults NV (2019) Transmission
electron microscopy study of mitochondria in aging brain synapses. Antioxidants
(Basel) 8:171.

Schulz KL, Eckert A, Rhein V, Mai S, Haase W, Reichert AS, Jendrach M, Muller WE, Leuner
K (2012) A new link to mitochondrial impairment in tauopathies. Mol Neurobiol
46:205-216.

Schwarz TL (2013) Mitochondrial trafficking in neurons. Cold Spring Harb Perspect Biol
5:a011304.

Seager R, Lee L, Henley JM, Wilkinson KA (2020) Mechanisms and roles of mitochondrial
localisation and dynamics in neuronal function. Neuronal Signal 4:NS20200008.

Sen P, Shah PP, Nativio R, Berger SL (2016) Epigenetic mechanisms of longevity and aging.
Cell 166:822-839.

Sergeant N, Wattez A, Galvan-valencia M, Ghestem A, David JP, Lemoine J, Sautiere
PE, Dachary J, Mazat JP, Michalski JC, Velours J, Mena-Lopez R, Delacourte A (2003)
Association of ATP synthase alpha-chain with neurofibrillary degeneration in
Alzheimer’s disease. Neuroscience 117:293-303.

Shahpasand K, Uemura |, Saito T, Asano T, Hata K, Shibata K, Toyoshima Y, Hasegawa
M, Hisanaga S (2012) Regulation of mitochondrial transport and inter-microtubule
spacing by tau phosphorylation at the sites hyperphosphorylated in Alzheimer’s
disease. J Neurosci 32:2430-2441.

Shoshan-Barmatz V, De S, Meir A (2017) The mitochondrial voltage-dependent anion
channel 1, Ca(2+) transport, apoptosis, and their regulation. Front Oncol 7:60.

Shoshan-Barmatz V, De Pinto V, Zweckstetter M, Raviv Z, Keinan N, Arbel N (2010) VDAC,
a multi-functional mitochondrial protein regulating cell life and death. Mol Aspects
Med 31:227-285.

Sohn PD, Tracy TE, Son HI, Zhou Y, Leite RE, Miller BL, Seeley WW, Grinberg LT, Gan L
(2016) Acetylated tau destabilizes the cytoskeleton in the axon initial segment and is
mislocalized to the somatodendritic compartment. Mol Neurodegener 11:47.

Stamer K, Vogel R, Thies E, Mandelkow E, Mandelkow EM (2002) Tau blocks traffic of
organelles, neurofilaments, and APP vesicles in neurons and enhances oxidative
stress. J Cell Biol 156:1051-1063.

Stauch KL, Purnell PR, Fox HS (2014) Quantitative proteomics of synaptic and nonsynaptic
mitochondria: insights for synaptic mitochondrial vulnerability. J Proteome Res
13:2620-2636.

Szabo L, Eckert A, Grimm A (2020) Insights into disease-associated tau impact on
mitochondria. Int J Mol Sci 21:6344.

Tapia-Rojas C, Cabezas-Opazo F, Deaton CA, Vergara EH, Johnson GVW, Quintanilla RA
(2019) It’s all about tau. Prog Neurobiol 175:54-76.

Tilokani L, Nagashima S, Paupe V, Prudent J (2018) Mitochondrial dynamics: overview of
molecular mechanisms. Essays Biochem 62:341-360.

Torres AK, Jara C, Olesen MA, Tapia-Rojas C (2021) Pathologically phosphorylated tau
at S396/404 (PHF-1) is accumulated inside of hippocampal synaptic mitochondria of
aged Wild-type mice. Sci Rep 11:4448.

Trease AJ, George J, Emanuel K, Fox HS, Stauch K (2021) Tau protein preferentially
associates with synaptic mitochondria in a mouse model of tauopathy. Mol
Neurodegener doi: 10.21203/rs.3.rs-183974/v1.

Vina J, Borras C, Abdelaziz KM, Garcia-Valles R, Gomez-Cabrera MC (2013) The free
radical theory of aging revisited: the cell signaling disruption theory of aging. Antioxid
Redox Signal 19:779-787.

Vossel KA, Xu JC, Fomenko V, Miyamoto T, Suberbielle E, Knox JA, Ho K, Kim DH, Yu GQ,
Mucke L (2015) Tau reduction prevents Abeta-induced axonal transport deficits by
blocking activation of GSK3beta. J Cell Biol 209:419-433.

Weingarten MD, Lockwood AH, Hwo SY, Kirschner MW (1975) A protein factor essential
for microtubule assembly. Proc Natl Acad Sci U S A 72:1858-1862.

Wesseling H, Mair W, Kumar M, Schlaffner CN, Tang S, Beerepoot P, Fatou B, Guise AJ,
Cheng L, Takeda S, Muntel J, Rotunno MS, Dujardin S, Davies P, Kosik KS, Miller BL,
Berretta S, Hedreen JC, Grinberg LT, Seeley WW, et al. (2020) Tau PTM profiles identify
patient heterogeneity and stages of Alzheimer’s disease. Cell 183:1699-1713.

Zempel H, Dennissen FJA, Kumar Y, Luedtke J, Biernat J, Mandelkow EM, Mandelkow E
(2017) Axodendritic sorting and pathological missorting of Tau are isoform-specific
and determined by axon initial segment architecture. J Biol Chem 292:12192-12207.

Zhang LF, Shi L, Liu H, Meng FT, Liu YJ, Wu HM, Du X, Zhou JN (2012) Increased
hippocampal tau phosphorylation and axonal mitochondrial transport in a mouse
model of chronic stress. Int J Neuropsychopharmacol 15:337-348.

Ziontz J, Bilgel M, Shafer AT, Moghekar A, Elkins W, Helphrey J, Gomez G, June D,
McDonald MA, Dannals RF, Azad BB, Ferrucci L, Wong DF, Resnick SM (2019) Tau
pathology in cognitively normal older adults. Alzheimers Dement (Amst) 11:637-645.

C-Editors: Zhao M, Liu WJ, Qiu Y; T-Editor: Jia Y

NEURAL REGENERATION RESEARCH | Vol 17 | No. 8 | August 2022 | 1651



