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Broad activation of the Parkin pathway
induces synaptic mitochondrial deficits in
early tauopathy

Yu Young Jeong,' Sinsuk Han,>' Nuo Jia,"' Mingyang Zhang,"* Preethi Sheshadri,*
Prasad Tammineni,"$ Jasmine Cheung,” Marialaina Nissenbaum,? Sindhuja S. Baskar,’
Kelvin Kwan,' David J. Margolis,’ Peng Jiang,' Alexander W. Kusnecov? and ® Qian Cai’

TThese authors contributed equally to this work.

Mitochondrial defects are a hallmark of early pathophysiology in Alzheimer’s disease, with pathologically phos-
phorylated tau reported to induce mitochondrial toxicity. Mitophagy constitutes a key pathway in mitochondrial
quality control by which damaged mitochondria are targeted for autophagy. However, few details are known regard-
ing the intersection of mitophagy and pathologies in tauopathy.

Here, by applying biochemical and cell biological approaches including time-lapse confocal imaging in live tauopathy
neurons, combined with gene rescue experiments via stereotactic injections of adeno-associated virus particles into
tauopathy mouse brains, electrophysiological recordings and behavioural tests, we demonstrate for the first time
that mitochondrial distribution deficits at presynaptic terminals are an early pathological feature in tauopathy
brains. Furthermore, Parkin-mediated mitophagy is extensively activated in tauopathy neurons, which accelerates
mitochondrial Rho GTPase 1 (Mirol) turnover and consequently halts Mirol-mediated mitochondrial anterograde
movement towards synaptic terminals. As a result, mitochondrial supply at tauopathy synapses is disrupted, impair-
ing synaptic function. Strikingly, increasing Miro1l levels restores the synaptic mitochondrial population by enhanc-
ing mitochondrial anterograde movement and thus reverses tauopathy-associated synaptic failure. In tauopathy
mouse brains, overexpression of Mirol markedly elevates synaptic distribution of mitochondria and protects against
synaptic damage and neurodegeneration, thereby counteracting impairments in learning and memory as well as
synaptic plasticity.

Taken together, our study reveals that activation of the Parkin pathway triggers an unexpected effect—depletion of
mitochondria from synaptic terminals, a characteristic feature of early tauopathy. We further provide new mechan-
istic insights into how parkin activation-enhanced Miro1 degradation and impaired mitochondrial anterograde trans-
port drive tauopathy-linked synaptic pathogenesis and establish a foundation for future investigations into new
therapeutic strategies to prevent synaptic deterioration in Alzheimer’s disease and other tauopathies.
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Introduction

Mitochondria are cellular energy power plants that supply ATP to
fuel various activities essential for neuronal function and survival.
Mitochondrial dysfunction in the nervous system is a central con-
cern during ageing and has been associated with major incapaci-
tating neurodegenerative disorders, including Alzheimer’s disease.
Mitochondrial defects are a prominent feature of both familial and
sporadic Alzheimer’s disease and play an important role in the
early pathophysiology of Alzheimer’s disease.’™ Pathogenic hall-
mark features in Alzheimer’s disease brains are the presence of
extracellular amyloid plaques consisting of amyloid-p and intra-
cellular neurofibrillary tangles composed of hyperphosphorylated
tau (phospho-tau), encoded by the MAPT gene. Of note, strong evi-
dence supports a direct role of phospho-tau and neurofibrillary
tangles in the pathogenesis of Alzheimer’s disease and other neu-
rodegenerative diseases.*® Clinically, tau pathology correlates
with dementia better than amyloid plaques.® Mutations in the
MAPT gene are causal for a subtype of frontotemporal dementia
(FTD). Experimentally, overexpression of FTD-associated MAPT
mutant genes in transgenic mice results in neurofibrillary tangle
development and neurodegeneration,®® establishing the neuro-
toxicity conferred by the mutant tau proteins. Therefore, under-
standing the mechanisms underlying phospho-tau-mediated
neurotoxicity is thus of great importance in developing tau-based
therapy for treating diseases of tauopathy, including Alzheimer’s
disease.

Aberrant accumulation of phospho-tau causes mitochondrial
damage by specifically impairing complex I activity of the mito-
chondrial respiratory chain. This leads to increased levels of react-
ive oxygen species, lipid peroxidation, decreased activities of
detoxifying enzymes such as superoxide dismutase and mitochon-
drial membrane potential (A{,) dissipation.>™® Phospho-tau inter-
acts with the voltage-dependent anion channel 1 (VDACI),
blocking mitochondrial pores and thus impairing mitochondrial
function.™ Pathogenic forms of tau have also been reported to
interfere with mitochondrial dynamics and transport.”***'>1¢ On
the other hand, in tauopathy brains, altered mitochondrial func-
tion and increased reactive oxygen species production were
reported to precede neurofibrillary tangle pathology and contrib-
ute to neurodegeneration.’~*°

Aged and dysfunctional mitochondria are not only less effective
in energy production and Ca®* buffering, but also release harmful
reactive oxygen species, compromising support of synaptic function.
Mitophagy, a cargo-selective autophagy for removal of damaged
mitochondria, constitutes a key cellular mechanism of

mitochondrial quality control involving sequestration of damaged
mitochondria within autophagosomes for lysosomal degrad-
ation.’®*2! Mitophagy is the only known cellular pathway through
which entire mitochondria are eliminated within lysosomes, with
PINK1/Parkin-mediated mitophagy being the most heavily studied
and the best-understood pathway.’®?*?®> We and others have
revealed that Parkin-mediated mitophagy predominantly occurs in
the soma of neurons, where mature lysosomes are mainly
located.>**” Upon mitophagy induction, anterograde transport of
mitochondria in axons is significantly reduced. This is attributed to
Parkin activation-enhanced proteasomal degradation of mitochon-
drial Rho GTPase (Mirol, encoded by RHOT1), a component of the
adaptor-motor complex essential for KIFS motors to drive mito-
chondrial anterograde movement.’®>?> Some unique features of
mitophagy in normal neurons have been described. However, mech-
anistic understanding of neuronal mitophagy and its link to patho-
logical conditions is still limited.

The mitochondrial quality control mechanism underlying
mitochondrial defects in Alzheimer’s disease remains poorly
understood.'***¢ Even though autophagocytosis of mitochondria
in the neuronal soma was reported to be a prominent feature in
Alzheimer’s disease patient brains,**** mitophagy abnormalities
in Alzheimer’s disease, particularly in the PINK1/Parkin pathway,
have been demonstrated in several recent studies.**™*° For in-
stance, Alzheimer’s disease brains displayed reduced PINK1 levels
while overexpression of PINK1 was shown to abolish Alzheimer’s
disease pathology and ameliorate cognitive dysfunction in
Alzheimer’s disease models.**8% Qur previous studies have
revealed that Parkin-mediated mitophagy is activated in the brains
of Alzheimer’s disease patients and mutant human amyloid pre-
cursor protein transgenic mouse models.*> However, the mecha-
nisms underlying mitophagy regulation under phospho-tau-
associated conditions have been understudied, and few details are
known regarding the intersection of mitophagy and pathologies in
tauopathy.

In the current study we reveal, for the first time, that deficits in
the synaptic distribution of mitochondria and extensive induction
of Parkin-mediated mitophagy are early features in tauopathy
brains. However, broad Parkin activation in tauopathy neurons
accelerates degradation of Mirol and consequently arrests Mirol-
mediated mitochondrial anterograde transport. Such a defect dis-
rupts mitochondrial supply to tauopathy synapses and leads to
synaptic failure. Excitingly, elevated Mirol expression restores
synaptic mitochondrial pools and energy supply by enhancing an-
terograde transport of mitochondria, thereby protecting against
synaptic damage and cognitive deficits in tauopathy mice. Thus,
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our work uncovers an important early mechanism by which exces-
sive activation of the Parkin pathway drives the pathogenesis of
tauopathy-linked synaptic defects. Moreover, our study provides
molecular and cellular targets for potential therapeutic
approaches aimed at enhancing synaptic supply of healthy mito-
chondria to prevent synaptic deterioration at the early stages of
tauopathy diseases, including Alzheimer’s disease.

Materials and methods

TauP301L (rTg4510) and tauP301S (PS19) transgenic mouse lines”*!
were purchased from the Jackson Laboratory. All animal proce-
dures were carried out following the Rutgers Institutional Animal
Care and Use Committee. The animal facilities at Rutgers
University are fully Association for Assessment and Accreditation
of Laboratory Animal Care accredited.

Post-mortem brain specimens from Alzheimer’s disease and FTD
patients and age-matched control subjects were obtained from the
Harvard Tissue Resource Center and the Human Brain and Spinal
Fluid Resource Center at The University of California, Los Angeles.
The specimens were from the frontal cortex and were quick-frozen
(BA9). Seven control subjects and eight patient brains with post-
mortem interval 7.25-27.8h were used for the purification of syn-
aptosomal and mitochondrial fractions. Detailed information for
each of the cases studied is shown in Supplementary Table 2.

The adeno-associated virus (AAV) constructs were built using
standard molecular biology techniques. All constructs were self-
complementary AAV genomes with a chicken beta actin hybrid
promoter and bovine growth hormone polyadenylation signal. The
upstream cDNA in both constructs was mCherry with a mutated
stop codon. In the control construct, a stop codon was engineered
3’ to the 2 A sequence and no second gene was inserted. The Mirol
construct contained the mouse cDNA in frame 3’ to the 2A se-
quence. The AAV2/9-mCherry-Mirol construct contains an intern-
al ribosome entry site segment between human Mirol and
mCherry sequences, resulting in separate expression of Mirol and
mCherry. The AAV2/9-mCherry and AAV2/9-mCherry-Mirol
viruses were produced by Vector BioLabs. Adult non-transgenic
and tauP301L transgenic (rTg4510) or tauP301S transgenic (PS19)
mice at 2-3months of age were injected into the hippocampus (AP:
-2mm, LAT: -1.5mm, DV: +1.75mm) and the cortex (anterior-pos-
terior: +1.5mm, lateral: +1.5mm, dorsal-ventral: +1.5mm) of
both cerebral hemispheres according to the stereotaxic atlas of
Franklin and Paxinos*? using 4-8 x 10° total viral particles per side
and analysed 6-8 months after injection (Supplementary Fig. 8A).

We performed behavioural studies to examine non-spatial and
spatial learning and memory along with synaptic plasticity as pre-
viously described**** (Supplementary material).

All data are presented as the mean + standard error of the mean
(SEM). All statistical analyses were performed using Prism 9
(GraphPad Software) and Minitab 19. Statistical significance was
assessed by a paired t-test (for two group comparisons), while a
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two-way ANOVA test with Fisher’s post hoc comparisons was used
for multiple comparisons. P-values < 0.05 were considered statis-
tically significant: *P < 0.05; **P < 0.01; ***P < 0.001.

The authors confirm that the data supporting the findings of this
study are available within the article and its Supplementary
material.

Results

Synaptic defects have been indicated in early tauopathy.*®
However, it remains largely unknown whether mitochondrial per-
turbation is involved in tauopathy-associated synaptic damage.
Previous studies revealed a reduction in the number of axonal
mitochondria in patient brains with tauopathies and mouse mod-
els.’* Thus, we first determined whether tauopathy brains ex-
hibit distribution deficits in synaptic mitochondria by examining
synapse-enriched synaptosomal fractions purified from the brains
of tauopathy patients and mouse models. While phospho-tau is
concentrated in synaptosomal fractions from FTD patient brains
(Fig. 1A), we found a pronounced reduction in mitochondrial distri-
bution at tauopathy synapses as reflected by decreased mitochon-
drial protein levels relative to those in the brains of normal control
subjects (Fig. 1A and B). Moreover, in Alzheimer’s disease patient
brains with tauopathies, synaptic terminals enriched with phos-
pho-tau also exhibit a deficit in mitochondrial distribution com-
pared to those of control subjects (Supplementary Fig. 1A and B).
There is no detectable change in the levels of synaptophysin (SYP),
a synaptic vesicle protein. Our data suggest that mitochondrial
content is reduced at synaptic terminals in tauopathy brains. We
further assessed a well-characterized regulatable tauopathy
mouse model, rTg4510. This model overexpresses 13 units of
human mutant (P301L) tau downstream of a tetracycline-operon-
responsive element.”*® In agreement with the results from patient
brains with tauopathies, the levels of mitochondrial proteins, but
not synaptic proteins, are remarkably decreased in synaptosomal
fractions isolated from the hippocampi of tauopathy mouse brains
(Fig. 1C and D). These findings collectively indicate that deficits in
the synaptic distribution of mitochondria are a marked feature in
tauopathy brains.

Next, we sought to address whether such synaptic mitochon-
drial deficits are an early defect in tauopathy prior to axon loss
and neurodegeneration. In tauP301L transgenic mouse brains at
4months of age, before the disease onset, we performed co-immu-
nostaining with antibodies against SYP and cytochrome c, a mito-
chondrial intermembrane space protein. Compared to non-
transgenic littermate controls, mitochondrial density in the axon-
enriched areas is significantly decreased with no change in the
neuronal soma of the hippocampal CA1 regions of tauP301L trans-
genic mouse brains (Fig. 1E and F). Consistently, presynaptic distri-
bution of mitochondria is dramatically reduced, while the density
of presynaptic terminals in the same areas remains unaltered
(Fig. 1E and G), suggesting distribution deficits in synaptic mito-
chondria, an early defect prior to synapse loss in tauP301L trans-
genic mouse brains at this age. To further confirm such a defect in
association with early tauopathy, we examined a second tauop-
athy mouse model (PS19), which expresses human mutant (P301S)
tau under the mouse prion promoter (MoPrP) to achieve 5-fold
higher expression than endogenous mouse tau.*’ By conducting
transmission electron microscopy (TEM) analysis, we investigated
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Figure 1 Early deficits in the presynaptic distribution of mitochondria in tauopathy brains. (A and B) Representative blots (A) and quantitative ana-
lysis (B) showing that mitochondrial distribution is markedly reduced at synaptic terminals enriched with phospho-tau in FTD patient brains. Equal
amounts (10 pg) of synapse-enriched synaptosomal preparations (Syn) and post-nuclear supernatants (PNS) from the brains of normal control sub-
jects and FTD patients were sequentially immunoblotted on the same membrane after stripping between each antibody application. The purity of
synaptosomal fractions was confirmed by the relative enrichment of synaptic protein markers synaptophysin (SYP) and PSD95 and by less abun-
dance of GAPDH, compared to those in post-nuclear supernatants. The intensities of proteins in the synaptosomal fractions of FTD patient brains
were normalized to those in control subjects. Data were quantified from three independent experiments. (C and D) Reduction in mitochondrial con-
tent in Syn fractions purified from tauP301L transgenic (Tg) mouse brains. The protein intensities in Syn fractions from tauopathy mouse brains were
normalized to those in non-transgenic (non-Tg) littermate controls. Data were quantified from three independent repeats. (E-G) Representative
images (E) and quantitative analysis (F and G) showing a significant decrease in mitochondrial density at the SYP-marked presynaptic terminals of
the hippocampal CA1 regions in tauP301L transgenic mouse brains at the age of 4months. There is no detectable change in mitochondrial distribu-
tion in the soma of hippocampal neurons along with the density of presynaptic terminals. Data were expressed as the mean intensities of SYP or
cytochrome c (Cyto c), the intensity ratio of cytochrome c between axon and soma, or mitochondrial density at presynaptic terminals per imaging
hippocampal slice section (320 x 320 pm), which were normalized to those from non-transgenic littermate controls. Data were quantified from a total
number of slice sections indicated in parentheses (F and G). (H and I) Representative transmission electron microscopy (TEM) images (H) and quanti-
tative analysis (I) showing a decrease in the number of mitochondria at presynaptic terminals, indicated by white arrows, in the hippocampal regions
of 5-month-old tauP301S transgenic mouse brains. The percentage of the active zone (AZ) containing mitochondria and the number of mitochondria
per active zone in tauP301S mouse brains were quantified and compared to those in non-transgenic littermate controls. Data were quantified from
the total numbers of active zones and imaging fields indicated in parentheses (I). Scale bars = 10 pm (E); and 200 nm (H). Error bars represent SEM.
Student’s t-test: ***P < 0.001; **P < 0.01; *P < 0.05.
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the presynaptic distribution of mitochondria at the ultrastructural
level in the hippocampi of 5-month-old tauP301S transgenic
mouse brains at early disease stages. TauP301S mice display dras-
tic decreases in the percentage of active zone containing mito-
chondria and the number of mitochondria per active zone in the
hippocampal synapses, relative to those of non-transgenic con-
trols (Fig. 1H and I). Moreover, we detected mitochondrial reduc-
tion in the axon-enriched regions, but not in the soma of
hippocampal areas of tauP301S transgenic mouse brains
(Supplementary Fig. 1C and E), coupled with decreased mitochon-
drial distribution at presynaptic terminals (Supplementary Fig. 1D
and E). The densities of presynaptic terminals and neurofilament-
labelled axons in the same areas of this tauopathy mouse model
did not exhibit detectable alterations at this stage (Supplementary
Fig. 1D and E-G). Also, we did not observe a significant reduction in
axons stained by neurofilament antibody in 4-month-old tauP301L
transgenic mouse brains (data not shown). These observations
from confocal imaging study and TEM analysis in these two differ-
ent tauopathy mouse models are consistent with biochemical evi-
dence from tauopathy brains, suggesting that distribution deficits
of presynaptic mitochondria are linked to early tauopathy prior to
the loss of synapses and axons.

Anterograde transport delivers newly generated healthy mitochon-
dria from the soma towards axonal terminals, playing a major role
in the control of mitochondrial supply and distribution at presynap-
tic terminals. This maintains energy homeostasis and powers syn-
aptic transmission.’>?* Therefore, we next determined whether
mitochondrial distribution deficits at tauopathy synapses are
caused by impaired anterograde transport that fails to supply mito-
chondria to distal axon areas. We examined mitochondrial move-
ment by conducting time-lapse imaging in live primary cortical
neurons cultured from tauP301S transgenic mouse brains. Neurons
were transfected with DsRed-Mito, followed by imaging at 9-10days
in vitro (DIV). We have found that mitochondrial anterograde trans-
port is impaired in tauP301S axons in comparison with that of con-
trol axons from non-transgenic littermates (Fig. 2A and B). As an
internal control, retrograde transport of mitochondria along the
same axons does not show any change, thus excluding the possibil-
ity of microtubule destabilization or disassembly in tauP301S axons.
Moreover, the number of mitochondria is decreased within the
same axons (Fig. 2A and B), suggesting that defective anterograde
transport disrupts mitochondrial supply to tauopathy axons. We
further assessed whether such a defect is related to phospho-tau
accumulation. In line with the results from tauP301S transgenic
neurons (Fig. 2A and B), axons expressing tauP301L, but not tau
or vector controls, display decreased mitochondrial anterograde
movement, whereas retrograde transport is not affected along
the same axons. TauP301L-expressed axons also exhibited a
reduced number of mitochondria (Supplementary Fig. 2A and B).
Our data suggest that impaired mitochondrial anterograde trans-
port is a defect related to the burden of phospho-tau, disrupting
the supply of mitochondria to distal tauopathy axons.

By performing multiple lines of experiments, we next assessed
whether other mitochondrial alterations are linked to early tauop-
athy conditions. First, we measured Ay, in non-transgenic and
tauP301S transgenic neurons. Tetramethylrhodamine ethyl ester
(TMRE), a Ayp,-dependent dye, was loaded into live neurons
expressing mitochondrial marker CFP-Mito. Healthy mitochondria
accumulate TMRE, thus displaying high TMRE intensity,?*?”-%
whereas damaged mitochondria with depolarized Ay, show
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reduced TMRE fluorescent intensity, although they retain CFP-
Mito signals. In non-transgenic neurons, the majority of CFP-Mito-
labelled mitochondria were co-labelled by TMRE, reflecting their
electrochemically active status (Fig. 2D). In contrast, somatic mito-
chondria in tauP301S transgenic neurons display reduced TMRE
fluorescence, suggesting depolarized AV, (Fig. 2C and D). TMRE
mean intensity in tauP301S neurons is significantly reduced rela-
tive to that of non-transgenic littermate controls (Fig. 2C). Second,
we examined mitochondrial oxidative stress in the soma and the
axons of tau neurons using Matrix-roGFP, RoGFP (reduction-oxida-
tion-sensitive green fluorescent protein) in mitochondrial ma-
trix.***° Compared to non-transgenic littermate controls, tauP301S
transgenic neurons exhibit a robust increase in oxidized mito-
chondria within the soma and the axon (Fig. 2E and F and
Supplementary Fig. 2C). Aberrant accumulation of oxidatively
damaged mitochondria is in accord with Ay, depolarization, sug-
gesting enhanced mitochondrial damage in tauopathy neurons.
Third, we measured cellular ATP levels to determine whether
mitochondrial damage in tauP301S neurons impairs mitochondrial
energetics. We utilized AT1.03, a genetically encoded
Forster resonance energy transfer (FRET)-based ATP indicator,*® in
which the ¢ subunit of Bacillus subtilis FoF1-ATP synthase was con-
nected to yellow (YFP) and cyan (CFP) fluoresent protein. Given
that the ATP-bound form increases FRET efficiency, enhanced
FRET signal (YFP/CFP emission ratio) indicates an increase in cellu-
lar ATP levels. TauP301S neurons show lower YFP/CFP ratios in
both the soma and the axons of neurons than those in non-trans-
genic littermate control neurons (Fig. 2G and H), indicating reduced
mitochondrial energetic activity in tauopathy neurons. To confirm
these in vitro observations, we further examined the oxygen con-
sumption rate (OCR) in mitochondria freshly isolated from the cor-
tices of non-transgenic or tauP301L transgenic mouse brains at 3-
4months of age. Compared to non-transgenic controls, basal and
maximal respiration rates along with ATP production-linked res-
piration in mitochondria are significantly decreased in tauP301L
mouse brains (Fig. 2I). This result suggests that mitochondrial oxi-
dative phosphorylation activity is impaired in tauopathy mouse
brains before the disease onset. Thus, our in vitro and in vivo find-
ings consistently reveal that mitochondrial perturbation is associ-
ated with early tauopathy.

Mitophagy constitutes a key mitochondrial quality control system
in neurons by which damaged mitochondria are sequestered with-
in autophagosomes for lysosomal degradation to maintain mito-
chondrial homeostasis.'®?* Next, we addressed whether
mitophagy is induced upon mitochondrial damage in early tauop-
athy. We first conducted immunohistochemistry in the tauP301L
transgenic mouse model at 4months of age. In non-transgenic
mouse brains, the autophagic marker LC3 appeared as a diffuse
pattern predominantly present in the cytoplasm of hippocampal
neurons. In tauP301L transgenic mouse brains, however, a major-
ity of LC3 associated with vesicular structures as LC3-II-decorated
autophagic vacuoles are co-labelled by mitochondrial marker cyto-
chrome c (Fig. 3A and B), suggesting that mitophagy is activated in
tauP301L neurons. Our confocal imaging data also revealed an
increased number of mitophagosomes in the hippocampal neu-
rons of tauP301S transgenic mouse brains (Supplementary Fig. 3A).
To further evaluate mitophagy activation, we carried out TEM ana-
lysis in a second tauopathy model, tauP301S transgenic mice, at
the ultrastructural level. Mitochondria exhibit abnormal morph-
ology, characterized by a swollen round shape and perturbed or
absent cristae organization in the hippocampi of 5-month-old
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Figure 2 Impeded mitochondrial anterograde transport coupled with mitochondrial stress in early tauopathy. (A and B) Representative kymographs
(A) and quantitative analysis (B) showing defects in anterograde transport, but not retrograde transport, of mitochondria along tauP301S axons. Note
that defective mitochondrial anterograde transport is coupled with a reduced number of mitochondria within the same axons of cortical neurons
derived from tauP301S transgenic (Tg) mouse brains. Vertical lines represent stationary organelles; slanted lines to the right (negative slope) repre-
sent anterograde movement; to the left (positive slope) indicate retrograde movement. A mitochondrion was considered stationary if it remained im-
motile (displacement < 5pm). Non-transgenic (non-Tg) or tau neurons were transfected with DsRed-Mito at DIVS, followed by time-lapse imaging at
DIV8-10. (C and D) Quantitative analysis (C) and representative images (D) showing aberrant accumulation of depolarized mitochondria in the soma
of tauP301S transgenic neurons. Cortical neurons cultured from non-transgenic or tauP301S transgenic mice were transfected with mitochondrial
marker CFP-Mito, followed by loading with mitochondrial membrane potential (Ay,)-dependent dye TMRE for 30 min prior to imaging. TMRE mean
intensity was normalized to those in non-transgenic neurons. Note that tauP301S neurons display reduced TMRE mean intensity in the soma relative
to that of non-transgenic neurons. (E and F) Representative images (E) and quantitative analysis (F) showing abnormal accumulation of oxidized
mitochondria in the soma and the axons of tauP301S neurons. The fluorescence of MitoRoGFP was emitted at 510nm and excited at 405nm or
488 nm, respectively. Ratiometric images were generated from fluorescence excited by 405-nm light relative to that excited by 488-nm light. The ratio
has been false coloured with the indicated heat map, with high intensity indicative of RoGFP fluorescence in a more oxidative environment. Mean
fluorescence intensity ratios evoked by the two excitation wavelengths at individual mitochondria in the soma and the axon of tauP301S neurons
were quantified and normalized to those of non-transgenic neurons, respectively. (G and H) Representative images (G) and quantitative analysis (H)
showing that cytoplasmic ATP levels are reduced in cortical neurons derived from tauP301S transgenic mouse brains. The YFP/CFP emission ratio in
the soma or the axons of tauP301S neurons expressing AT1.03 was normalized to that of control neurons from non-transgenic littermates. (I) Early
mitochondrial defects in tauopathy mouse brains. Seahorse mitochondrial stress assay using freshly isolated cortical mitochondria from 3-4-month-
old tauP301L transgenic mouse brains showing impaired mitochondrial function, as evidenced by decreases in basal, maximal and ATP production-
linked respiration rates. OCR measurements of mitochondria from tauP301L transgenic mouse brains were normalized to those from non-transgenic
littermate controls. Data were quantified from four independent experiments. Imaging data were quantified from a total number of neurons (n) in
parentheses (B, C, F and H) from at least three independent experiments. Scale bars = 10 um. Error bars represent SEM. Student’s t-test: **P < 0.001.

tauP301S transgenic mice at early disease stages (Fig. 3D). The per-
centage of abnormal mitochondria in the soma of hippocampal
neurons is significantly increased in tauP301S transgenic mice
when compared to non-transgenic mice (Fig. 3C and D). Strikingly,
we frequently detected mitophagosomes—initial autophagic vacu-
ole-like structures engulfing or containing abnormal mitochondria

(Fig. 3D, white arrows). The average number of mitophagosomes per
unit area in neuronal perikarya is remarkably increased in tauP301S
transgenic mouse brains (Fig. 3C). Moreover, mitochondria in the
soma of hippocampal neurons in tauP301S mouse brains display
shorter mitochondrial length and smaller area (Supplementary Fig.
3B), indicating mitochondrial fragmentation. Collectively, the TEM


https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab243#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab243#supplementary-data

Mitochondrial deficits in early tauopathy BRAIN 2022: 145; 305-323 | 311

A Cyto cLC3

w

non-Tg

o non-Tg C o non-Tg (n=34/303)
o tauP301L o tauP301S (n=24/250)
20 *kk

tauP301L Tg

(=]
o
-
N

ek

15

[=2]
o

10

Mitophagosome #
N
(=]

% of abnormal mito
F -y
o

Mitophagosome #

o

o non-Tg (n=3)

-PHF1 o tauP301L (n=3)

-AT8
-Parkin
-p62
-Miro1
-TOM20

-SOD2 |
-HSP60 Parkin p62 Miro1Tom20S0D2

-GAPDH

*kk

g
shH e

Normalized intensity
(Mito fractions)
(== =1 T g

ohhomoho®

)

PNS Mito
Con FTD Con FTD

-Parkin
-p62

-LC3-l
~LC3-ll

-Miro1
-TOM20
-VDAC1
-S0D2
-GAPDH

®

O Control (n=3)
O FTD (n=3)

faid

é. 3 20 fkd
[ m A
gs, i

-5 .

° *kk L]

g & 10

T 2

£Es

o

=z

-

-PHF1
(oligomer)

-PHF1
(monomer)

RIT %:Eﬁ,ﬂ

i L&

%

Figure 3 Broad activation of Parkin-mediated mitophagy in tauopathy brains. (A and B) Representative images (A) and quantitative analysis (B) show-
ing an increased number of mitophagosomes in the soma of hippocampal neurons in tauP301L transgenic (Tg) mouse brains at the age of 4months.
Arrows indicate mitophagosomes co-labelled by cytochrome c (Cyto c) and LC3. (B) Data were expressed as the average number of mitophagosomes
per neuronal soma per imaging hippocampal slice section (320 x 320 um). (C and D) Quantitative analysis (C) and representative TEM micrographs
(D) showing a striking accumulation of autophagic vacuoles and mitophagosome-like structures—autophagic vacuoles containing engulfed mito-
chondria—in the soma of hippocampal neurons in 5-month-old tauP301S transgenic mouse brains. Note that mitophagic accumulation is not readily
detected in non-transgenic (non-Tg) littermate brains. (D) Quantitative analysis was expressed as the percentage of morphologically abnormal mito-
chondria with swollen shape and loss of cristae integrity (asterisks) per neuronal perikarya and the average number of mitochondria within autopha-
gic vacuole-like organelles (arrows) in the cross-section (10 x 10 um). ‘N’ indicates the nucleus in the neuronal soma. (E and F) Representative blots
(E) and quantitative analysis (F) and showing increased recruitment of Parkin and p62 to mitochondria along with a reduction in Miro1l levels in
tauP301L transgenic mouse brains. Note that phospho-tau is localized to mitochondria in tauP301L mouse brains. Following Percoll-gradient mem-
brane fractionation, equal amounts (5 pg) of mitochondria-enriched membrane fractions (Mito) and post-nuclear supernatants (PNS) from the corti-
ces of non-transgenic littermate and tauP301L transgenic mouse brains were sequentially immunoblotted with antibodies against mitophagy
markers Parkin and p62, mitochondrial proteins TOM20, SOD2 and HSP60, and cytosolic protein GAPDH, along with hyperphosphorylated tau (AT8
and PHF1). The purity of Mito fractions was confirmed by the relative enrichment of mitochondrial markers TOM20, SOD2 and HSP60 and by the ab-
sence of GAPDH, compared to those in post-nuclear supernatant fractions. The intensities of proteins in Mito fractions purified from tauP301L trans-
genic mouse brains were normalized to those in non-transgenic littermate controls (F). Data were quantified from three independent repeats. (G and
H) Quantitative analysis (G) and representative blots (H) showing increased levels of Parkin, LC3-II and p62 along with decreased Miro1 in Mito frac-
tions isolated from FTD patient brains. The intensities of proteins in Mito fractions purified from FTD patient brains were normalized to those in nor-
mal control subjects (G). Data were quantified from three independent repeats (G) and from total numbers of slice sections and neurons and
mitochondria (n) as indicated in parentheses (B and C). Scale bars = 100 nm (D) and 10 pm (A). Error bars represent SEM. Student’s t-test: **P < 0.001;
P < 0.01.

data are in accord with the results from light imaging studies, sup- Given that Parkin-mediated mitophagy is the best-understood
porting the view that mitophagy is extensively activated at the early pathway in which Parkin translocates from the cytoplasm onto
disease stages of tauopathy. damaged mitochondria to facilitate their sequestration
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within autophagosomes,’®?°* we further determined whether

Parkin-mediated mitophagy is activated in tauopathy brains. We
isolated mitochondria-enriched fractions (Mito) from the brains of
a tauopathy mouse model and FTD patient brains. The purity of
Mito fractions was confirmed by the relative mitochondrial enrich-
ment of mitochondrial protein markers TOM20, SOD2, and VDAC1
or HSP60 and by the absence of cytosolic protein glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), relative to those in post-nu-
clear supernatant fractions. When equal amounts of Mito and
post-nuclear supernatant fractions were loaded, the levels of
mitophagy markers Parkin and p62 were drastically elevated in
Mito fractions purified from tauP301L transgenic mouse brains as
compared to those of non-transgenic littermate controls (Fig. 3E
and F). Furthermore, mitochondria purified from FTD patient
brains also exhibit a markedly increased association with Parkin,
p62 and LC3-II relative to those of normal control subjects (Fig. 3G
and H). Consistent with the results from confocal imaging and
TEM studies, the biochemical evidence from both the brains of the
tauopathy mouse model and post-mortem patients further sug-
gests that Parkin-mediated mitophagy is markedly activated.

To assess Parkin-mediated mitophagy, we performed addition-
al lines of experiments. We first examined ubiquitin phosphoryl-
ation at serine 65 (pS65-Ub), an indicator of activation of PINK1/
Parkin-mediated mitophagy.”>™>> The fluorescence intensity of
pS65-Ub, which appeared as vesicular structures and co-localized
with cytochrome c-labelled mitochondria, was significantly
increased in the soma of hippocampal neurons in tauP301L trans-
genic mouse brains as compared to that of non-transgenic litter-
mate controls (Supplementary Fig. 3C and D). Moreover, pS65-Ub
was elevated at the early disease stage (4 months of age) and over
disease progression at the age of 8 and 12months in tauP301L
mouse brains relative to non-transgenic littermate controls
(Supplementary Fig. 3E). We next measured Parkin-mediated mito-
phagic flux in primary cortical neurons derived from tauP301S
transgenic mouse brains by utilizing Bafilomycin Al (Baf-Al), an
inhibitor widely used in the field that blocks autophagosome-lyso-
some fusion and suppresses lysosomal degradation.® In line with
drastic activation of Parkin-mediated mitophagy in the brains of
FTD patients and tauopathy mice (Fig. 3E-H), we detected an in-
crease in the percentage of tauP301S transgenic neurons with
mitochondria targeted by Parkin under the basal condition, which
was augmented after Baf-A1l treatment (Supplementary Fig. 3F and
G). Moreover, tauP301S neurons exhibited a higher increase rela-
tive to non-transgenic littermate control neurons in the presence
of Baf-Al, suggesting that Parkin-mediated mitophagic flux is
enhanced in tauopathy neurons. The data were consistent with
the biochemical analysis showing a robust elevation of LC3-II lev-
els in tauopathy neurons incubated with Baf-Al (Supplementary
Fig. 3H and I). Therefore, these observations collectively support
the notion that Parkin-mediated mitophagy is broadly activated in
tauopathy neurons.

In Mito fractions isolated from FTD patient brains and tauop-
athy mouse model, we detected increased phospho-tau levels as
visualized by AT8 and/or PHF1 antibodies (Fig. 3E and H), suggest-
ing that phospho-tau is abnormally localized to mitochondria.
This observation is consistent with previous studies and supports
the notion that phospho-tau induces mitochondrial toxicity
through its association with mitochondria.”'**%*1657 Our results
further suggest that phospho-tau-mediated insults to mitochon-
dria likely trigger extensive mitophagy activation in early tauop-
athy. Interestingly, we found a marked reduction in Miro1 proteins
on mitochondria purified from the brains of tauopathy mice and
FTD patients (Fig. 3E-H). However, the mRNA levels of Mirol are
not altered in tauopathy brains (Supplementary Fig. 3] and K).
Miro1 is anchored to the mitochondrial outer membrane and acts
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as a KIF5 receptor, essential for anterograde transport of mito-
chondria.?* It is well established that Miro1 is a substrate of Parkin
E3 ubiquitin ligase and Parkin targets Mirol for degradation
through the proteasome system upon mitophagy induction.?®-2
Thus, Mirol reduction in tauopathy brains is likely attributed to
Parkin-enhanced Mirol turnover, impairing Mirol-mediated mito-
chondrial anterograde transport towards tauopathy synapses.

Therefore, we tested whether defective anterograde transport of
mitochondria in tauopathy axons is caused by loss of Mirol.
Strikingly, overexpression of Miro1 in tauP301S transgenic neurons
remarkably increases mitochondrial anterograde movement
(Fig. 4A and B). Moreover, Mirol-enhanced anterograde transport
raises mitochondrial supply to tauP301S axons, as reflected by an
increase in the number of mitochondria. The data suggest that
increasing Mirol levels reverses impeded mitochondrial antero-
grade movement and rescues mitochondrial distribution deficits
in distal tauopathy axons. Similar effects can be detected in axons
expressing tauP301L (Supplementary Fig. 4A and B). These results
indicate that defects in mitochondrial anterograde transport in
tauopathy axons can be attributed to decreased Miro1l.

We next determined whether the reduction in Mirol levels is
the result of increased Miro degradation in tauopathy neurons
upon activation of the Parkin pathway. We and others have dem-
onstrated that Parkin-mediated mitophagy can be induced in neu-
rons treated with carbonyl cyanide m-chlorophenylhydrazone
(CCCP), an AV, uncoupler.?*?8313558 Thys, we examined whether
acute Ay, dissipation augments Mirol reduction in tauopathy
neurons. Following CCCP treatment, tauP301S transgenic neurons
display increased LC3-II and decreased Mirol. It is important to
note that tauP301S transgenic neurons exhibit more pronounced
changes as compared to non-transgenic control neurons (Fig. 4C
and D and Supplementary Fig. 4C). This result indicates that while
AV, dissipation triggers Parkin-induced Mirol degradation in both
non-transgenic and tauP301S transgenic neurons, such an effect is
more robust in tauP301S neurons.

Upon mitophagy activation, Parkin translocates onto depolar-
ized mitochondria and functions as an E3 ubiquitin ligase, induc-
ing Mirol degradation through the proteasome system.”*? We
next purified mitochondrial fractions from tauP301S transgenic
neurons to assess whether elevated Mirol turnover is coupled
with increased Parkin association with mitochondria following
dissipating Ayy,. In tauP301S neurons, we detected depletion of
Mirol on mitochondria, accompanied by enhanced recruitment of
Parkin along with p62 and LC3-II to mitochondria (Fig. 4E). Our
data suggest that reduced Miro1 levels in tauopathy neurons can
be attributed to Parkin activation-induced Miro1l degradation after
Parkin is recruited to mitochondria. We further examined Parkin
association with mitochondria in live tauP301S neurons in the
presence and absence of CCCP. TauP301S neurons consistently
show increased Parkin localization to mitochondria under the
basal condition, relative to that in non-transgenic controls (Fig. 4F
and G and Supplementary Fig. 4D). Moreover, Ay, dissipation
leads to a higher increase in the percentage of tauP301S neurons
showing Parkin translocation onto mitochondria than that in non-
transgenic neurons (Fig. 4F and G and Supplementary Fig. 4D).
Thus, the imaging data are in accord with the biochemical results
(Fig. 4C and D and Supplementary Fig. 4C) and suggest that tauop-
athy neurons exhibit more efficient Parkin recruitment to mito-
chondria upon mitochondria damage.


https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab243#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab243#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab243#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab243#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab243#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab243#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab243#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab243#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab243#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab243#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab243#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab243#supplementary-data

Mitochondrial deficits in early tauopathy BRAIN 2022: 145; 305-323 | 313

o non-Tg (n=45)
B o tauP301S (n=39)
A O tauP301S + Miro1 (n=45)
tauP301S Tg  Miro1
: . {9 T 100 1.8
e b oo | S A bt 1.6
s * ] 5 gao : 214
o b e £ o
W 14r o 40 o 0.8
all \ ) 2 206
b E 20 y = 04
retrograde 2 o 0.2
D antero- retro- stationary 0
tauP301S Tg E 1non-Tg
DMSO CCCP onon-Tg 0tauP301S tauP301S Tg F onon-Tg+CCCP
(= = |-Miro1 non-Tg+CCCP  tauP301S+CCCP DMSO CCCP c UtauP301S
2 25 P M 8§ P M S 6  tauP301S+CCCP
e 2, il M s Parkin % & =
= E 2.0 * R Pa—— — -LC3-| g _O
S——(TOM20 E 1 (b ALC3l S 2 50 3:
o r ux
s e [VDACT § | B i LT —— — W62 3 S 40{ ==
. = = m =
— s -SOD2 % ' i ’_1 -Miro1 E 30 P
E 05 i - — -VDAC1 E 20
'. -PHF1 3 ol e Wi s e S st e et bt (GAPDH = 10 e
L & P < 2 0
— — -STX1 LN ,\o“' ) (15/826)(18/806)
H tauP301S Tg

G Parkin shRNA

YFP-Parkin DsRed-Mito

Merged

DsRed-Mito

2 ~
retrograde

‘2 | onon-Tg (n=27g
a 1 tauP301S (n=51)
n;, tauP301S + Parkin shRNA (n=52)
8 ?100 huici 1.8 i A

‘5-... .

= 1.61 -

2 80 b Z14 '_”_1

= Hkke i w 1.2 -

g 60 5§10 2 [E

081 %] [

g i ™ 206

£ 20 ﬁ S 04

g oIl r

0 antero-" retro- stationary

Figure 4 Parkin activation accelerates Mirol degradation and thereby arrests mitochondrial anterograde movement in tauopathy axons. (A and B)
Representative kymographs (A) and quantitative analysis (B) showing that elevated Mirol expression reverses mitochondrial anterograde movement
and restores mitochondrial distribution in the axons of tauP301S neurons. (C and D) Ay, dissipation augments mitophagy accompanied by enhanced
Mirol degradation in tauP301S transgenic (Tg) neurons. Note that tauP301S neurons exhibit a stronger response to CCCP treatment than that of non-
transgenic (non-Tg) littermate controls. Non-transgenic or tauP301S transgenic neurons were incubated with DMSO or 10 pM CCCP for 24 h. A total
amount of 20 pg cortical neuron lysates was sequentially detected on the same membrane with antibodies as indicated. Changes in protein inten-
sities were normalized by that of neuronal protein syntaxin-1 (STX1) and compared to dimethyl sulphoxide (DMSO)-treated controls. Data were
quantified from three independent repeats. (E) Representative blots showing depletion of Mirol along with increased levels of Parkin, LC3-II and p62
in mitochondria-enriched membrane fractions purified from tauP301S neurons following dissipating Ay,. TauP301S neurons were incubated with
DMSO or 10 uM CCCP for 24h and then subjected to fractionation into post-nuclear supernatant (P), mitochondrial fraction (M) and cytosolic super-
natant (S). Equal amounts of protein (10 ug) were sequentially immunoblotted with antibodies against Parkin, p62 and LC3-II, mitochondrial protein
VDAC1, and cytosolic protein GAPDH on the same membranes after stripping between each antibody application. (F and G) Parkin recruitment to
mitochondria is augmented in tauP301S neurons upon CCCP treatment. The percentage of non-transgenic and tauP301S transgenic neurons in the
presence and absence of CCCP showing Parkin translocation onto mitochondria was quantified, respectively. (H and I) Increased anterograde trans-
port of mitochondria in tauP301S transgenic axons expressing Parkin shRNA. Note that mitochondrial retrograde movement remains unaffected in
tauP301S axons. Data were quantified from a total number of neurons as indicated in parentheses (B, F and I) from at least three independent experi-
ments. Scale bars = 10 um. Error bars represent SEM. Student’s t-test: **P < 0.001; *P < 0.05.

To examine this model further, we assessed whether Parkin tauP301S axons following Parkin RNAI (Fig. 4H and I), suggesting
RNAI in tauopathy neurons reverses impeded anterograde trans- that defective mitochondrial anterograde movement is Parkin-de-
port of mitochondria, mimicking an effect of elevated Mirol ex- pendent. Autophagy receptors NDP52 and optineurin (OPTN) were
pression (Fig. 4A and B). Interestingly, after expressing Parkin reported to be required for PINK1/Parkin-dependent mitophagy.5®
shRNA as previously described,”®* we detected a significant in- 3 However, both NDP52 RNAi and OPTN RNAi failed to restore
crease in mitochondrial anterograde movement along tauP301S impaired mitochondrial anterograde transport in tauP301S axons
axons (Fig. 4H and I). Consistent with the results from Miro1 eleva- (Supplementary Fig. 4E and F). The data indicate that blocking
tion (Fig. 4A and B), enhanced mitochondrial anterograde transport Parkin but not mitophagy downstream of Parkin activation rescues

was accompanied by an increased number of mitochondria in mitochondrial defects in tauopathy axons. Together with the
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results from tauopathy brains (Fig. 3E-H) and neurons in culture
(Supplementary Fig. 3C-I), these findings support the view that
broad activation of the Parkin pathway triggers excessive Mirol
degradation and consequently hampers Mirol-mediated antero-
grade transport of mitochondria in tauopathy axons.

To gain further mechanistic insights into enhanced Miro1 turn-
over linked to tauopathy, we performed additional lines of experi-
ments and determined whether such a defect is related to the
burden of phospho-tau. HEK293 cells expressing GFP-tauP301L, but
not GFP control, show accumulation of phospho-tau labelled by
ATB8 antibody. Interestingly, these cells exhibit a significant reduc-
tion in endogenous Miro1, but not Trakl (Supplementary Fig. 4G
and H). Trakl, a component of the Mirol-Trak1-KIF5 adaptor—
motor complex, is not subject to mitophagy-induced degrad-
ation.’>2? We further tested a dose-dependent effect and found
gradually decreased Mirol coupled with an increased burden of
phospho-tau in cells transfected with an increasing amount of
GFP-tauP301L plasmid (Supplementary Fig. 41 and J). Trak1 consist-
ently shows no significant change. The data suggest that excessive
Miro1 turnover is an effect of phospho-tau accumulation.

Tauopathy neurons exhibit a stronger mitophagy response to
AV, dissipation (Fig. 4C and D and Supplementary Fig. 4C).
Moreover, we have demonstrated that phospho-tau is associated
with mitochondria (Fig. 3E and H) and has a dose-dependent effect
on Mirol turnover (Supplementary Fig. 4G-J). These observations
suggest the possibility that mitochondria with phospho-tau bur-
den are more susceptible to Parkin-mediated mitophagy, thereby
augmenting Mirol degradation. We next determined whether
phospho-tau interacts with Parkin. Indeed, we detected the phos-
pho-tau-Parkin complex in transfected HeLa cells expressing
tauP301L and Parkin (Supplementary Fig. 4K). AP/tauP301L was
used as an internal control in which 14 serine (S) and threonine (T)
residues were changed to non-polar alanine and proline residues,
termed AP for alanine-proline, to prevent phosphorylation.®* This
result indicates that phospho-tau, but not tauP301L, forms a com-
plex with Parkin. Together, these findings allow us to propose that,
by interacting with Parkin, mitochondria localized phospho-tau
promotes Parkin translocation from cytoplasm onto mitochondria,
thus accelerating Mirol degradation in tauopathy neurons.

We next determined whether deficits in the synaptic distribution
of mitochondria are caused by activation of Parkin but not the
downstream of mitophagy in tauopathy neurons. We found
increased mitochondrial distribution at the SYP-labelled presynap-
tic terminals and in the axons of tauP301S transgenic neurons
lacking Parkin, but not NDP52 or OPTN (Supplementary Fig. 5A and
B). This result is consistent with the rescue effect of Parkin RNAi
on impaired mitochondrial anterograde transport in tauopathy
axons (Fig. 4H and I and Supplementary Fig. 4E and F) and further
indicates that loss of Parkin, but not blocking mitophagy down-
stream of Parkin, elevates mitochondrial supply to tauopathy syn-
apses. Thus, these findings collectively support our model that
Parkin activation induces synaptic mitochondrial deficits by accel-
erating Miro1 turnover and thus disrupting Mirol-mediated mito-
chondrial anterograde transport towards tauopathy synapses.
Given Mirol elevation induced beneficial effects against defects
in mitochondrial anterograde transport and distribution in tauop-
athy axons (Fig. 4A and B and Supplementary Fig. 4A and B), we
next examined whether mitochondrial populations at tauopathy
synapses can also be restored after increasing Miro1 levels. In line
with our results from the brains of patients with tauopathies and
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mouse models (Fig. 1), tauP301S transgenic neurons displayed a re-
duction in mitochondrial distribution at presynaptic terminals,
accompanied by the decreased density of presynaptic boutons
along axons (Fig. 5A and B). Importantly, elevating Mirol remark-
ably raises the presynaptic distribution of mitochondria as well as
the density of presynaptic boutons in tauP301S neurons (Fig. 5A
and B). Moreover, overexpression of Mirol attenuates mitochon-
drial stress in tau axons as reflected by a decrease in oxidatively
damaged mitochondria (Supplementary Fig. 5C-E). Our data sug-
gest that Mirol-enhanced anterograde transport facilitates the de-
livery of healthy mitochondria towards tauopathy axons.
Consistent with increased mitochondrial supply and reduced
mitochondrial stress in axons and at synapses following Miro1 ele-
vation (Figs 4A, B, 5A and B and Supplementary Fig. 5D and E), we
further observed a drastic increase in cellular ATP levels in
tauP301S neurons expressing AT1.03, particularly within the axons
as indicated by elevated cellular YFP/CFP ratios (Supplementary
Fig. 5F and G). More robust increases in ATP levels within tauop-
athy axons further support the view that Mirol-enhanced mito-
chondrial anterograde movement alleviates energy deficits by
increasingly supplying healthy mitochondria to axons and synap-
tic terminals.

Synaptic dysfunction has been linked to early pathophysiology
in tauopathy.*® We next examined whether the enhanced supply of
healthy mitochondria and the amelioration of energy deficits rescue
synaptic damage in tauopathy neurons after increasing Miro1 levels.
We determined functional release sites by measuring FM4-64 dye
[N-(3-triethylammoniumpropyl)-4-(6-(4-(diethylamino) phenyl) hex-
atrienyl) pyridinium dibromide]-labelled synaptic vesicles. FM dye
at presynaptic boutons is taken up in an activity-dependent man-
ner, and the majority of GFP-SYP-labelled presynaptic terminals can
be marked by FM4-64 (Fig. 5C and D) , which represents active syn-
apses. Compared to non-transgenic littermate controls, tauP301S
transgenic neurons exhibit marked reductions in the number of FM
dye puncta per 100 um axonal processes and the percentage of ac-
tive synapses. These findings are in accord with reduced SYP dens-
ity along axons (Fig. SA and B), and further suggest defects in
synaptic vesicle recycling or release at tauP301S synapses.
Excitingly, overexpression of Mirol increases both the number and
the percentage of functional release sites along tauP301S axons
(Fig. 5C and D), indicating a beneficial effect of Mirol elevation
against synaptic damage associated with tauopathy.

To examine the protective effects of Miro1 elevation on tauop-
athy-associated synaptic damage at a functional level, we per-
formed a whole-cell patch-clamp to record miniature (mini)
excitatory postsynaptic currents (mEPSCs) in cultured cortical neu-
rons transfected with GFP, GFP-tauP301L, or GFP-tauP301L and
Mirol (Fig. 5E). We specially chose to record mEPSCs in untrans-
fected postsynaptic neurons with no GFP signals but were sur-
rounded by the GFP-positive presynaptic neurons expressing GFP
only, GFP-tauP301L, or GFP-tauP301L and Mirol, as previously
described.®*® Given that the majority of the presynaptic inputs of
untransfected postsynaptic neurons originated from surrounding
transfected presynaptic neurons with GFP signals, we thus attrib-
uted any changes in mEPSCs recorded from untransfected postsy-
naptic neurons to the modulation of presynaptic activities by the
presynaptic neurons expressing tauP301L. Compared to GFP con-
trols, the mean frequency of mEPSCs is significantly decreased in
the non-transfected postsynaptic neurons surrounded by the pre-
synaptic neurons expressing GFP-tauP301L (Fig. 5E and F).
Decreases in mEPSC frequency are consistent with reduced den-
sities of presynaptic terminals and active synapses (Fig. 5A-D),
suggesting synaptic failure in tauP301L-expressed neurons.
Strikingly, elevated Mirol expression rescues such a defect by
increasing mEPSC frequency to 1.34+0.24Hz (Fig. 5E and F).
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Figure 5 Increasing Miro1 levels enhances mitochondrial supply to tauopathy synapses and ameliorates synaptic failure. (A and B) Representative
images (A) and quantitative analysis (B) showing that overexpression of Mirol elevates mitochondrial supply to presynaptic terminals labelled by
SYP, as well as the density of synapses along tauP301S axons. Data were expressed as the percentage of presynaptic terminals with mitochondria
and the number of SYP puncta per 100 um axonal length, respectively. (C and D) Quantitative analysis (C) and representative images (D) showing that
increasing Mirol expression in tauP301S neurons raises the density of active presynaptic terminals taking up FM4-64, as evidenced by increased
FM4-64 puncta within tauP301S axons. Quantification data were expressed as the number of FM4-64 puncta per 100 um axonal length and the per-
centage of active synaptic sites co-labelled by FM4-64 and SYP, respectively. (E-G) Representative miniature excitatory postsynaptic currents
(mEPSCs) (E) recorded from the non-transfected postsynaptic neurons with no GFP signals surrounded by the presynaptic neurons expressing GFP,
GFP-tauP301L, or GFP-tauP301L and myc-Mirol. Note that the frequency of mEPSCs is higher in the non-transfected postsynaptic neurons surrounded
by the presynaptic neurons expressing GFP or GFP-tauP301L and Miro1, as compared to neurons surrounded by the presynaptic neurons expressing
GFP-tauP301L (E). Cultured cortical neurons transfected with GFP, GFP-tauP301L, or GFP-tauP301L and myc-Mirol, and mEPSCs were recorded at
DIV14-18 in the presence of 1uM TTX and 100 uM PTX. Bar graphs of mean frequencies and mean amplitudes (F) and cumulative probability plots of
inter-event intervals and mEPSC amplitude (G) recorded from neurons in (E) are presented. Presynaptic expressing GFP-tauP301L exhibits fewer
mEPSCs recorded from the non-transfected postsynaptic neurons, relative to presynaptic expressing GFP or GFP-tauP301L and myc-Miro1 (F). There
is a significant increase in the inter-event interval of mEPSCs in the presynaptic neurons expressing tauP301L, which is reversed by overexpression of
Miro1 (G). The Mann-Whitney U-test/Wilcoxon rank sum test was used. Data were quantified from a total number of neurons as indicated in paren-
theses (B, C and F) from at least three independent experiments. Scale bars = 10 um. Error bars represent SEM. Student’s t-test: **P < 0.001; *P < 0.01.
non-Tg = non-transgenic; Tg = transgenic.

Furthermore, consistent with a comparable reduction in mEPSC mEPSCs, suggesting unaltered postsynaptic glutamate receptors in
frequency, cumulative frequency distribution of inter-event inter- the recorded non-transfected postsynaptic neurons. Consistent
vals further revealed rightward shifts for the untransfected postsy- with our imaging data, these electrophysiological results suggest
naptic neurons surrounded by the presynaptic neurons expressing that increasing Miro1 levels rescues impaired synaptic function by
GFP-tauP301L, which are reversed by overexpression of Mirol increasing mitochondrial supply and attenuating energy deficits at

(Fig. 5G). We did not observe any change in the amplitude of tauopathy synapses.
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Mirol-enhanced mitochondrial anterograde transgenic and tauP301L transgenic mice with and without Mirol
transport restores healthy mitochondrial injection. Indeed, basal, maximal and ATP-linked respiration rates
populations at synaptic terminals in Tnltochondna were significantly elevated 1n‘tau.P’3.01L mouse

brains as compared to those of control tau mice injected with

The in vitro rescue effects of elevated Miro1l expression in cultured AAV-mCherry (Fig. 6C). Given the fact that mitochondrial biogen-
tauopathy neurons led us to further determine the in vivo effects in esis occurs mostly in the soma of neurons,?*’# these in vivo effects
tauopathy mouse brains by bilateral injection of AAV-mCherry- of Miro1 overexpression are in line with the observations in cul-
Miro1 into the hippocampus and the cortex, an established in vivo tured tauopathy neurons showing decreases in oxidatively dam-
delivery procedure by us and others.****%”* We injected two dif- aged mitochondria coupled with increases in mitochondrial
ferent tauopathy mouse models (tauP301L transgenic (rTg4510) energetic activity within axons (Supplementary Fig. 5), supporting
and tauP301S transgenic (PS19) lines), and assessment of AAV- the view that increasing Mirol levels enhances the delivery of
injected mice revealed widespread brain expression, particularly healthy mitochondrial populations towards tauopathy axonal
in hippocampal (Supplementary Fig. 6). We first verified Miro1 ex- terminals.
pression in mitochondrial fractions purified from the hippocampi Next, we assessed whether Mirol-enhanced mitochondrial an-
of AAV-injected mouse brains by western blot analysis. Miro1 ex- terograde transport restores synaptic mitochondrial populations
pression on mitochondria is significantly increased in tauP301L in tauopathy mouse brains. While tauP301L transgenic mouse
transgenic mouse brains at the age of 6-7 months after injection brains consistently exhibit deficits in the synaptic distribution of
with AAV-mCherry-Miro1 (Fig. 6A and B), relative to that of control mitochondria, we detected remarkable increases in the levels of
tauP301L mouse brains expressing AAV-mCherry. Moreover, mito- mitochondrial proteins in synapse-enriched synaptosomal prepa-
chondria with elevated Mirol expression exhibit reduced PHF1- rations purified from the brains of tauP301L transgenic mice
labelled phospho-tau, suggesting the possibility that these mito- injected with AAV-mCherry-Mirol as compared to those of control
chondria represent a newly generated healthy population with tau mice expressing mCherry (Fig. 6D and E). This result suggests
less phospho-tau burden. To test this possibility, we measured the that elevated Miro1l expression effectively increases the supply of
OCR in mitochondria freshly isolated from the hippocampi of non- mitochondria to synaptic terminals in mouse brains after AAV
A B o non-Tg (n=3) C o non-Tg (n=3)
Mito o non-Tg + Miro1 (n=3) onon-Tg + Miro1 (n=3)
- o tauP301L (n=3) o tauP301L (n=3)
LI Ul i 2 o tauP301L + Miro1 (n=3) 0 tauP301L + Miro1 (n=3)
Ctrl Miro Ctrl Miro > 4y .
== === = wm -Miro1 = ” 2.07 wox
E wok .
- e e e | SOD2 8 298] . F F
[ =4 -
- e s s -VDAC1 .E B 1.2 ]
(7] N g kL dPPR
—_— e w— - (-TOM20 = T 081 |+ 1y
] g | -
@ - |-PHF1 E 5 0.4
=] =z 4
< 0
N N >
X 2
& &
D ¥ QR
Syn PNS
non-Tg tauP301L non-Tg tauP301L E onon-Tg (n=3) _
Ctrl Miro Ctrl Miro Ctrl Miro Ctrl Miro onon-Tg + Miro1 (n=3)
Total o tauP301L (n=3)
- b fau o tauP301L + Miro1 (n=3)
rp— @ & [-PHF1 ‘-E.' . 4: n
m .
— - — | -Miro1 § g 3] a1 *
— — o — -TOM20 E 3 2'
Q 1 *
— — — — — — — o [-SOD2 ﬁa 4 rl ﬁ I * ok
= ® " M I_l
—— e — -Cytoc E £ 11 g g
S IR S S S . . . SYP E‘go_ ﬂﬂ ”ﬂ ﬂmﬂmﬂ
e S -PSD95 » OO QY N @ R
— — —— — — #{\‘o o“\'], Ooo\?'o QQs \“p Gj‘
— — — —— — — -G APDH .\O"

Figure 6 Mirol-enhanced mitochondrial anterograde transport restores healthy mitochondrial populations at synaptic terminals in tauopathy mouse
brains. (A and B) Representative blots (A) and quantitative analysis (B) showing increased Miro1 levels on mitochondria in the hippocampus of non-
transgenic (non-Tg) and tauP301L transgenic (Tg) mouse brains injected with AAV-mCherry-Mirol. Note that phospho-tau levels are decreased in
mitochondrial (Mito) fractions purified from tauP301L mouse brains with Miro1 injection. The intensities of proteins in Mito fractions were normal-
ized to those in non-transgenic or tauP301L mice expressing AAV-mCherry control (B), respectively. Data were quantified from three independent
repeats. (C) Attenuation of impaired mitochondrial function in tauP301L transgenic mouse brains after overexpression of Mirol. Seahorse mitochon-
drial stress assay using freshly isolated cortical and hippocampal mitochondria from tauP301L transgenic mouse brains transduced with AAV-
mCherry-Miro1 display significant increases in basal, maximal and ATP-linked respiration rates. OCR measurements of mitochondria purified from
AAV-mCherry-Mirol-injected mouse brains were normalized to those from non-transgenic or tauP301L mice expressing AAV-mCherry control, re-
spectively. Data were quantified from three independent repeats. (D and E) Restored supply of mitochondria along with a reduction in phospho-tau
levels at synaptic terminals in the hippocampus of 6-7-month-old tauP301L mouse brains expressing AAV-mCherry-Mirol. The protein intensities in
synaptosomal (Syn) fractions were normalized to those in non-transgenic or tauP301L mice expressing AAV-mCherry (E). Data were quantified from
three independent repeats. Error bars represent SEM. Student’s t-test: ***P < 0.001; **P < 0.01; *P < 0.05.
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injection, a finding consistent with the observations in cultured
tauP301S transgenic neurons (Fig. 5A and B). Importantly, similar
to our data from isolated mitochondrial fractions (Fig. 6A and B),
the levels of phospho-tau, but not total tau, are decreased in syn-
aptosomal preparations purified from tauP301L mouse brains
transduced with AAV-mCherry-Mirol (Fig. 6D and E). Together
with the results from cultured tau neurons and the OCR measure-
ment of mitochondria freshly isolated from AAV-injected tauP301L
mouse brains (Supplementary Fig. S5 and Fig. 6C), these findings
indicate that Mirol-enhanced mitochondrial anterograde move-
ment corrects deficits in mitochondrial distribution at tauopathy
synapses.

We further determined whether increases in synaptic healthy
mitochondrial populations and energy supply protect against syn-
aptic pathology in tauopathy mouse brains. Compared to non-
transgenic littermate mice, we found that both the area and the
mean intensity of SYP-labelled presynaptic terminals were signifi-
cantly reduced in the hippocampal mossy fibre regions of
tauP301L transgenic mice at the age of 6-7 months (Fig. 7A and B),
suggesting synapse loss in tauP301L mouse brains. Strikingly, such
a defect is remarkably attenuated in tauP301L transgenic mouse
brains injected with AAV-mCherry-Mirol. In tauP301S transgenic
mouse brains at 9months of age, we detected similar rescue
effects (Supplementary Fig. 7A and B). These in vivo results along
with biochemical evidence are in accord with the findings in

A

non-Tg

tauP301L Tg
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cultured tau neurons (Figs 5 and 6 and Supplementary Fig. 5), col-
lectively indicating that Mirol-enhanced mitochondrial antero-
grade transport counteracts tauopathy-associated synaptic defects
by supplying healthy mitochondrial populations to tauopathy syn-
apses. We further examined whether increasing Mirol expression
has a beneficial effect against neuron death in tauopathy mouse
brains. Our data are consistent with previous studies from other
groups,”’® and show that tauP301L transgenic mice exhibit
decreased neuron density in the hippocampal CA1 regions, relative
to non-transgenic littermate controls (Fig. 7C and D). Importantly,
overexpression of Mirol prevents neuron loss, as evidenced by an
increased number of NeuN-positive neurons in this region of
tauP301L mouse brains. In addition, mitophagy was not altered in
tauopathy mouse brains with elevated expression of Miro1, as evi-
denced by no detectable change in mitophagosome density rela-
tive to control tauopathy mouse brains injected with AAV-
mCherry (Supplementary Fig. 7C and D). Thus, the in vivo evidence
from tauopathy mouse brains suggests that Mirol-enhanced sup-
ply of healthy mitochondria prevents tauopathy-associated synap-
tic defects and neurodegeneration.

Given Mirol-mediated rescue effects on synaptic defects in tau-
opathy mouse brains (Fig. 7 and Supplementary Fig. 7), we specu-
lated that increasing Mirol expression ameliorates learning and
memory deficits in tauopathy mice. We asked whether elevated
Mirol expression prevents these behavioural abnormalities,
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Figure 7 Mirol-increased synaptic mitochondrial supply attenuates synaptic defects and alleviates neurodegeneration in tauopathy mouse brains.
(A and B) Representative images (A) and quantitative analysis (B) showing that increasing Miro1 expression prevents loss of presynaptic terminals in
the hippocampal mossy fibres of tauP301L transgenic (Tg) mouse brains at the age of 6-7 months. The area and the mean intensity of SYP-marked
presynaptic terminals were quantified and normalized to those of non-transgenic (non-Tg) mice infected with AAV-mCherry, respectively (B). (C and
D) Representative images (C) and quantitative analysis (D) showing that overexpression of Mirol protects against neuron death in the hippocampal
CA1 regions of tauP301L transgenic mouse brains. The number of NeuN-labelled neurons in hippocampal CA1 areas marked by rectangles was quan-
tified and normalized to that of non-transgenic mice expressing AAV-mCherry. Data were quantified from a total number of 35-40 imaging slice sec-
tions in non-transgenic and tauP301L transgenic mouse brains with AAV injection, respectively. Scale bars = 25 um (A and bottom panel in C); 250 ym

(top panel in C). Error bars represent SEM. Student’s t-test: ***P < 0.001.
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which are readily detectable in tauP301S transgenic mice. In the
open field test, 6-month-old tauP301S transgenic mice displayed
greater locomotion and less anxiety-like behaviour. This was evi-
denced by increased travel distance in the open field and more time
spent in the field centre, an indication of reduced anxiety. This sug-
gests that tauopathy mice were more hyperactive (Supplementary
Fig. 8B), a finding in agreement with previous studies.*>”>”®
Following AAV-mediated Mirol overexpression, there was no sig-
nificant effect on the hyperactivity of tauP301S mice
(Supplementary Fig. 8B). Phospho-tau accumulation in the prefront-
al cortex and amygdala was proposed to induce hyperactive behav-
iour.*>”778 Thus, our results suggest the persistence of brain regions
driving hyperlocomotor behaviour, which is resistant to Mirol
modulation.

We next performed the three-chamber test to examine soci-
ability and social recognition memory.*>’?#! Animals with normal
sociability show a preference for the chamber with a stranger
mouse over an empty chamber, a phenomenon indicated by
greater time spent in the stranger chamber. TauP301S transgenic
mice showed comparable social interaction as non-transgenic lit-
termate controls (Fig. 8A). During the social novelty preference/
recognition test that requires normal hippocampal function, non-
transgenic mice spent significantly longer time exploring the
chamber containing a novel, stranger mouse. However, tauP301S
transgenic mice failed to distinguish the stranger mouse from the
familiar mouse and spent similar time with the stranger mouse
relative to the familiar mouse (Fig. 8B). Our observations are con-
sistent with previous studies,*® suggesting that this tauopathy
mouse model has impaired social memory. Importantly, elevated
Mirol expression in tauP301S transgenic mice significantly
reverses this phenotype, as reflected by more time spent with the
stranger mouse (Fig. 8B). Thus, these results indicate that Miro1-
enhanced anterograde mitochondrial transport attenuates defects
in tauopathy-associated social recognition memory.

To assess spatial learning and memory, we conducted the
Morris water maze test in 7-month-old tauP301S transgenic mice
and non-transgenic littermates injected with AAV-mCherry-Mirol
or AAV-mCherry control. Mice were trained to find a hidden plat-
form across three training blocks (Blocks 2-4) on a single day and
with each block involving 3-4 acquisition trials, followed by mem-
ory testing in a 60-s probe trial at an hour after the last hidden-
platform training.®>%* Block 1 involved a flagged, visible platform
to establish escape behaviour. Non-transgenic mice with or with-
out Miro1l expression displayed similar latency to find the platform
during the hidden-platform training phase and favoured the target
quadrant in the probe trial (non-transgenic versus non-transgenic
+ Miro1; Fig. 8C and D), indicating that elevated Mirol expression
caused no adverse effects in learning and memory in non-trans-
genic mice. In contrast, tauP301S transgenic mice performed
poorly in both the acquisition phase and the memory probe tests,
as evidenced by longer latency on training blocks 3 and 4 and less
path length and less time in the target quadrant (non-transgenic
versus tauP301S transgenic). However, AAV-mediated Mirol over-
expression significantly improved learning and enhanced memory
retention in tauP301S mice that showed no detectable difference
from non-transgenic mice (Fig. 8C and D). Therefore, elevated
Miro1l expression in tauP301S transgenic mice ameliorates deficits
in spatial learning and memory tests.

Using a contextual fear conditioning task,®* we further exam-
ined the effects of Mirol expression on contextual memory in
mice at 7 months of age. TauP301S transgenic mice with or without
AAV-Mirol injection showed no significant difference from non-
transgenic littermates on the training task before the foot shock
(Fig. 8E). Non-transgenic mice injected with AAV-mCherry or AAV-
mCherry-Mirol exhibited contextual learning, with 41.77% and

Y.Y. Jeong et al.

45.34% of the time spent ‘freezing’ in the operant chamber in an-
ticipation of the shock, respectively (Fig. 8E). However, tauP301S
mice showed significant defects in this task, spending only 30.18%
of the time freezing. Our data are consistent with previous stud-
ies,***> suggesting defects in hippocampus-dependent memory in
this tauopathy mouse model. Importantly, tauP301S mice express-
ing Miro1l exhibited significant amelioration of the learning deficit
compared to tauP301S mice and performed similarly to non-trans-
genic mice. This result is in line with Mirol-mediated rescue
effects on synaptic defects (Fig. 7 and Supplementary Fig. 7), sug-
gesting that Mirol-enhanced healthy mitochondrial supply at tau-
opathy synapses is protective against the hippocampal-dependent
memory impairment in tauP301S transgenic mice.

Synaptic plasticity has long been proposed to be a cellular
mechanism underlying learning and memory. Given that we
detected a significant improvement in the hippocampal-depend-
ent behaviour in tauP301S transgenic mice with increasing Mirol
levels, we further performed long-term potentiation (LTP) record-
ings of the Schaffer collateral-CA1l pathway in the hippocampus
from non-transgenic and tauP301S transgenic mice with and with-
out overexpression of Mirol. Consistent with the results from pre-
vious studies,** the potentiation of the slope of field excitatory
postsynaptic potentials (fEPSPs) induced by high-frequency stimu-
lation is markedly reduced and remains low in tauP301S transgen-
ic mice compared to non-transgenic mice injected with AAV-
mCherry (Fig. 8F and G). However, elevated Mirol expression sig-
nificantly rescues the LTP defects in tauP301S mice. Collectively,
these results demonstrate that overexpression of Mirol exerts
beneficial effects on synaptic plasticity and cognitive function in
tauP301S transgenic mice.

Discussion

Neurodegeneration is thought to begin with the loss of presynaptic
terminals and proceed retrogradely in a dying-back process.
Synaptic stress occurs early in tauopathy brains and is associated
with soluble pathogenic forms of tau in the absence of tau tangles,
contributing to subsequent synapse loss and neurodegenera-
tion.*"**%® previous findings highlight a key role of soluble forms
of phospho-tau in perturbing synaptic function.”**#>8 Given that
mitochondrial disturbances have been indicated at early disease
stages of tauopathy, a fundamental question remains unanswered
as to whether mitochondrial defects are involved in the early syn-
aptic pathophysiology of tauopathy.

Our study uncovers, for the first time, an early mechanism by
which activation of the Parkin pathway drives tauopathy-linked
synaptic pathogenesis. We have revealed deficits in synaptic dis-
tribution of mitochondria in the brains of patients with tauopa-
thies and two different tauopathy mouse models, which is
associated with tauopathy well before axonal degeneration. Such a
defect is caused by defective mitochondrial anterograde move-
ment as a result of Parkin activation-induced excessive Miro1l deg-
radation. Thus, the supply of mitochondria to tauopathy synapses
is disrupted, impairing synaptic function. Furthermore, increasing
Mirol levels restores synaptic mitochondrial populations by
enhancing anterograde transport of mitochondria, which protects
against synaptic degeneration and cognitive impairment in tauop-
athy brains. It is important to note that mitochondrial retrograde
transport is unaltered in tauopathy axons, excluding the possibil-
ity of the traffic jam resulting from tau aggregation or microtubule
disassembly. We and others have demonstrated that retrograde
transport facilitates removal of damaged mitochondria from syn-
aptic terminals through Parkin-independent mechanisms for their
clearance within lysosomes in the soma of neurons.?*26:?7°8:89-92
These findings allow us to propose that defects in mitochondrial


https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab243#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab243#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab243#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab243#supplementary-data

Mitochondrial deficits in early tauopathy BRAIN 2022: 145; 305-323 | 319

A B C _ nhon-
onon-Tg o tauP301S onon-Tg o tauP301S — 222% + Miro1
onon-Tg + Miro1 o tauP301S + Miro1 onon-Tg + Miro1 o tauP301S + Miro1 tauP301S
400- . - - 400 5 tauP301S + Miro1
— : . * *_ _ns . 30
E 30049 . o = 300 p— 3 = = 25
g 200{ @ [{ m[F] =] =fF g 200{ % [ d FE & w20
7] . . : ;. . n = i 4 x : . g 15
2 400- . g 1004 |* i £ 10
= [ 4 5
0"Est Est Esi Esi 0 s1s2 s1s2 sis2 sis2 b
1 2 3 4
Sociability Social recognition o
D (Training blocks)
onon-Tg
o non-Tg + Miro1 E - non-Tg
- tauP301S onon-Tg + Miro1
o tauP301S + Miro1 . o tauP301S
E127 ___ns 70 . = 807 __ . - tauP301S + Miro1
s 1. g 601 : : o 100
% 1 1o, ige esal ‘céa 504 . * o 501 " . & n.s
E . § 404 E w0 . 8 80+
s ] g0l o F & N A
2 4 S 204 |- || a7l &P £ 40
g i 3= 101 3 : e 56
- 0 0 0 S 2 5w 5 B
E R ol o o e
_ : Habituation
@ 250 non-Tg non-Tg+Miro1 tauP301S tauP301S+Miro1 G
£ ’ ‘ O I‘lOI"I-Tg o 100- G
T Jl\f 1 | ) e o non-Tg + Miro1 = x
L v 2 J = z ] o tauP301S N 80 .
© . E .
o 200 2 |z 2 2 S % o tauP301S + Miro1 g = . ot
£ @ 2504 e = 601 2 w2
dekdk
s = E 401 :
- 1501 2 2004 [= o X
< s £ 5 201 o[
Y 2 150 o
2 L] = F 3 S0
» 100 ® non-Tg (n=13) 2 : 1004 e
o @ non-Tg + Miro1 (n=9) o
& 1 ® tauP301S (n=13) o 907
o tauP301S + Miro1 (n=10) w
W 50 T T T | = 0
-20 0 20 40 60

Time (min)

Figure 8 Elevated Miro1 expression improves behavioural performance and synaptic function in tau mice. (A and B) Elevated Miro1 expression ameli-
orates social recognition memory deficit in tauP301S transgenic mice (Tg) (n=10-14 male mice; 6-7 months of age). Three-chamber tests were
designed to measure both sociability (A) and social recognition memory (B). In the first session, sociability was measured with one chamber empty
(E) and one chamber containing a stranger mouse (S1), whereas in the second session, social recognition memory was assessed with both chambers
occupied: one housing the first, already-investigated familiar mouse (S1) and the other containing a novel stranger mouse (S2). In the first session, all
four groups of mice spent longer time in the chamber with S1 over the empty chamber (E) [non-transgenic (non-Tg): P < 0.05; non-transgenic with
Mirol: P < 0.05; tauP301S: P < 0.001; tauP301S with Mirol: P < 0.01; two-way ANOVA test] (A). In the second session, non-transgenic mice along with
tauP301S transgenic mice injected with AAV-mCherry-Mirol explored for longer in the chamber with S2 than in the familiar S1 chamber (P < 0.05;
two-way ANOVA test) (B). Exploration time for tauP301S transgenic injected with AAV-mCherry control showed no significant difference in the cham-
bers with the stranger mouse (S2) and the familiar mouse (S1) (P > 0.05; two-way ANOVA test). (C and D) Increasing Miro1 levels in tauP301S trans-
genic mouse brains prevents deficits in spatial learning and memory (n=10-11 male mice per genotype; 7 months of age). Non-transgenic and
tauP301S mice injected with AAV-mCherry control or AAV-mCherry-Mirol were trained in the Morris water maze on a single day with four training
blocks (three trials for block 1, which involved flagged platform training, and four trials each for blocks 2-4, which involved hidden-platform training).
An interval of 3min separated the initiation of each block. While time (latency) before reaching the platform was recorded, a probe trial (platform
removed) was conducted 1h after the last hidden-platform training. TauP301S transgenic mice show longer latency (time to find the hidden platform)
than non-transgenic mice in training blocks 3 and 4 (P < 0.05; two-way ANOVA test) (C). Elevated Mirol expression has no effect in non-transgenic
mice at any given training block, but results in improved task learning in tauP301S mice (P > 0.05) (C). In the probe trial, tauP301S mice injected with
AAV-mCherry, but not AAV-mCherry-Mirol, show less path length and less time in the target quadrant where the platform had previously been
placed (D). Two-way ANOVA analysis of these data reveals a significant difference of tauP301S mice compared to non-transgenic mice (P < 0.05) and
a rescue effect of AAV-mCherry-Mirol injection in tauP301S transgenic mice (P < 0.05) but not in non-transgenic mice. No statistical significance is
observed in total path length among all four groups of mice (D). (E) TauP301S transgenic mice injected with AAV-mCherry-Mirol exhibit improve-
ment in a hippocampus-dependent contextual fear conditioning task (n = 13-16 male mice; 7 months of age). All four groups show similar levels of
freezing before the foot shock. However, tauP301S transgenic mice display reduced levels of freezing 24 h after the foot shock when compared to
non-transgenic littermates (P = 0.027), which is attenuated by increasing Miro1 expression (P = 0.008; two-way ANOVA test). (F and G) Overexpression
of Miro1l restores impaired LTP in tauP301S transgenic mouse brains at the age of 7-8 months. The slope of fEPSP in response to high-frequency
stimulation (HFS: 100 Hz, three trains) delivered to the hippocampal Schaffer collateral-CA1 pathway from non-transgenic or tauP301S transgenic mice
with or without overexpression of Miro1 (F). Top: Example fEPSP traces taken before (1) or after (2) stimulation. Calibration: 0.4 mV, 10 ms. n = number
of slices per genotype. Quantification of average fEPSP slope in the last 10 min demonstrating impaired LTP in tauP301S transgenic mice and signifi-
cant improvement after Miro1 elevation (G). Two-way ANOVA (between groups) followed by Tukey’s HSD test. Error bars represent SEM. **P < 0.001;
**P < 0.01; *P < 0.05.



320 | BRAIN 2022: 145; 305-323

supply rather than abnormal retention of damaged mitochondria
at tauopathy synapses are likely a key mechanism underlying
early synaptic mitochondrial deficits and such a mechanism par-
ticipates in the pathogenesis of synaptic failure associated with
tauopathy.

Parkin-mediated mitophagy is initiated with Parkin transloca-
tion from the cytoplasm onto damaged mitochondria.'®?°* Using
long time-lapse live cell imaging in mature cortical neurons, we
have provided the first neuronal imaging evidence showing robust
induction of Parkin-mediated mitophagy upon mitochondrial
damage.*°! Several recent studies suggest a critical role of Parkin-
mediated mitophagy in Alzheimer’s disease pathophysiology.>>™*°
In the current study, we have demonstrated that Parkin-mediated
mitophagy is extensively activated in early tauopathy. Miro1 is a
known target of proteasomal degradation upon Parkin activa-
tion.?®32 Recent work from the Harper group has provided further
information on the dynamics and specificity of Parkin-dependent
ubiquitinylation in neurons. In the course of Parkin-mediated
mitophagy, the degradation of Mirol occurs early and is dispens-
able of Parkin-dependent subsequent ubiquitylation of a variety of
mitochondrial outer membrane proteins.> In line with this work
and our previous studies in normal neurons,”**”*>* tauopathy neu-
rons with 24-h CCCP treatment exhibited a reduction in Miro1 lev-
els with no detectable changes of other mitochondrial proteins
(Fig. 4C-E), indicating that Parkin activation-enhanced Miro1 turn-
over precedes mitophagy under tauopathy conditions. Moreover,
loss of Parkin, but not OPTN or NDP52, rescues defects in mito-
chondrial anterograde transport and distribution in the axons and
at the synapses of tauopathy neurons (Fig. 4H and I and
Supplementary Figs 4E, F, SA and B). This result suggests that
blocking Parkin but not mitophagy downstream of Parkin activa-
tion reverses such defects. Combined with the biochemical evi-
dence showing Miro1 reduction in tauopathy brains (Fig. 3E-H), we
propose that excessive Mirol degradation upon Parkin activation
leads to defective mitochondrial anterograde movement towards
tauopathy synapses. Importantly, increasing Miro1 levels enhan-
ces mitochondrial anterograde transport and protects against tau-
opathy-associated synaptic damage by restoring the synaptic
supply of mitochondrial pools. Therefore, our study provides the
first indication that extensive activation of the Parkin pathway
triggers synaptic mitochondrial deficits, serving as an important
mechanism underlying synaptic damage in stricken tauopathy
neurons (Supplementary Fig. 9).

Pathogenic tau-induced mitochondrial transport and distribu-
tion impairment has been described in multiple systems, but the
underlying mechanisms remain unclear. In a Caenorhabditis elegans
model expressing highly amyloidogenic tau species, mitochondrial
transport was perturbed by tau aggregation.”® Changes in mito-
chondrial transport were also detected in tauopathy mouse
brains,”* accompanied by a reduced number of axonal mitochon-
dria in cortical neurons derived from this model.*” Altered mito-
chondrial distribution was reported in Alzheimer’s disease patient
brains with tauopathies,’ which was correlated with the presence
of soluble, but not aggregated tau. While our current study is in ac-
cord with these previous findings from the mammalian systems,
we have further shown that mitochondrial anterograde movement
is selectively impaired in axons associated with soluble phospho-
tau accumulation. More importantly, defective anterograde trans-
port of mitochondria in tauopathy axons is attributed to Parkin
activation-enhanced Mirol turnover that can be reversed by
increasing Miro1 levels or blocking Parkin (Fig. 4A, B, H and I). Our
current work is in accord with recent studies showing the involve-
ment of increased mitophagy-linked excessive mitochondrial frag-
mentation and microtubule-dependent perinuclear clustering of
mitochondria in mitochondrial optic neuropathies.®*® Thus,
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besides the previously proposed models,’>*** our study has

uncovered a new mechanism underlying phospho-tau-linked
mitochondrial transport defects at the early disease stages, rele-
vant to the development of synaptic degeneration associated with
tauopathy.

Neuron-specific loss of Miro1l causes defects in Mirol-directed
mitochondrial movement, depletion of mitochondria from axons
and neurodegeneration in Drosophila and mouse models.”:?®
Recent studies reported Mirol deficiency in neurons expressing
amyotrophic lateral sclerosis-associated mutant SOD1, in the spi-
nal cord tissues of amyotrophic lateral sclerosis patients and
mouse models expressing SOD1 G93A or TDP-43 M337V.%10
Amyotrophic lateral sclerosis mutant SOD1 expression was shown
to decrease Miro1 levels.'® Interestingly, genetic ablation of Parkin
attenuates the reduction in Mirol levels and slows down motor
neuron loss and muscle denervation in a mutant SOD1 mouse
model,'® suggesting the involvement of the Parkin pathway in
amyotrophic lateral sclerosis-linked pathologies. In the current
study, we have provided direct evidence showing decreases in
Mirol levels in the brains of FTD patients, Alzheimer’s disease
patients with tauopathies and mouse models. Furthermore, we
have demonstrated that such a defect is linked to early tauopathy,
resulting from accelerated Miro1 turnover upon broad activation of
the Parkin pathway. Mirol deficiency halts mitochondrial antero-
grade movement and hence induces deficits in the synaptic distri-
bution of mitochondria, serving as an early mechanism underlying
synaptic failure in tauopathy. In line with our new findings, we
have further revealed that increasing Miro1 levels restores synap-
tic mitochondrial populations by reversing mitochondrial antero-
grade transport defects, thereby protecting against synaptic failure
and cognitive deficits in tauopathy mouse models. Thus, our cur-
rent study supports the premise that, as an effect of excessive
Parkin activation, Miro1 deficiency is likely a general defect behind
major neurodegenerative diseases associated with extensive mito-
chondrial stress, and further sheds light on a key mechanism
underlying the pathogenesis of early tauopathy-linked synaptic
dysfunction.

In summary, our work advances current knowledge of mitoph-
agy regulation in tauopathy neurons and provides new insights
into how extensive mitophagy activation induces synaptic mito-
chondrial deficiency and exacerbates synaptic damage in early
tauopathy. The study opens new avenues for specifically targeting
early synaptic dysfunction in tauopathies, and may have broader
relevance to other neurodegenerative diseases associated with
mitochondrial defects, altered mitochondrial quality control and
impaired axonal transport.
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