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PINK1 overexpression prevents forskolin-induced tau
hyperphosphorylation and oxidative stress in a rat

model of Alzheimer’s disease

Xiao-juan Wang', Lin Qi', Ya-fang Cheng’, Xue-fei Ji', Tian-yan Chi', Peng Liu' and Li-bo Zou'

PTEN-induced putative kinase 1 (PINK1)/parkin pathway mediates mitophagy, which is a specialized form of autophagy. Evidence
shows that PINK1 can exert protective effects against stress-induced neuronal cell death. In the present study we investigated the
effects of PINK1 overexpression on tau hyperphosphorylation, mitochondrial dysfunction and oxidative stress in a specific rat model
of tau hyperphosphorylation. We showed that intracerebroventricular (ICV) microinjection of forskolin (FSK, 80 umol) induced tau
hyperphosphorylation in the rat brain and resulted in significant spatial working memory impairments in Y-maze test, accompanied
by synaptic dysfunction (reduced expression of synaptic proteins synaptophysin and postsynaptic density protein 95), and neuronal
loss in the hippocampus. Adeno-associated virus (AAV)-mediated overexpression of PINK1 prevented ICV-FSK-induced cognition
defect and pathological alterations in the hippocampus, whereas PINK1-knockout significantly exacerbated ICV-FSK-induced
deteriorated effects. Furthermore, we revealed that AAV-PINK1-mediated overexpression of PINK1 alleviated ICV-FSK-induced tau
hyperphosphorylation by restoring the activity of PI3K/Akt/GSK3f signaling. PINK1 overexpression reversed the abnormal changes
in mitochondrial dynamics, defective mitophagy, and decreased ATP levels in the hippocampus. Moreover, PINK1 overexpression
activated Nrf2 signaling, thereby increasing the expression of antioxidant proteins and reducing oxidative damage. These results
suggest that PINK1 deficiency exacerbates FSK-induced tau pathology, synaptic damage, mitochondrial dysfunction, and
antioxidant system defects, which were reversed by PINK1 overexpression. Our data support a critical role of PINK1-mediated
mitophagy in controlling mitochondrial quality, tau hyperphosphorylation, and oxidative stress in a rat model of Alzheimer’s
disease.
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INTRODUCTION
Alzheimer’s disease (AD) is a chronic neurodegenerative disease and
the most common cause of dementia. The main symptoms are
memory loss and cognitive dysfunction [1]. Neurogenesis in nerve
cells containing hyperphosphorylated tau protein aggregates, which
are known as neurofibrillary tangles (NFTs), is a histopathological
marker of many neurodegenerative diseases, including AD, and
these conditions are collectively called tauopathies [2]. Mitochondria
are the energy producers of eukaryotic cells. Mitochondrial
dysfunction leads to reduced energy production and the release
of reactive oxygen species (ROS), resulting in neuronal damage [3].
Mitochondrial abnormalities, including morphological abnormalities,
have been found in patients with early-stage AD and in
experimental AD tauopathy models [4, 5]. In addition, mitophagy
inhibits tau pathology, and phosphorylated tau promotes mitochon-
drial dysfunction [6, 7]. Thus, the interaction between mitochondrial
dysfunction and tau pathology may form a vicious cycle and
exacerbate the development of tauopathies.

The cytoprotective PTEN-induced kinase 1 (PINK1)-parkin RBR
E3 ubiquitin protein ligase (PRKN)-mediated autophagy pathway

specifically eliminates damaged mitochondria (mitophagy) [8].
PINK1 is stable in the dysfunctional outer mitochondrial mem-
brane and then phosphorylates ubiquitin and parkin. Parkin
activation-mediated ubiquitination of mitochondrial outer mem-
brane proteins is a signal for the recruitment of autophagy
adaptors such as optineurin (OPTN), nuclear dot protein 52 kDa
(NDP52) and sequestosome 1 (p62/SQSTM1). Then, mitochondrial
autophagosomes are transported to lysosomes for degradation
[9]. Neurons in the dentate gyrus of the hippocampus in 3-month-
old mice exhibited high levels of mitophagy; in contrast,
mitophagic activity in hippocampal neurons was significantly
reduced in 21-month-old mice [10], suggesting that the expres-
sion of autophagy-related genes decreases with age [11]. The
overexpression of human tau in HEK293 cells, primary hippocam-
pal neurons, or the brains of C57 mice caused mitophagy defects
[12]. Wu et al. reported that mitophagy defects in neurons
increase the accumulation of damaged mitochondria, further
leading to tau protein aggregation, and tau protein aggregation in
turn exacerbates mitophagy defects, resulting in the loss of ATP
and eventually leading to neuronal death in the brain [13].
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The balance of mitochondrial fission and fusion dynamics is a
key factor that regulates mitochondrial shape, size, and number
and mediates correct mitochondrial shape and distribution, thus
allowing for the needs of high-energy cells to be met [14].
Mitochondrial fusion is mainly mediated by mitochondrial fusion
protein 1 (MFN1), mitochondrial fusion protein 2 (MFN2), and
optic nerve atrophy protein 1 (OPAT). Mitochondrial fission is
regulated by dynamic associated protein 1 (Drp1), fission protein 1
(FIS1), and mitotic factor [15]. In patients with mild cognitive
impairment (MCI) (the precursor stage of AD), mitochondrial
dysfunction is accompanied by high levels of ROS production, a
dynamic imbalance in mitochondrial fission and fusion, and
decreased function of the lysosomal system [16]. It was found that
the levels of phosphorylated tau protein, the mitochondrial fission
protein Drp1 and the fusion proteins MFN1, MFN2, and OPA1 were
increased in the brains of rats that were treated with okadaic acid
(@ PP2A inhibitor), indicating tau-dependent changes in mito-
chondrial dynamics [17]. Moreover, in HEK293 cells, hTau
enhanced MFN1, MFN2, and OPA1 protein expression [12].
Compared with age-matched WT mice, 6-month-old hTau
transgenic mice exhibited MFN1, MFN2, and OPA1 accumulation
in the brain [18]. Mitochondria are the source of intracellular ROS
production, and more than 90% of intracellular ROS are generated
by mitochondrial oxidative phosphorylation. NFTs formed by
hyperphosphorylated tau protein induce the production of
cytotoxic ROS and cause neuronal apoptosis [19, 20]. Recent
studies have shown that insoluble tau aggregates can induce
calcium influx, trigger the production of ROS by NADPH oxidase
and induce oxidative stress [21]. ROS-induced mitochondrial
dysfunction further increases the production of ROS, resulting in
a vicious cycle between mitochondria and ROS and ultimately
causing sustained oxidative damage to cells. Oxidative stress
caused by excessive ROS production is inseparable from defects in
the antioxidant system. The nuclear factor E2 related factor 2
(Nrf2) pathway is an important system that defends against
oxidative stress. In addition, there is evidence that Nrf2 regulates
mitochondrial function and metabolism [22].

Many studies have indicated that restoring neuronal PINK1
function could decrease AP levels in transgenic APP mice [23],
but data describing the relationship between tau and PINK1-
mediated mitophagy are limited. The expression of PINK1 and
Parkin was found to be significantly decreased in HEK293 cells
transfected with a plasmid expressing human wild-type full-
length tau [12]. PINK1-mediated mitophagy was shown to
reduce the level of hyperphosphorylated tau in SH-SY5Y
neuroblastoma cells overexpressing 2N4R, TN4R, and 2N3R tau
and enhance memory in a tau Caenorhabditis elegans model and
a 3xTg-AD mouse model [6]. However, there is no specific
animal model of tau hyperphosphorylation to study the
relationship between PINK1-mediated mitophagy and tau
hyperphosphorylation. GSK-33, PKA, and CaMKIl are the main
protein kinases that induce tau phosphorylation and contribute
to cognitive dysfunction in AD. In this study, we investigated the
simultaneous regulation of mitophagy, mitochondrial dynamics,
and Nrf2 signaling and sought to determine whether increasing
PINK1 expression could ameliorate tau hyperphosphorylation,
mitochondrial dysfunction, and oxidative stress induced by
forskolin and provide some insights and strategies for the
treatment of AD.

MATERIALS AND METHODS

Animals

Four-month-old PINK1-knockout rats (PINK1~/~, male, 250-280 g,
SD background) were obtained from Beijing Biocytogen Co., Ltd.
Age-matched SD rats (male, 250-280 g) were procured from Liao
Ning Chang Sheng Biotechnology Co., Ltd. The rats were divided
into six groups with ten rats in each group: AAV-GFP group, FSK/
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AAV-GFP group, PINK1~/~ group, FSK/PINK1~/~ group, AAV-PINK1
group, and FSK/AAV-PINK1 group. All rats were fed a normal
light diet and were allowed to freely consume water and food.
All experimental procedures were performed in accordance with
the laws and regulations of the People’s Republic of China for
the use and care of laboratory animals, as well as the guidelines
formulated by the Laboratory Animal Research Institute of
Shenyang Pharmaceutical University.

Adeno-associated virus gene delivery and ICV injection of FSK
The construction and packaging of the adeno-associated viral
overexpression vector was performed by Obio Technology
Corp., Ltd. (Shanghai, China). PINK1 overexpression was induced
by tail vein injection of the adeno-associated viral vector pAAV-
CMV-PINK1-P2A-EGFP-3FLAG (AAV-PINK1), and pAAV-CMV-MCS-
EGFP-3FLAG was used as the negative control (AAV-GFP). ICV
injection was carried out 6 weeks after tail vein injection of the
adenoviral vector. Rats were anesthetized with 2.5% Avertin
(T48402, Sigma-Aldrich, USA) by i.p. injection, and the head was
then fixed in a stereotaxic instrument with the rat in the supine
position. The coordinates of the injection site were determined
according to the stereotaxic Paxinos and Watson Atlas of the rat
brain and the literature. The coordinates of the lateral ventricle
were as follows: 0.8 mm posterior to the bregma, 1.5 mm lateral
to the sagittal suture, and 4.0 mm ventral. Rats were injected
with FSK (80 uM, 40 uyL) or an equal volume of vehicle in the
lateral ventricle [23, 24].

Y-maze test

The test was performed 48 h after FSK injection. The experiment
was conducted in a Y-shaped maze composed of three identical
wooden arms that were 40 cm long, 24 cm high, and 10 cm wide.
During the experiment, each rat was allowed to move freely in
the maze for 8 min, and the number of arms entered and
the sequence in which the arms were entered were recorded.
Entry into the three different arms in succession was defined
as a correct alternative reaction. The spontaneous alternation
rates of rats in each group were calculated as follows: alternation
% = number of successful alternations/(total number of entries
—2)x100.

Western blotting and antibodies

After the Y-maze test, hippocampal tissues were vigorously
homogenized in 100 pL of RIPA buffer (with proportional amounts
of a phosphatase inhibitor and protease inhibitor) per 10 mg of
tissue. After ultrasonic homogenization, the supernatant was
centrifuged at 12,000 x g for 15 min at 4 °C, and the sample was
diluted and denatured in a water bath at 100 °C for 5 min. Aliquots
of 25-30 ug of protein per lane were separated on 8%-12% SDS
polyacrylamide gels and transferred to polyvinylidene difluoride
membranes (Millipore). Then, 5% skim milk was used to block the
membranes for 1h at room temperature, and the membranes
were then incubated with the corresponding primary antibodies
overnight at 4°C. Primary antibodies specific for the following
proteins were used: SYP (Wanleibio, WL03058), PSD95 (Abcam,
ab76115), NeuN (Abcam, ab104224), OXPHOS (Abcam, ab110413),
PINK1 (Proteintech, 23274-1-AP), Parkin (Cell Signaling Technol-
ogy, 21325S), Drp1 (Abcam, ab56788), MFN1 (Abcam, ab57602),
MFN2 (Abcam, ab56889), OPTN (Proteintech, 10837-1-AP), OPA1
(Abcam, ab42364), LC3 (Sigma, L7543), VDAC1 (Wanleibio,
WL02790), B-actin (Santa Cruz Biotechnology, sc-47778), Tau
Ser214 (Abcam, ab170892), Tau Ser396 (Abcam, ab109390), Tau
Ser199/202 (Invitrogen, 44-768 G), Tau5 (Invitrogen, AHB0042),
PI3K Tyr467 (Sigma, SAB4504314), PI3K (Cell Signaling Technology,
4257), GSK3B Ser9 (Cell Signaling Technology, 5558), GSK3p
(Wanleibio, WL01456), AKT Ser473 (Proteintech, 66444-1-lg), AKT
(Wanleibio, WL0003b), HO1 (Abcam, ab68477), NQO1 (Abcam,
ab80588), Nrf2 (Abcam, ab137550), and Lamin B1 (Proteintech,
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12987-1-AP). Mitochondrial LC3 was isolated from total mito-
chondrial proteins according to the instructions of the Tissue
Mitochondrial Separation Kit (Beyotime, C3606), and the corre-
sponding mitochondrial reference protein VDAC1 was used.
Cytoplasmic and nuclear proteins were extracted according to
the instructions of the Nuclear and Cytoplasmic Extraction Kit
(Cwbiotech, CW0199S). The membrane was washed in PBS 3 times
for 10 min each and was then incubated with the corresponding
HRP-conjugated secondary antibody at room temperature for 1 h.
An enhanced chemiluminescence (ECL, Advanta) kit was used to
amplify the signals. Band densities were determined using Image-
Pro Plus analysis software (version 6.0; Media Cybernetics,
Baltimore, MD).

Measurement of complex IV enzymatic activity

The WB results showed that only the expression of mitochondrial
oxidative phosphorylation complex IV significantly changed.
Therefore, we measured the enzymatic activity of CIV. The
Complex IV Enzyme Activity Microplate Assay Kit (Abcam,
ab109911) was used to rapidly and simply evaluate the activity
of cytochrome ¢ oxidase. Briefly, 50 ug of brain tissue homogenate
was prepared, the protein concentration was adjusted to 5 mg/
mL, the reaction was initiated by adding an appropriate amount of
cytochrome c¢ substrate solution, and the mixture was incubated
at room temperature for 3 h. Then, a plate reader (Thermo Fisher,
Varioskan Flash) was set to the kinetic program, and the
absorbance at 550 nm was measured at 30°C for 120 min at
intervals of ~1 min.

Measurement of ATP levels

The level of ATP was determined with an ATP Bioluminescence
Assay Kit (Roche, 11699709001) according to the manufacturer’s
instructions. Hippocampal tissue was removed from the —80°C
freezer, added to the appropriate amount of lysis buffer,
incubated at 4°C for 1h, and centrifuged at 12,000 x g for 20
min. The supernatant was added to a 96-well plate, and the OD
value was measured at 562 nm.

Estimation of oxidative stress

Approximately 30 mg of frozen brain tissue was removed from the
—80 °C freezer and homogenized in 90 pL of ice-cold physiological
saline per 10 mg of tissue. The brain homogenate was centrifuged
at 2000 x g for 20 min at 4 °C, and the supernatant was collected
for further analysis. The protein concentration of the brain
homogenate was determined by a BCA protein assay kit. The
activities of glutathione peroxidase (GSH-PX), total superoxide
dismutase and nitric oxide (NO) synthase (NOS) and the levels of
malondialdehyde (MDA) and NO in brain homogenate super-
natant were examined according to the instructions provided by
the respective assay kits (Nanjing JianCheng Bio). The absorbance
values were measured by a plate reader (Thermo Fisher, Varioskan
Flash).

Immunofluorescence microscopy

Rat brains were fixed for more than 24 h in 4% paraformaldehyde
(PFA) in PBS (pH 7.4) at 4°C. For single immunofluorescence
staining (PINK1) or double immunofluorescence staining (NeuN
and MAP2), brain slices (5 um) were incubated at 60°C for 3 h.
Next, the slices were subjected to antigen retrieval by being boiled
in citrate buffer and heated in a microwave for 20 min. Then, the
slices were washed in PBS three times and blocked in 5% goat
serum containing 0.1% Triton X-100 for 1 h at 37 °C. Afterward, the
slices were incubated with primary antibodies against PINK1 (1:50,
Proteintech, 23274-1-AP), NeuN (1:3000, Abcam, ab104224) and
MAP2 (1:300, Proteintech, 17490-1-AP) overnight at 4 °C. The next
day, the slices were incubated at room temperature for 20 min
and washed with PBS 6 times for 5min each prior to being
incubated for 1h at 37°C with the following secondary
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antibodies: TRITC-conjugated goat anti-rabbit 1gG (H + L) (1:300,
ProteinTech, China) or FITC-conjugated donkey anti-mouse IgG
(H+L) (1:300, ProteinTech, China). Then, the brain slices were
sealed with an anti-fluorescence quenching blocking agent
containing DAPI. Finally, the specimens were examined under a
fluorescence microscope (Nikon, Japan). Image acquisition
was completed within parallel experiments and with the same
exposure times. The numbers of NeuN-positive cells in the
cerebral cortex and hippocampus were determined using ImagelJ
software. The percentage of the MAP2-positive area was
determined using Image-Pro Plus 7.0 software (Media Cybernetics,
Silver Spring, MD).

Transmission electron microscopy

We perfused the apex of the rat heart with 2% PFA and 2.5%
glutaraldehyde buffer and then fixed the hippocampal CA1 area
in 1 mm?> of ice-cold electron microscopy fixative for 24 h. The
samples were washed three times with PBST (0.1 M, pH 7.4) for
15 min each and then fixed with 1% osmic acid for 3 h. After
being washed in PBST, the samples were immersed in 50%, 70%,
90% gradient ethanol and acetone for dehydration, embedded
in araldite and polymerized, and 70nm ultrathin slices
were prepared by an LKB-1 slicer. The slices were stained with
uranyl acetate and lead citrate and then examined at 80 kV
under a transmission electron microscope (JEM-1200EX, JEOL,
Tokyo, Japan).

Statistical analysis

The results are expressed as the mean + standard error of the
mean (SEM). Statistical analysis was performed using IBM SPSS
Statistics 21.0 (Statistical Package for the Social Sciences, Chicago,
IL, USA). One-way analysis of variance (ANOVA) and Fisher's LSD
multiple comparison test (for data with homogeneity of variance)
or Dunnett’s T3 test (for data with heterogeneity of variance) were
used to determine statistical significance. A t test was used to
compare differences between two groups. Statistical significance
was assumed when P < 0.05.

RESULTS

PINK1 overexpression alleviates spatial working memory
impairments in ICV-FSK rats

Previous studies reported that ICV injection with the PKA activator
FSK-induced spatial memory deficits in rats in the Morris water
maze test 24-72 h after injection [24]. The most significant change
was seen at 48h. In this study, we used the Y-maze test to
evaluate the spatial working memory of rats 48 h after ICV FSK
injection (Fig. 1a). As shown in Fig. 1b, no significant differences in
the total number of arm entries were observed among the groups,
which indicated that although mutated PINK1 is a Parkinson’s
disease-related gene, the PINK1™~ rats used in this study did not
exhibit motor dysfunction at 4 months of age. By eliminating the
interference of motor dysfunction, we more accurately evaluated
the effect of PINK1 knockout on AB-induced spatial working
memory impairment. In the test, FSK/AAV-GFP rats and FSK/
PINK1~/~ rats showed similar performance, but FSK/AAV-PINK1
rats exhibited increased alternation behavior compared to FSK/
AAV-GFP rats, which demonstrated that increasing PINK1 expres-
sion alleviated spatial working memory impairments in ICV-FSK
rats (Fig. 1¢).

PINK1 overexpression attenuates neuronal loss and synaptic
damage in the hippocampus of ICV-FSK rats

Western blot analysis confirmed that hippocampal extracts from
PINK1-transduced rats showed dramatic overexpression of PINK1
compared to those of rats that were transduced with the GFP
vector (Fig. 2a, b). Compared with that in FSK/AAV-GFP rats, PINK1
expression in FSK/AAV-PINK1 rats was significantly elevated. In
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Fig. 1

PINK1 overexpression alleviates spatial working memory impairment in ICV-FSK rats. a Schematic diagram of the experimental

design. The Y-maze test was performed 48 h after ICV FSK injection. b Number of arm entries in the Y-maze test in each group. ¢ Alternation
behavior in the Y-maze test in each group. The data are expressed as the mean = SEM; n = 10 for each group, *P < 0.05, **P < 0.01.

addition, the confocal imaging results were consistent with the
immunoblotting results (Fig. 2c).

Double immunofluorescence staining of NeuN (a neuronal
marker, green) and MAP2 (a dendrite marker, red) was used to
evaluate changes in NeuN and MAP2 in the cerebral cortex and
hippocampal region. In FSK/AAV-GFP rats, the numbers of NeuN-
positive cells showed marked reductions, and the percentage areas
of MAP2-positive cells also robustly decreased in the cerebral
cortex, hippocampal CA1, and dentate gyrus regions compared to
those in AAV-GFP rats. PINK1 overexpression dramatically reduced
neuronal loss in the corresponding area compared to that in FSK/
AAV-GFP rats (Fig. 2d-g). The change in NeuN expression in the
hippocampus was similar, as shown by Western blot analysis
(Fig. 2h, i). The neurobiological basis of learning and memory
formation depends on changes in synaptic plasticity. SYP and
PSD95 are the core proteins in the construction of synaptic
structures. It has been reported that PINK1 overexpression can
improve synaptic function and reduce synaptic damage in mAPP
mice [25]. Our results showed that compared with that in the AAV-
GFP group, the expression of SYP and PSD95 in the FSK/AAV-GFP
group was significantly decreased, and a greater decrease was
observed in the FSK/PINK1~'~ group. This decrease was prevented
by PINK1 overexpression (Fig. 2h, i), suggesting that increasing
PINK1 expression alleviated neuronal loss and synaptic injury
induced by ICV-FSK injection in rats.

PINK1 overexpression alleviates tau hyperphosphorylation
induced by ICV FSK injection by restoring the PI3K/Akt/GSK3(3
pathway

To explore whether mitochondrial defects could exacerbate tau
hyperphosphorylation and whether PINK1 overexpression could
reduce the accumulation of hyperphosphorylated tau induced by
FSK, we analyzed the level of tau that was hyperphosphorylated at
Ser214, Ser396, and Ser202. Compared to AAV-GFP rats, FSK/AAV-
GFP rats showed higher levels of tau hyperphosphorylation at all
three sites, and these increases were enhanced by PINK1 knockout
and reduced by PINK1 overexpression (Fig. 3a, b), suggesting that
PINK1 overexpression reduced the FSK-induced accumulation of
hyperphosphorylated tau. GSK3f is an important protein kinase
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that regulates tau hyperphosphorylation in the brains of AD
patients. PI3K and Akt are upstream kinases that phosphorylate
GSK3f3 at Ser9 and inhibit GSK3( activity [26]. We examined
whether PINK1 was involved in the regulation of tau phosphor-
ylation through the PI3K/Akt/GSK3p signaling pathway. Decreased
levels of Akt phosphorylation at Ser473 (the activated form),
GSK3p phosphorylation at Ser9 (the inactivated form) and PI3K
phosphorylation at Tyr467 were observed in FSK/AAV-GFP rats
compared to AAV-GFP rats. These effects were reversed by PINK1
overexpression (Fig. 3c-f). There were no obvious differences in
the levels of total GSK3B, Akt, and PI3K between the groups
(Fig. 3g). Taken together, these results suggest that the inhibitory
effect of PINK1 on tau hyperphosphorylation may be mediated by
the PI3K/Akt/GSK3p signaling pathway.

PINK1 overexpression regulates mitochondrial ultrastructure,
OXPHOS subunit abundance, and mitochondrial fission/fusion in
the hippocampus of ICV-FSK rats

Normal mitochondrial structure is crucial for maintaining mito-
chondrial function. Our investigation showed that the mitochon-
drial structure in the CA1 area of the hippocampus in the control
group was complete, the matrix was uniform, and the cristae
were arranged neatly and tightly. In the AAV-GFP/FSK group and
PINK1™/~ group, most of the mitochondria were abnormal in
morphology, the cristae were broken, and matrix density was lost.
The mitochondria in the FSK/PINK1™'~ group were swollen and
vacuolated, and the cristae were completely lost. PINK1 over-
expression ameliorated FSK-induced mitochondrial structural
damage, and the results showed that the mitochondrial structure
in FSK/AAV-PINK1 rats was complete, the outer membrane and
cristae were clear, and there was reduced vacuolization and cristae
loss in mitochondria (Fig. 4a). The assembly and efficiency of the
mitochondrial oxidative phosphorylation (OXPHOS) complex (Cl-
CV) are determined by the inner membrane structure of
mitochondria [27], which links mitochondrial morphology with
function [28]. Western blot analysis showed that there were no
significant changes in the expression of Cl, ClI, or Clll among the
groups. The expression and enzymatic activity of CIV significantly
increased (Fig. 4b-d), while ATP levels (Fig. 4e) significantly
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AKT PI3K

FSK-induced tau hyperphosphorylation by restoring PI3K/Akt/GSK3pB pathway activity.

a Immunoblot analysis of hippocampal tissue with antibodies against Tau S396, Tau S214, Tau S202, and Tau5. b Quantification of the
band densities of Tau S396, Tau S214, and Tau S202. ¢ Immunoblot analysis of hippocampal tissue with antibodies against p-GSK3p (Ser9),

p-AKT (Ser473), p-PI3K (Tyr467), GSK3p, AKT, and PI3K. d-g Quantification of the band densities of p-GSK3p (Ser9),

p-AKT (Ser473), p-PI3K

(Tyr467), GSK3p, AKT, and PI3K. The data are expressed as the mean = SEM; n =5 for each group, *P < 0.05, **P < 0.01, ***P < 0.001.

decreased in FSK/AAV-GFP rats compared to AAV-GFP rats. PINK1
knockout exacerbated the FSK-induced decrease in ATP. This
change was reversed by PINK1 overexpression.

Mitochondria are in a dynamic balance of fission and fusion to
maintain morphology and function [20]. The key proteins that
regulate mitochondrial fission and fusion include the fission
protein Drp1, mitochondrial inner membrane fusion protein
OPA1, and mitochondrial outer membrane fusion protein
MFN1/2 [29]. There was no obvious change in the expression
of the mitochondrial fission protein Drp1 among the groups
(Fig. 4f, g). We found that the amount of MFN2 (but not MFNT1)
was markedly increased in FSK/AAV-GFP rats compared to
AAV-GFP rats. Upregulation of MFN1 and MFN2 was observed in
the hippocampus of FSK/PINK1 '~ rats compared with FSK/AAV-
GFP rats. PINK1 overexpression reversed the increase in MFN1 and
MFN2 expression in the rat hippocampus. Compared with that in
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FSK/AAV-GFP rats, the expression of OPA1 was slightly but not
significantly decreased in AAV-PINK1 rats (Fig. 4f, g).

These results strongly indicate that tau hyperphosphorylation is
related to changes in mitochondrial dynamics and OXPHOS
structure and function. Increasing PINK1 expression reverses the
abnormal changes in mitochondrial dynamics and OXPHOS
subunits induced by tau hyperphosphorylation in ICV-FSK rats.

PINK1 overexpression activates the mitophagy signaling pathway
in the hippocampus of ICV-FSK rats

Defective mitophagy plays a critical role in AD development and
progression [6]. We found that the expression of the mitophagy
receptors Parkin, OPTN. and NDP52 was significantly decreased in
the hippocampus of FSK/AAV-GFP rats compared with AAV-GFP
rats. Interestingly, compared with that in FSK/AAV-GFP rats, the
expression of these proteins in FSK/PINK1™/ rats was significantly

SPRINGER NATURE

1921



PINK1-mediated mitophagy prevents tau pathology

XJ Wang et al.

1922

b Forskolin =

PINK1-/- =
AAV-GFP +
AAV-PINK1 -

1 4+ 1+
+
1
1

Clll-UQCRC2 W
CIv-coxi | = -

ClI-SDHS | s amn cmn ann sumn ous

CI-NDUFBS8 | == e amm . s ane

B-actin (s e e e e e 43

C — AAV-GFP 3 PINK1-/-+Forskolin
zzz AAV-GFP+Forskolin = AAV-PINK1
Te 3 = PINK1-/- mn AAV-PINK1+Forskolin
€
o *
kDa S —
o 2 *
48 3
40 © L
()] -
30 £ 1] :
S =
-20 - =
g o =

f Forskolin
PINK1-/- -
AAV-GFP +

AAV-PINK1

- op -
- o f o o
fF = = = -

2.5

Fold change over control

* kpa
Drp1 [ e e | 32

MFN1 [ e s amp — |34
B-actin [wee e ww a® o= w43
MFN2 [ auib et @-— & |36 Forskolin
OPA1 |- -0 = ml -1-111 AAV-GFP
B-actin [uw eus <> > @ @®| 13  AAV-PINK1

Complex| Complexll ComplexIll Complex IV

d e

2 =

E:ZOO %1'5

S 2150 s

=5 c 1.0

x ©100 k)

O u= o

a8 L 0.5

E g Bl o

o =

© 0 < 0.0
- + - + - + Forskolin - + - + - +

PINK1-/- = - + + - = PINK1-/- - - + + - -
+ + - - - - AAV-GFP + + - - - =~
= = o= = & & AAV-PINK1 - - - - + +

—t_ * & — 3 AAV-GFP
= = S. AAV-GFP+Forskolin
1 &R PINK1-/-
R PINK1-/-+Forskolin
. £3 AAV-PINK1

X000

'a®

&

0% %%%.0202%.%.%

e,

D AAV-PINK1+Forskolin

Drp1 MFN1 MFN2 OPA1

Fig.4 PINK1 overexpression regulates mitochondrial ultrastructure, OXPHOS subunit abundance, and mitochondrial fission/fusion in the
hippocampus in ICV-FSK rats. a Representative images of mitochondrial ultrastructure in the hippocampal CA1 region. Scale bar: 1 pum.
Zoomed scale bar: 0.2 um. The yellow arrow indicates dark mitochondria with uniform matrices filled with densely packed and regularly
distributed cristae, the blue arrow indicates mitochondria with disrupted cristae and lost matrix density, and the red arrow indicates swollen
mitochondria with vacuolization and the complete loss of cristae. The data were obtained from two independent experiments performed in
duplicate. b Immunoblot analysis of the hippocampus with antibodies against OXPHOS. ¢ Quantification of the band densities of complex I-
NDUFB8, complex II-SDH8, complex llI-UQCRC2, and complex IV-COXIl. d A Complex IV Enzyme Activity Microplate Assay Kit was used to
determine the activity of cytochrome c¢ oxidase. e The level of ATP was determined by an ATP Bioluminescence Assay Kit. f Inmunoblot
analysis of the hippocampus with antibodies against Drp1, MFN1, MFN2 and OPA1. g Quantification of the band densities of Drp1, MFN1,
MFN2, and OPA1. The data are expressed as the mean + SEM; n =5 for each group, *P < 0.05, **P <0.01, ***P < 0.001.

increased. This increase may be a compensatory self-protective We isolated mitochondria from the hippocampus and estimated
response to PINK1 knockout. In contrast, PINK1 overexpression the expression levels of LC3 and p62/SQSTM1. The level of LC3-II
increased the expression of Parkin and OPTN in the rat (an autophagosome marker), which is the active form of LC3, was

hippocampus (Fig. 5a—d).
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significantly decreased in FSK/AAV-GFP rats compared to AAV-GFP
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rats. PINK1 overexpression significantly increased the expression
of LC3ll in rats (Fig. 5e). FSK injection obviously upregulated the
expression of p62 (an autophagy adaptor protein) compared with
that in the AAV-GFP group (Fig. 5f). Western blot analysis was also
used to evaluate the expression of the lysosomal markers LAMP1
(lysosomal associated membrane protein 1) and CatB (cathepsin B,
a lysosomal acidic protease). There was no dramatic difference in
the expression of LAMP1 among the groups (Fig. 5g), but
compared with that in the AAV-GFP group, the Mat-CatB (mature
cathepsin B) level was significantly decreased in the FSK/AAV-GFP
group (Fig. 5h). Moreover, FSK-induced lysosomal dysfunction was
reversed by PINK1 overexpression. Accordingly, hyperphosphory-
lated tau inhibited mitophagy and impaired lysosomal function,
and these effects were reversed by PINK1 overexpression.

PINK1 overexpression prevents oxidative stress-induced damage
in the hippocampus of ICV-FSK rats
Tau hyperphosphorylation causes an imbalance in the oxidant and
antioxidant systems. Pathological defects in mitophagy may be
caused by mild oxidative stress resulting from mitochondrial ROS
or oxidized protein aggregates [27]. The activities of GSH-PX
(Fig. 6a) and SOD (Fig. 6b) in the hippocampus of FSK/AAV-GFP
rats were lower than those in AAV-GFP rats, while the activity of
NOS (Fig. 6¢) and the levels of NO (Fig. 6d) and MDA (Fig. 6e) were
higher. PINK1 knockout exacerbated oxidative stress-induced
damage in rats. Compared with those in FSK/AAV-GFP rats, the
activities of GSH-PX and SOD were significantly decreased, and the
activity of NOS and the levels of NO and MDA were further
increased in FSK/PINK1 ™/~ rats. These changes in the hippocam-
pus in AAV-FSK rats were reversed by increasing PINK1 expression.
These results indicate that increased PINK1 expression/activity
markedly alleviates the oxidative stress induced by ICV FSK
injection in rats.

Nrf2 is a key regulatory protein of the endogenous antioxidant
defense system that can activate the transcription of downstream
antioxidant enzymes to respond to oxidative stress [28].

SPRINGERNATURE

Furthermore, Nrf2 has been shown to regulate mitochondrial
function and metabolism [29]. The Western blot results showed
that the expression of Keap1 and cytosolic Nrf2 was upregulated,
while the expression of nuclear Nrf2 and the antioxidant proteins
HO1 and NQO1 was downregulated in FSK/AAV-GFP rats
compared to AAV-GFP rats. As expected, compared with FSK/
AAV-GFP rats, FSK/AAV-PINK1 rats showed lower expression levels
of Keapl and cytosolic Nrf2 and higher expression levels of
nuclear Nrf2, HO1, and NQO1 (Fig. 7a-f). Thus, PINK1 over-
expression activates the Nrf2 pathway, increases the expression of
antioxidant proteins and reduces oxidative damage in the
hippocampus in ICV-FSK rats.

DISCUSSION

AD is the most common cause of dementia, and in addition to AB,
microtubule-associated protein Tau and NFTs are potential
contributors to AD pathogenesis [9, 30]. The aggregation of
hyperphosphorylated tau is associated with mitochondrial
damage, oxidative stress and structural and functional changes
in neurons in AD [31]. Effective clearance of damaged mitochon-
dria is the key mechanism controlling mitochondrial quality.
Mitophagy is an important process for the removal of damaged
mitochondria [32]. In the AD brain, intracellular accumulation of
wild-type full-length tau was shown to inhibit mitophagy [12].
Mitochondrial abnormalities were also observed in transgenic
mice expressing a P301L tau mutant [33, 34]. The PINK1/Parkin
pathway is the main pathway that mediates mitophagy. The
literature reports that PINK1 overexpression extends the lifespan
of Drosophila melanogaster and protects against cerebral
ischemia in rats [35, 36]. Therefore, PINK1 activation may have a
neuroprotective effect. In the current study, we provide evidence
of multiple PINK1-dependent pathways that are relevant to tau
pathology, oxidative stress, mitochondrial damage, neuronal loss,
synaptic damage, and cognitive dysfunction in a specific rat
model of tau hyperphosphorylation induced by PKA activation.
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More importantly, we also found that PINK1 overexpression
prevented cognitive impairment and multiple tau-associated
pathological changes.

A study reported that intracerebroventricular injection of 80
pumol of FSK induced tau hyperphosphorylation in the rat brain
and resulted in memory impairment [24]. We used 4-month-old
PINK1~/~ rats, which have normal motor and cognitive functions
(unpublished data), to investigate the relationship between PINK1
expression and AD-like pathology in a model of ICV FSK injection.
PINK1 knockout did not enhance ICV FSK injection-induced spatial
working memory deficits in rats, and PINK1 overexpression
improved the performance of rats in the Y-maze test. Imaging
studies and postmortem examinations of AD patients showed
significant decreases in brain volume and the number of neurons,
indicating severe neuronal loss [37, 38]. We found that the number
of cells positive for the neuron marker NeuN was significantly
decreased in the cerebral cortex and hippocampal region in FSK/
AAV-GFP rats. The injection of AAV-PINK1 prevented the loss of
neurons. The percentage areas of MAP2-positive cells and the
expression levels of the synaptic marker proteins PSD95 and SYP
were also decreased in the hippocampus after ICV-FSK injection,
and these effects were inhibited by AAV-PINK1 injection. PINK1
overexpression alleviated synaptic damage and neuronal loss in
the cerebral cortex and hippocampus in ICV-FSK rats.

Evidence has shown that PINK1 expression is related to amyloid
pathology [25]. However, there is no specific animal model of tau
hyperphosphorylation to study the relationship between PINK1-
mediated mitophagy and tau hyperphosphorylation. Protein
kinases, such as GSK-3B, PKA, and CaMKIl, can induce tau
phosphorylation and contribute to cognitive dysfunction in AD.
Therefore, we used an ICV-FSK (a PKA activation) rat model to
induce tau hyperphosphorylation, which eliminated A interfer-
ence, and investigated whether PINK1 expression was also related
to tau pathology. We found that PINK1 deficiency increased the
accumulation of hyperphosphorylated tau, and PINK1 overexpres-
sion decreased hyperphosphorylated tau accumulation. Abnormal
hyperphosphorylation of tau is thought to be caused by an
imbalance in specific tau kinase and phosphatase activities
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[39, 40]. Among the two major categories of protein kinases,
PKA, a nonproline-directed protein kinase, plays an important role
in the hyperphosphorylation of the AD-associated tau protein.
Previous studies have shown that PKA can be activated by FSK
and that injection of FSK into the rat brain results in tau
hyperphosphorylation and spatial memory impairment [41-43].
GSK3f and PKA have a positive synergistic effect; in other words,
tau protein that is first phosphorylated by PKA is more easily
hyperphosphorylated by GSK3B [23, 44]. PI3K/Akt are the
upstream kinases that phosphorylate GSK3 at Ser9 and inhibit
GSK3B activity [26]. In our study, decreased levels of Akt
phosphorylated at Ser473 (the activated form), GSK3 phosphory-
lated at Ser9 (the inactivated form) and PI3K phosphorylated at
Tyr467 were observed in FSK/AAV-GFP rats. These effects were
reversed by PINK1 overexpression. These results suggest that the
inhibitory effect of PINK1 on tau phosphorylation may be
mediated by the PI3K/Akt/GSK3f signaling pathway.
Mitochondria are the main source of cellular energy production
in the form of ATP via OXPHOS [40]. Mitochondrial complexes |, Il,
lll, and IV, which collectively compose the electron transport chain
and ATP synthase (complex V), are embedded in the inner
mitochondrial membrane (IMM) [45]. Previous studies have
reported increased OXPHOS gene expression in the hippocampus
in MCl patients [46]. The mRNA levels of OXPHOS complexes llI
and IV were increased in brain specimens from patients with both
early and defined AD [47]. Hirai et al. also showed that pyramidal
neurons exhibited increased levels of mtDNA and cytochrome
oxidase (complex IV) in the AD hippocampus [48]. These results
are consistent with our results. Abnormally hyperphosphorylated
tau significantly increased the expression and activity of complex
IV, but there were no significant changes in the expression or
activity of complexes |, Il, and lll. PINK1 overexpression restored
the level of complex IV. We also found that PINK1 deficiency
exacerbated the reduction in ATP induced by hyperphosphory-
lated tau, and this effect was prevented by PINK1 overexpression.
Fission and fusion are two major processes associated with
mitochondrial dynamics. The balance of mitochondrial fission and
fusion regulates the number, shape, and size of mitochondria. To
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investigate the effect of PINK1 and hyperphosphorylated tau on
mitochondrial dynamics, we assessed the levels of Drp1 as a
fission marker and OPA1, MFN1, and MFN2 as fusion markers. We
found that hyperphosphorylated tau significantly increased the
expression of MFN2. PINK1 deficiency enhanced the increase in
MFN1 and MFN2 expression induced by hyperphosphorylated tau.
However, PINK1 overexpression decreased the expression of
fusion proteins. PINK1 overexpression may promote the degrada-
tion of MFN1 and MFN2 by ubiquitination. In Drosophila
expressing human R406W tau, the brains of rTg4510 and K3 mice
[49], and THY-Tau22 mice with early-stage tau pathology,
elongation of the mitochondrial network was observed [20].
Overexpression of human wild-type tau (htau) increased the levels
of the fusion proteins OPA1 and MFN1/2 and resulted in
mitochondrial elongation [18]. Damaged and energy-deficient
mitochondria can be selectively degraded by mitophagy. In AD
patients with APP mutations or two copies of ApoE4, mitophagy
was found to be impaired [6]. The PINK1/parkin-mediated
mitophagy pathway plays an important role in the clearance of
damaged mitochondria. In healthy mitochondria, PINK1 enters the
IMM and is degraded by proteolytic enzymes [50]. When
mitochondria are damaged, PINK1-induced parkin accumulates
on mitochondria and then mediates VDAC1 ubiquitination and
recruits mitophagy receptors and LC3. Subsequently, mitochon-
drial autophagosomes are degraded by lysosomes [51]. The mRNA
and protein levels of PINK1, parkin, and other mitotic phagocytic
and autophagic proteins were found to be decreased in AD
patients and AD transgenic mice [52]. In this study, abnormally
hyperphosphorylated tau inhibited mitophagy and impaired
lysosomal function, as indicated by decreased expression of
mitochondrial LC3Il, the accumulation of the autophagy adapter
p62/SQSTM1, and decreased expression of the mitophagy
receptors Parkin, OPTN, and NDP52 and the lysosomal hydrolase
Cathepsin B. PINK1 overexpression rescued defective mitophagy
and lysosomal dysfunction. The literature reports that silencing
PINK1 impairs mitophagy but does not decrease the expression of
Parkin in primary Kupffer cells or kidney cortex tissues in mice
[53, 54]. Parkin upregulation could not reverse the effects of PINK1
knockdown. Therefore, PINK1 kinase activity but not Parkin or
OPTN activity is crucial for PINK1/Parkin/OPTN pathway-mediated
mitophagy. In this study, although there was an increase in the
expression of mitophagy receptors after PINK1 knockout, the
mitophagy level was still inhibited.

Accumulating evidence shows that almost all macromolecules
in the brains of AD patients have increased oxidative damage
[55]. Approximately 90% of ROS are generated by mitochondria,
and excessive ROS accumulation results in oxidative stress. The
increase in oxidative stress may be both the cause and
consequence of mitochondrial dysfunction [56]. Nrf2 is a key
regulatory protein in the endogenous antioxidant defense
system. Under oxidative stress conditions, Nrf2 translocates to
the nucleus, activates antioxidant response elements, and
promotes the expression and activity of downstream antioxidant
proteins (such as HO1 and NQO1) and antioxidant enzymes (such
as SOD and GSH-PX) [57]. The level of MDA, a product of lipid
peroxidation, is increased in many brain regions affected by AD
and MCI [58], while the glutathione level is decreased in an AD-
dependent manner [59]. In our study, the nuclear level of Nrf2
was decreased in the hippocampus of FSK-induced AD rats; the
expression or activity of the downstream antioxidant enzymes
HO-1, NQO1, SOD, and GSH-PX was decreased; and the activity of
NOS and the levels of NO and MDA were increased. These effects
were reversed by PINK1 overexpression. In contrast, PINK1
deficiency exacerbated FSK-induced oxidative damage in the
hippocampus of AD rats.

In summary, the results of the present study suggest that PINK1
deficiency exacerbates ICV FSK-induced tau pathology, synaptic
damage, mitochondrial dysfunction and oxidative damage in this
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rat model of tau hyperphosphorylation. These changes were
reversed by PINK1 overexpression (Fig. 8). Therefore, our data
support a critical role of PINK1-mediated mitophagy in controlling
mitochondrial quality, tau hyperphosphorylation, and oxidative
stress in an AD rat model.
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