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Abstract

Alzheimer’s disease (AD) is a progressive and degenerative disorder accompanied by cognitive decline, which
could be promoted by mitochondrial dysfunction induced by mitochondrial Ca2* (mCa2*) homeostasis Mi-
tochondrial calcium uniporter (MCU), a key channel of mCa2* uptake, may be a target for AD treatment. In the
present study, we reveal for the first time that MCU knockdown in hippocampal neurons improves the memory
performance of APP/PS1/tau mice through radial arm maze task. Western blot analysis, transmission electron
microscopy (TEM), Golgi staining, immunohistochemistry (IHC) and ELISA results demonstrate that MCU knock-
down in hippocampal neurons upregulates the levels of postsynaptic density protein 95 (PSD95) and synaptophysin
(SYP), and increases the numbers of synapses and dendritic spines. Meanwhile, MCU knockdown in hippocampal
neurons decreases the neuroinflammatory response induced by astrogliosis and high levels of IL-18 and TNF-a, and
improves the PINK1-Parkin mitophagy signaling pathway and increases the level of Beclin-1 but decreases the level
of P62. In addition, MCU knockdown in hippocampal neurons recovers the average volume and number of mi-
tochondria. These data confirm that MCU knockdown in hippocampal neurons improves the memory performance
of APP/PS1/tau mice through ameliorating the synapse structure and function, relieving the inflammation response
and recovering mitophagy, indicating that MCU inhibition has the potential to be developed as a novel therapy for
AD.
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Introduction

Alzheimer’s disease (AD) is considered to be the most common
progressive neurodegenerative disease and the leading cause of
dementia, with gradual deterioration of cognitive ability in
individuals [1]. It has been predicted that the number of AD
patients will be more than 110 million by 2050 due to the increasing
aging population worldwide [2]. Several treatment strategies for AD
have failed or are forced to stop due to serious side effects [3].
Importantly, AD is difficult to diagnose at the early stage. Therefore,

effective and early therapeutic intervention is essential to reduce or
stop the progression of AD [4].

In recent years, mitochondrial dysfunction in AD patients has
attracted increasing attention [5]. One study showed that female
amyloid precursor protein (APP)/presenilinl (PS1)/tau transgenic
AD mice developed mitochondrial dysfunction at three months of
age. Female APP/PS1/tau mice showed typical pathological
features of AD, including amyloid plaques, tau tangle formation
and degeneration of neurons at six months of age [6]. Based on
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consistent evidence, the mitochondrial theory of AD put forward by
scientists [7] is that mitochondrial dysfunction directly promotes
the development of AD from an early age [8,9].

The imbalance of mitochondrial calcium (mCa?*) homeostasis is
an important cause of mitochondrial dysfunction [10,11]. The
mCa?* uniporter (MCU) complex, localized in the inner mitochon-
drial membrane (IMM), is a key channel of mCa?* uptake and is
widely expressed in different cell types, including neurons [12].
MCU is the pore-forming homo-oligomer subunit, and loss of this
subunit results in complete loss of MCU complex function [13,14].
Harrington et al. [15] first created MCU-KO mice and confirmed that
in contrast to control (C57) mice, the mitochondrial uptake of Ca?*
in MCU-KO mice was significantly reduced [15]. In contrast, high
expression of MCU, which was observed in the hippocampus of
APP/PS1/tau mice in our experiment, could induce high mCa?*
uptake, ultimately leading to mitochondrial dysfunction [15].
Therefore, MCU might play an important role in the development
of AD [16].

In the present study, we investigated the therapeutic potential of
MCU knockdown in hippocampal neurons in APP/PS1/tau mice
and explored the possible mechanisms by which MCU knockdown
ameliorates neuronal function and memory formation.

Materials and Methods

Animals

A total of 63 amyloid precursor protein (APP)/presenilinl (PS1)/tau
female mice (eight months old) containing three gene mutations
(PS1M146V, APPSwe and tauP301L), were obtained from Jackson
Laboratory (Bar Harbor, USA). Totally, 21 wild-type (WT) female
mice (eight months old) with the same genetic background (C57BL/
6J) purchased from the Animal Research Center of Shanxi Medical
University were used as control mice. Compared with APP/PS1/tau
male mice, female mice showed more progressed pathological
characteristics in the brain and cognitive behavior impairments.
Therefore, to reduce the difference caused by sex on pathological
characteristics and cognitive behavior, APP/PS1/tau female mice
were selected in our study. Mice were kept in an independent air
supply system with a 12 h/12 h light-dark cycle at 23 +2°C and
55% % 5% humidity and supplied with standard food and water. All
animal experimental procedures were approved by the Institutional
Animal Care Committee of Shanxi Medical University.

Injection of adeno-associated virus (AAV)-9 containing a
neuron-specific promoter hsyn in the hippocampus
AAV-9 (1x10" pg/mL) containing hsyn, coating Control-shRNA
and MCU-shRNA (Hanheng Biotechnology Co., Ltd, Shanghai,
China) were employed. Sequence of Control-shRNA (shCon) is: 5'-
GATCCGTTCTCCGAACGTGTCACGTAATTCAAGAGATTACGTGA
CACGTTCGGAGAATTTTTTC-3’ (sense), 3'-AATTGAAAAAATTCT
CCGAACGTGTCACGTAATCTCTTGAATTACGTGACACGTTCGGA
GAACG-5' (antisense); and sequence of MCU-shRNA (shMCU) is:
5'-GATCCGTAACATACCACGTACGGCCACCAAATTCAAGAGATT
TGGTGGCCGTACGTGGTATGTTATTTTTTG-3' (sense), and 3-AA
TTCAAAAAATAACATACCACGTACGGCCACCAAATCTCTTGAAT
TTGGTGGCCGTACGTGGTATGTTACG-5' (antisense).

Mice were divided into 4 groups (21 mice in each group): WT,
APP/PS1/tau, APP/PS1/tau+shCon and APP/PS1/tau+ shMCU.
Two groups (WT +shCon and WT + shMCU) were not included in
this study because we mainly focused on the effect of shCon or
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shMCU on APP/PS1/tau mice, according to the purpose of this
study. Mice were anesthetized with isoflurane, and their heads were
fixed with ear bars in the brain stereotactic apparatus (Robot
Stereotaxic Serial; Neurostar, Tiibingen, Germany). The tempera-
ture of the mice was maintained by a heating pad during the whole
operation, and eye ointment was applied to the eyes to avoid
dryness. Hair was shaved from the surgical area and disinfected
with iodophor, and then the skin was cut along the middle of the
cranial crest. The skull surface was cleaned with 10% H,0, to
expose the anterior fontanel and posterior fontanel of the skull. Two
microliters of shMCU or shCon was injected into the hippocampus of
each mouse according to the atlas of the mouse brain [-1.6 mm
anteroposterior (AP), +1.8 mm mediolateral (ML), —1.6 mm dorso-
ventral (DV)] at a rate of 0.2 uL/min using a 5-pL Hamilton syringe
connected to a 30-gauge needle [17]. After injection, low viscosity
silica gel was used to cover the skull surface and sutured wound
skin. Mice were placed on a 37°C thermal pad for observation until
they woke up without obvious abnormal activity. Then, the mice
were returned to their home cages while kept warm. After a 4-week
period of recovery, western blot analysis (4 groups with 3 mice in
each group) was used to observe the effect of virus transfection in
vivo. Other mice (4 groups with 18 mice in each group) were used
for the behavioral experiment and subsequent analyses.

Radial arm maze task

The radial arm maze task was performed to test the working
memory and reference memory of rodents as described previously
[18]. The radial maze (SMART; Panlab Harward Apparatus,
Bioscience Company, Holliston, USA) consists of 8 arms (30 cm
in length, 15cm in width and 7 cm in height), starting from a
central octagonal area (32 cm in diameter). At the end of each arm,
there is a food cup. Several extra maze cues were placed on the
walls around the maze. Mice were housed individually and were
food-restricted to 80%-85% of their free-feeding weights, with
freely available water. In the training test, 30 mg food pellets were
placed at the end of each arm. Mice were placed in the center of the
maze and allowed to explore freely until either 10 min elapsed or
food pellets were eaten. Following the 5-day training period, each
mouse was placed in the center of the maze and subject to working
memory tests and reference memory tests for 10 days. During the
test period, only the food cups of four arms (numbered 1, 2, 4 and 7)
were filled with food pellets. The four arms were configured so that
two of these arms were adjacent, and the other arms were 90° apart.
The trial commenced with the placement of each mouse on the
central platform and finished when the food pellets were consumed
or until 10 min elapsed, whichever occurred first. At the end of each
trial, the maze was cleaned with 75% ethanol. The number of arm
entries was recorded. Re-entry into baited arms was regarded as
working memory errors (WMEs), while the number of entries into
unbaited arms was regarded as reference memory errors (RMEs).

Western blot analysis

The hippocampi of mice were dissected, and protein was extracted
using the tissue protein extraction reagent (Boster, Wuhan, China)
following the instructions of the manufacturer; complete protease
inhibitor was added to hippocampal tissue at a ratio of 1:10 by
weight (Boster). Protein concentration was measured using a
bicinchoninic acid protein assay kit (Boster) after removing tissue
fragments by low-speed centrifugation. Protein samples were
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separated on a 12% sodium dodecyl sulfate (SDS)-polyacrylamide
gel. After electrophoresis, the proteins were transferred onto PVDF
membranes, and nonspecific binding was blocked with 5% bovine
serum albumin (BSA) in Tris-buffered saline with 0.05% Tween-20
(TBST). Membranes were incubated overnight with primary
antibodies at 4°C, followed by incubation with the corresponding
secondary antibodies at room temperature for 2 h. The following
primary antibodies (all from Abcam, Cambridge, UK) were used:
anti-GAPDH (ab226408; 1:5000), anti-B-actin (ab8226, 1:5000),
anti-MCU (ab219827, 1:1000), anti-PSD95 (ab76115, 1:1000), anti-
SYP (ab52636, 1:3000), anti-PINK1 (ab23707, 1:1000), anti-Parkin
(ab77924, 1:2000), anti-Beclin-1 (ab207612, 1:2000), and anti-P62
(ab109012, 1:1000). The secondary antibodies were anti-rabbit IgG-
HRP conjugate (BA1054, 1:5000; Boster) and anti-mouse IgG-HRP
conjugate (BA1050, 1:5000; Boster). Immunocomplexes were
visualized using an enhanced chemiluminescence detection kit
(Beyotime, Shanghai, China). Signals on membranes were scanned
with a FluorChem scanner (Protein Simple; Bio-Techne, Minnea-
polis, USA) and quantified with Alpha View SA software (Azure
C300 Biosystems; Azure Biosystems, Dublin, USA).

Transmission electron microscopy (TEM)

Mice were anesthetized with isoflurane. The chest cavities were
opened, and the animals were cardio-perfused with 4% parafor-
maldehyde (PFA). The hippocampi were removed, cut into 1 mm?3
pieces and fixed in glutaric acid at room temperature for 2 h at 4°C
overnight. Tissues were washed with 0.1 M phosphate buffered
saline (PBS) 3 times and fixed with 1% osmium acid at room
temperature for 3 h. Tissue samples were placed in 50%, 70% and
90% alcohol baths for gradient alcohol dehydration, followed by
gradient acetone dehydration in an alcohol-acetone mixture (ratio
0f 90% acetone and 90% alcohol was 1:1),90% and 100% acetone.
Tissue samples were incubated with embedding agent/acetone
(1:2) at room temperature for 4 h, embedding agent/acetone (2:1) at
room temperature overnight, and embedding agent at 37°C for 3 h.
Tissues were embedded in the oven at 37°C overnight, at 45°C for
12 h, and at 60°C for 48 h. Tissues were cut into 60-80 nm sections.
Sections were stained with uranium dioxide acetate for 30 min,
washed with distilled water 3 times, stained with lead citrate for
10 min, washed with distilled water 3 times, and dried at room
temperature overnight. A transmission electron microscope (JEM-
1011; JEOL, Tokyo, Japan) was used to observe synapses and
mitochondria. Image J software (NIH, Bethesda, USA) was used to
mark and count the numbers of synapses and the average volume
and numbers of mitochondria.

Immunohistochemistry (IHC)

Mice were sacrificed by cardiac perfusion-fixation with PBS and 4 %
PFA. Brains were fixed in 4% PFA for 24 h and incubated in 30%
sucrose at room temperature for 24 h. Brains were embedded in
OCT frozen embedding medium (Leica Biosystems, Wetzlar,
Germany). Coronal sections were cut at 25um on a freezing
microtome (CM1850; Leica Biosystems) and stored in PBS at 4°C.
Sections were incubated with 5% hydrogen peroxide at room
temperature for 15 min and blocked with 5% goat serum (Solarbio,
Beijing, China) for 30 min. Afterwards, sections were incubated
with the anti-GFAP primary antibody (bs-0199R, 1:200; Bioss,
Beijing, China) at 4°C overnight, followed by treatment with the
peroxidase-conjugated Affinipure goat anti-rabbit IgG(H+L) sec-

ondary antibody (1:200; ZSGB-BIO, Beijing, China) at 37°C for 2 h.
The glial fibrillary acidic protein (GFAP) area was observed with a
BX51 microscope (Olympus, Tokyo, Japan) and measured using
Image-Pro Plus 6.0 (Media Cybernetics, Rockville, USA).

Enzyme-linked immunosorbent assay (ELISA)

ELISA was carried out to measure the levels of IL-1f and TNF-a
using the corresponding kits (Xitang, Shanghai, China) according to
the manufacturer’s instructions. Samples were added into 96-well
plates and incubated at 37°C for 2 h. Test solution A (biotinylated
antibody working solution) was added, and the plate was covered
with a film and incubated at 37°C for 1 h. The liquid in each well
was discarded and washed 3 times. Detection solution B (HRP
enzyme binder working solution) was added, and the plate was
covered with a film and incubated at 37°C for 30 min. The liquid in
each sample well was discarded and the wells were washed 5 times,
and substrate solution was added to each well and incubated in the
dark at 37°C for 20 min. After addition of the stop solution, the
optical density (OD) value of each well was measured at 450 nm
with a microplate reader. The levels of IL-1p and TNF-o were
calculated using the standard curves.

Golgi staining

Brains were put into Golgi immersion solution (Solution A
containing potassium dichromate and mercuric chloride: Solution
B containing potassium chromate = 1:1) at room temperature in the
dark for 14 days, with the immersion solution changed each day.
After two weeks, the brains were put into Solution C for 5 days, with
the solution refreshed each day. Brains were placed on sample
platforms and quickly frozen on dry ice for 10 min. Samples were
cut into 100-pum-thick sections with a frozen section microtome
(CM1520; Leica Biosystems), which were suitable for pathological
and biological examination Sections were mounted on gelatinated
slides and dried in the dark. Sections were washed with distilled
water, stained with dye for 10 min, and washed again. The stained
sections were dehydrated in 50%, 75% and 95% ethanol for 4 min
and then dehydrated in anhydrous ethanol 4 times. Sections were
washed with xylene 3 times and sealed with resin [19]. Dendritic
spines were observed with a Digital Tissue Slice Scanning System
(Aperio, San Diego, USA). Dendritic spines were manually marked
and total numbers of dendritic spines were calculated using Image J
software (NIH, Bethesda, USA) [19].

Statistical analysis

All data are expressed as the mean + SEM. All statistical analyses
were performed with SPSS 13.0 and SigmaPlot 12.3 software.
Statistical comparison was performed by using one-way analysis of
variance (ANOVA), followed by Tukey’s test. Differences between
groups were considered statistically significant at P<0.05.

Results

Successful knockdown of MCU in hippocampal neurons
In order to confirm the successful knockdown of MCU in the
hippocampal neurons of APP/PS1/tau mice, we measured the
expression level of MCU by western blot analysis. As shown in
Figure 1A,B, the relative expression level of MCU in the
hippocampus was significantly higher (P<0.01) in the APP/PS1/
tau group (1.92 +0.13) compared with that in the WT group (1.00 +
0.12). The expression level of MCU in the hippocampus was lower

Cai et al. Acta Biochim Biophys Sin 2022



MCU knockdown improves memory performance

1531

in the APP/PS1/tau +shMCU group (1.34 +0.08) than in the APP/
PS1/tau group (1.92+0.13, P<0.05) or the APP/PS1/tau +shCon
group (1.96+0.09, P<0.05). There was no significant difference
between the APP/PS1/tau group and the APP/PS1/tau+ shCon
group (P> 0.05). These data indicated that AAV-9, containing hsyn,
coated with shMCU or shCon, successfully infected hippocampal
neurons and effectively interfered with the expression of MCU in
hippocampal neurons of APP/PS1/tau mice.

MCU knockdown in hippocampal neurons attenuated

memory performance impairment in APP/PS1/tau mice
In order to observe whether MCU knockdown in hippocampal
neurons could attenuate memory performance impairment in APP/
PS1/tau mice, we tested the working memory and reference
memory of mice (Figure 1C). As shown in Figure 1D, the APP/
PS1/tau group had significantly more working memory errors
(3.16£0.26, P<0.001) than the WT group (1.80+0.14). However,

A jcu [ s e okDa

GAPDH [ 4. A A 36D

> (\ N
a O @)
& 6\\\ B (@) ‘\\&
Q?\? \\a\)& 0 \)xb
o 5’\ ‘.or\\

\1
< 4
W

B —~ 2.5+ l—* C 1
E r = 1 r - 1 T
S 204 T 8 2
2 D
©
2
I -
[=] . -
o 1 <778
< 7]® SRR, |13
g -
= &
Q
=

()
6 4
5

D E
w w
- :
5 &
£
z £
E 5
> =2

Figure 1. Successful establishment of APP/PS1/tau mice with MCU knockdown in hippocampal neurons and MCU knockdown in hippocampal
neurons attenuated memory performance impairment of APP/PS1/tau mice (A) Representative western blots of the expression levels of MCU in
the hippocampi of WT mice, APP/PS1/tau mice, APP/PS1/tau +shCon mice and APP/PS1/tau+shMCU mice. (B) Histograms showed that the
expression level of MCU in the hippocampus of APP/PS1/tau mice was higher than that of WT mice and comparable to that of APP/PS1/tau mice or
APP/PS1/tau + shCon mice. The expression level of MCU in the hippocampus was decreased in APP/PS1/tau +shMCU mice, showing that AAV-9,
containing hsyn, coated with shMCU, successfully interfered with the expression of MCU in hippocampal neurons of APP/PS1/tau mice. n=3 for
each group. *P<0.05, **P<0.01. (C) A diagram showing the radial arm maze with reward locations (tiny black dots) at the end of four arms (1, 2, 4
and 7). Histograms showed that APP/PS1/tau mice had more working memory errors (D) and reference memory errors (E) than the WT mice; MCU
knockdown in hippocampal neurons decreased the number of memory errors compared with APP/PS1/tau mice or APP/PS1/tau + shCon mice.
n=18 for each group. ¥*P<0.05, ***P<0.001.
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error numbers were decreased in the APP/PS1/tau +shMCU group
(2.36 £0.19), compared with the APP/PS1/tau group (3.16 +0.26,
P<0.05) or the APP/PS1/tau +shCon group (3.19 +0.25, P<0.05).
There was no difference between the APP/PS1/tau group and the
APP/PS1/tau +shCon group (P> 0.05). Figure 1E showed that the
APP/PS1/tau group had significantly more reference memory errors
(6.41£0.26, P<0.001) than the WT group (4.56+0.27). Error
number was decreased in the APP/PS1/tau + shMCU group (5.29 +
0.309) compared to that in the APP/PS1/tau group (6.41+0.26,
P<0.05) or the APP/PS1/tau + shCon group (6.43 +0.26, P<0.05),
while no difference was found in the error numbers between the
APP/PS1/tau group and the APP/PS1/tau + shCon group (P> 0.05).
These findings indicated that MCU knockdown in hippocampal
neurons effectively improved the working memory and reference
memory of APP/PS1/tau mice.

MCU knockdown in hippocampal neurons increased the
levels of PSD95 and SYP in APP/PS1/tau mice

In order to observe whether MCU knockdown in hippocampal
neurons could enhance the synaptic function, we tested the levels of
synaptic proteins PSD95 and SYP by western blot analysis. As
shown in Figure 2A,B, compared to that in the WT group (1.00 +
0.006), the relative level of PSD95 was significantly lower in the APP/
PS1/tau group (0.61+0.03, P<0.01). The level of PSD95 was
increased in the APP/PS1/tau+shMCU group (0.89+0.03) com-
pared with that in the APP/PS1/tau group (0.61 +0.03, P<0.05) or
the APP/PS1/tau+ shCon group (0.63 £0.06, P<0.05). There was
no difference between the APP/PS1/tau group and the APP/PS1/
tau + shCon group (P> 0.05). As shown in Figure 2A,C, compared to
the WT group (1.00£0.06), the relative level of SYP was
significantly lower in the APP/PS1/tau group (0.64+0.03,
P<0.01). However, the level of SYP was increased in the APP/
PS1/tau+shMCU group (0.87 +0.06) compared with that in the
APP/PS1/tau group (0.64+0.03, P<0.05) or the APP/PS1/tau+
shCon group (0.61+0.03, P<0.05). There was no difference
between the APP/PS1/tau group and the APP/PS1/tau+shCon
group (P>0.05). These data indicated that MCU knockdown in
hippocampal neurons could enhance the synaptic function of APP/
PS1/tau mice.

MCU knockdown in hippocampal neurons increased the
numbers of synapses and dendritic spines

In order to observe whether MCU knockdown in hippocampal
neurons could improve the synaptic structure, we measured the
numbers of synapses and dendritic spines. As shown in Figure 2D,E,
compared to that in the WT group (1.71 +0.08), synapse number
was significantly lower in the APP/PS1/tau group (0.85+0.05,
P<0.001). However, synapse number was increased in the APP/
PS1/tau+shMCU group (1.13+0.07) compared with that in the
APP/PS1/tau group (0.85+0.05, P<0.05) or the APP/PS1/tau+
shCon group (0.84+0.05, P<0.05). There was no difference
between the APP/PS1/tau group and the APP/PS1/tau+ shCon
group (P> 0.05). As shown in Figure 2F,G, compared to that in the
WT group (13.33 +70.6), dendritic spine number in the APP/PS1/
tau group was significantly lower (8.17 +0.54, P<0.001). Dendritic
spine number was increased in the APP/PS1/tau+shMCU group
(11.00+£0.58) compared with that in the APP/PSl/tau group
(8.17+0.54, P<0.05) or the APP/PS1/tau+shCon group (8.50 +
0.56, P<0.05). There was no difference between the APP/PS1/tau

group and the APP/PS1/tau+shCon group (P> 0.05). These data
indicated that MCU knockdown in hippocampal neurons could
improve the synaptic structure of APP/PS1/tau mice.

MCU knockdown in hippocampal neurons alleviated the
activation of astrocytes and decreased the levels of IL-1p
and TNF-a

In order to observe whether MCU knockdown in hippocampal
neurons could alleviate the inflammatory response, we tested the
activation of astrocytes and measured the levels of IL-1B and TNF-a
by ELISA. Figure 3A,B showed that the percentage area of glial
fibrillary acidic protein (GFAP) was significantly higher in the APP/
PS1/tau group (21.77% +0.97%, P<0.001) than in the WT group
(14.83% +0.92%). However, the percentage area of GFAP was
decreased in the APP/PS1/tau+ shMCU group (16.77% +0.95%)
compared with that in the APP/PS1/tau group (21.77% +0.97%,
P<0.01) or the APP/PS1/tau+shCon group (20.92% +1.00%,
P<0.05). There was no difference between the APP/PS1/tau group
and the APP/PS1/tau + shCon group (P> 0.05). As shown in Figure
3C, the level of IL-1B was significantly higher in the APP/PS1/tau
group (98.01 +£7.15, P<0.001) than in the WT group (51.75 +2.94).
However, the level of IL-18 was decreased in the APP/PS1/tau+
shMCU group (70.59 £4.55) compared with that in the APP/PS1/
tau group (98.01+7.15, P<0.05) or the APP/PSl1/tau+shCon
group (99.23+6.48, P<0.01). There was also no difference
between the APP/PS1/tau group and the APP/PS1/tau+shCon
group (P> 0.05). Figure 3D showed that the level of TNF-o was
significantly higher in the APP/PS1/tau group (44.99+3.73,
P<0.01) than in the WT group (27.72 +1.49), while the level of
TNF-0 was decreased in the APP/PS1/tau + shMCU group (30.52 +
2.55) compared to that in the APP/PS1/tau group (44.99 +£3.73,
P<0.05) or the APP/PS1/tau+shCon group (43.68+3.94,
P<0.05). There was no difference between the APP/PS1/tau group
and the APP/PS1/tau+shCon group (P>0.05). These data indi-
cated that MCU knockdown in hippocampal neurons could alleviate
the inflammatory response of APP/PS1/tau mice.

MCU knockdown in hippocampal neurons increased the
levels of PINK1, Parkin and Beclin-1, decreased the level
of P62, and recovered the average volume and number
of mitochondria in APP/PS1/tau mice

In order to observe whether MCU knockdown in hippocampal
neurons could upregulate the mitophagy pathway and improve the
mitochondrial function, we assessed levels of PINKI, Parkin,
Beclin-1, and P62, and the average volume and number of
mitochondria. As shown in Figure 4A,B, compared to the WT
group (1.00+0.06), the relative level of PINK1 was significantly
lower in the APP/PS1/tau group (0.57 +0.07, P<0.01). The level of
PINK1 was increased in the APP/PS1/tau+shMCU group (0.88 +
0.06) compared with that in the APP/PS1/tau group (0.57 +0.07,
P<0.05) or the APP/PS1/tau + shCon group (0.51 +0.07, P<0.05).
There was no difference between the APP/PS1/tau group and the
APP/PS1/tau +shCon group (P> 0.05). Figure 4A,C showed that
compared to that in the WT group (1.00 +0.09), the level of Parkin
was significantly lower in the APP/PS1/tau group (0.61+0.03,
P<0.01). However, the level of Parkin was increased in the APP/
PS1/tau +shMCU group (0.88 +£0.048) compared with that in the
APP/PS1/tau group (0.61+0.03, P<0.05) or the APP/PS1/tau+
shCon group (0.60+0.04, P<0.05). There was also no difference
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Figure 2. MCU knockdown in hippocampal neurons increased the levels of PSD95 and SYP and increased the numbers of synapses and dendritic
spines in APP/PS1/tau mice (A) Representative western blots of the levels of PSD95, SYP and B-actin in the hippocampi of WT mice, APP/PS1/tau
mice, APP/PS1/tau + shCon mice and APP/PS1/tau + shMCU mice. (B,C) The levels of PSD95 and SYP in APP/PS1/tau mice were lower than those in
WT mice. The decrease in the levels of PSD95 and SYP in APP/PS1/tau mice or APP/PS1/tau + shCon mice was reversed by MCU knockdown in
hippocampal neurons. n=3 for each group. ¥*P<0.05, **P<0.01. (D) Synapse number was lower in APP/PS1/tau mice than in WT mice; synapse
number in APP/PS1/tau mice or APP/PS1/tau+shCon mice was improved by MCU knockdown in hippocampal neurons. (E) Typical electron
micrographs of synapses are shown. The distribution of high electron density in synapses of the hippocampus was uneven, and the synaptic
structure was abnormal in the APP/PS1/tau and APP/PS1/tau +shCon groups, which was reversed to some extent in the APP/PS1/tau + shMCU
group. (F) Typical micrographs of dendritic spines. (G) Dendritic spine number was lower in APP/PS1/tau mice than in WT mice; dendritic spine
number in APP/PS1/tau mice or APP/PS1/tau+shCon mice was improved by MCU knockdown in hippocampal neurons. n=6 for each group.
*P<0.05, ***P<0.001.
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Figure 3. MCU knockdown in hippocampal neurons alleviated the stronger activation of astrocytes and decreased the levels of IL-1p and TNF-a in
APP/PS1/tau mice (A) Representative immunohistochemical images of astrocyte activation in the hippocampi of WT mice, APP/PS1/tau mice,
APP/PS1/tau + shCon mice and APP/PS1/tau+shMCU mice. (B) Histograms showing that the percentage area of GFAP in the hippocampus was
higher in APP/PS1/tau mice than in WT mice. The increase in the percentage area of GFAP in APP/PS1/tau mice or APP/PS1/tau + shCon mice was
reversed by MCU knockdown in hippocampal neurons. n=3 for each group. *P<0.05, **P<0.01, ***P<0.001. (C,D) Histograms showed that the
levels of IL-18 and TNF-a in the hippocampus were higher in APP/PS1/tau mice than in WT mice; the levels of IL-18 and TNF-a in the hippocampus
of APP/PS1/tau mice or APP/PS1/tau +shCon mice were decreased by MCU knockdown in hippocampal neurons. n=6 for each group. *P<0.05,

**P<0.01, ¥***P<0.001.

between the APP/PS1/tau group and the APP/PS1/tau+ shCon
group (P> 0.05). As shown in Figure 4D,E, compared to that in the
WT group (1.00 £0.03), the level of Beclin-1 was lower in the APP/
PS1/tau group (0.82 £0.03, P<0.05). However, the level of Beclin-1
was increased in the APP/PS1/tau+shMCU group (0.96+0.03)
compared with that in the APP/PSl/tau group (0.82+0.03,
P<0.05) or the APP/PS1/tau+shCon group (0.82+0.03,
P<0.05), while no difference was found between the APP/PS1/
tau group and the APP/PS1/tau + shCon group (P> 0.05). As shown
in Figure 4D,F, compared to that in the WT group (1.00 +0.05), the
level of P62 was significantly higher in the APP/PS1/tau group
(1.46+0.05, P<0.01). The level of P62 was decreased in the APP/
PS1/tau+shMCU group (1.22+0.05) compared with that in the
APP/PS1/tau group (1.46+0.05, P<0.05) or the APP/PS1/tau+
shCon group (1.47+0.06, P<0.05). There was no difference
between the APP/PS1/tau group and the APP/PS1/tau+shCon
group (P> 0.05).

As shown in Figure 4G,H, the average volume of mitochondria
was smaller in the APP/PS1/tau group (0.115+0.004, P<0.001)
than in the WT group (0.151 + 0.004). However, the average volume

of mitochondria was significantly increased in the APP/PS1/tau +
shMCU group (0.141 +0.004) compared to that in the APP/PS1/tau
group (0.115+0.004, P<0.01) or the APP/PS1/tau +shCon group
(0.114 £0.005, P<0.01). There was no difference between the APP/
PS1/tau group and the APP/PS1/tau+shCon group (P> 0.05). As
shown in Figure 4G,I, the number of mitochondria was significantly
higher in the APP/PS1/tau group (1.20+0.04, P<0.01) than in the
WT group (0.93+0.05). Furthermore, the mitochondria number
was decreased in the APP/PS1/tau+shMCU group (0.97 £0.06)
compared with that in the APP/PS1/tau group (1.20+0.04,
P<0.05) or the APP/PS1/tau+shCon group (1.18+0.06,
P <0.05). There was no difference between the APP/PS1/tau group
and the APP/PS1/tau+shCon group (P>0.05). These data indi-
cated that MCU knockdown in hippocampal neurons could
upregulate the mitophagy pathway and improve the mitochondrial
function of APP/PS1/tau mice.

Discussion

Evidence for calcium dysregulation in AD was initially found over
25 years ago in fibroblast cells isolated from AD patients [20]. The
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Figure 4. MCU knockdown in hippocampal neurons increased the levels of PINK1, Parkin and Beclin-1, decreased the level of P62, and recovered
the average volume and number of mitochondria in APP/PS1/tau mice (A) Representative western blots of the levels of PINK1, Parkin and B-actin
in the hippocampi of WT mice, APP/PS1/tau mice, APP/PS1/tau + shCon mice and APP/PS1/tau + shMCU mice. (B,C) The levels of PINK1 and Parkin
in APP/PS1/tau mice were lower than those in WT mice. The decrease in the levels of PINK1 and Parkin in APP/PS1/tau mice or APP/PS1/tau + shCon
mice was reversed by MCU knockdown in hippocampal neurons. n=3 for each group. *P<0.05, **P<0.01. (D) Representative western blots of the
levels of Beclin-1, P62 and B-actin in the hippocampi of WT mice, APP/PS1/tau mice, APP/PS1/tau +shCon mice and APP/PS1/tau + shMCU mice.
(E,F) The level of Beclin-1 in APP/PS1/tau mice was lower than that in WT mice. The decreased level of Beclin-1 in APP/PS1/tau mice or APP/PS1/tau
+shCon mice was reversed by MCU knockdown in hippocampal neurons. The level of P62 in APP/PS1/tau mice was higher than that in WT mice.
The increased level of P62 in APP/PS1/tau mice or APP/PS1/tau + shCon mice was reversed by MCU knockdown in hippocampal neurons. n=3 for
each group. ¥*P<0.05, **P<0.01. (G) Typical electron micrographs of mitochondria in the four groups. Swelling and cavitation of mitochondriain
hippocampal neurons and broken mitochondrial cristae were observed in the APP/PS1/tau and APP/PS1/tau + shCon groups and were reduced in
the APP/PS1/tau +shMCU group. (H) Histograms showed that the average volume of mitochondria was smaller in APP/PS1/tau mice than in WT
mice; the average volume of mitochondria in APP/PS1/tau mice or APP/PS1/tau + shCon mice was increased by MCU knockdown in hippocampal
neurons. () Histograms showed that mitochondria number was higher in APP/PS1/tau mice than in WT mice; mitochondria number in APP/PS1/tau
mice or APP/PS1/tau+shCon mice was decreased by MCU knockdown in hippocampal neurons. n=6 for each group. *P<0.05, **P<0.01,
***P<0.001.
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calcium dysregulation hypothesis of AD states that disruption to
neuronal calcium signaling balance underlies not only amyloid
plaque deposition and tau hyperphosphorylation [21] but also a
series of molecular changes within the neuron that cause neuronal
death [22]. Neurons are extremely sensitive to mCa?* overload [23,
24]. Transport of calcium into the matrix across the inner
mitochondrial membrane is mainly accomplished by MCU, with
high calcium selectivity [25]. Therefore, MCU mediating mCa?*
uptake plays a key role in mitochondrial calcium homeostasis in
neurons. It was reported that MCU overexpression could clearly
cause neuronal death [26]. Thus, downregulating the activity of
MCU might represent a promising therapy for the prevention and
treatment of AD [16,27]. It was found that reducing mCa?* uptake
can improve neuronal dysfunction and mitochondrial morphology
in presenilin mutants [28]. Decreasing mCa?* influx in presenilin
mutants could rescue the defects in proteostasis [29] and autophagy
[30]. In contrast, increased mCa?* level was associated with plaque
deposition and neuronal death in a transgenic mouse model of
cerebral B-amyloidosis, which was prevented by blocking MCU
[25]. A recent report showed that intracerebroventricular (ICV)
injection of RU360, an MCU blocker, reduced cognitive defects
induced by amyloid beta protein (Ap). In the present study, we
showed that the expression level of MCU in the hippocampus of
APP/PS1/tau transgenic mice was much higher than that in the
hippocampus of control mice [31]. Next, we prepared APP/PS1/tau
mice with stable MCU knockdown in hippocampal neurons and
observed that MCU knockdown in hippocampal neurons reversed
the impairments in working memory (the short-term memory for
the information changed in every trial) and reference memory (the
long-term memory for the information remained constant over
repeated trials) in APP/PS1/tau mice. Our findings demonstrate that
MCU knockdown in hippocampal neurons could be beneficial for
improving memory performance in AD, in agreement with previous
work.

Synapses are fundamental elements of information transfer and
memory storage in the brain [32]. Various synaptic proteins
expressed in the presynaptic terminals and in the postsynaptic
density are involved in the regulation of synaptic function [33].
Multiple studies have shown that defective synaptic transmission or
loss of synapses in the hippocampus strongly correlates with
memory decline in AD [34,35]. In this study, we measured the
synaptic protein levels of PSD95 and SYP. PSD95, a major
scaffolding protein in postsynaptic density (PSD), is a potent
regulator of synaptic strength and plasticity [18]. SYP, which is
enriched in presynaptic nerve terminals, is regarded as an accurate
index of neuronal synaptic densities [18]. Western blot analysis
results clearly demonstrated a significant reduction in the expres-
sion levels of PSD95 and SYP in the hippocampus of APP/PS1/tau
mice, which were upregulated by MCU knockdown in hippocampal
neurons. In addition, the numbers of synapses and dendritic spines
were greatly reduced in APP/PS1/tau mice and were increased by
MCU knockdown in hippocampal neurons. These results can
explain the improvement in memory performance of APP/PS1/tau
mice through MCU knockdown in hippocampal neurons.

Neuroinflammation has a significant influence on the progression
of AD [36]. Microglia play a major role in mediating the
inflammatory response in the AD brain [37]; however, recent
evidence has suggested that astrocytes also play a key role in the
neuroinflammatory response of AD [38,39]. Astrocytes are essential

components of synapses, which are responsible for bidirectional
communication between pre- and postsynaptic neurons [40].
Marked by the increase in glial fibrillary acidic protein (GFAP),
astrogliosis could be observed in postmortem tissues from AD
patients and mouse models. Moreover, the degree of astrogliosis is
correlated with cognitive decline. Activated astrocytes secrete
proinflammatory cytokines that are upregulated in human AD
brain samples and in transgenic mouse models of AD, notably IL-1p
and TNF-a [41]. IL-1pB, one of the first cytokines secreted in response
to injury, is an important mediator of the inflammatory response as
well as cell proliferation, differentiation and apoptosis [42]. TNF-a,
a cytokine involved in inducing acute-phase inflammation, is
elevated in AD serum, CSF and cortex. Recently, a study showed
that mitochondrial dysfunction triggered the inflammatory response
[43]. Thus, decreasing the high expression of MCU in the
hippocampus of AD patients might reduce the inflammatory
response in AD [44]. In our study, MCU knockdown in hippocampal
neurons resulted in a significant decrease in the neuroinflammatory
response induced by astrogliosis and levels of IL-1 and TNF-a in
APP/PS1/tau mice. This finding illustrates that MCU knockdown in
hippocampal neurons has anti-inflammatory effects, perhaps
supporting the improvement of memory performance in APP/
PS1/tau mice.

Recent studies have revealed that autophagy plays a key role in
AD [45]. Autophagy is essential for cell survival, and autophagy
dysfunction is associated with neurodegenerative diseases [46].
Mitophagy is a mechanism of selective removal of damaged
mitochondria and timely removal of damaged mitochondria. It
plays an important role in maintaining the normal physiological
function of cells [47]. Before memory defects occur in both AD
patients and animal models, the accumulation of dysfunctional
mitochondria is a common feature, illustrating that mitophagy is
impaired in AD [48]. It was reported that impaired mitophagy could
trigger accumulation of amyloid B (AB) and hyperphosphorylation
of tau protein by aggravating oxidative damage, resulting in
synaptic dysfunction and memory impairment [49]. Regulation of
mitophagy might provide a new method for the treatment of AD
[50]. At present, five main mitophagy pathways have been reported
in mammals, and the PINK1/Parkin pathway is the focus of current
research [51]. Phosphatase and tensin homologue (PTEN)-induced
putative kinase 1 (PINK1) is a serine/threonine protein kinase
located in the outer membrane of mitochondria. Phosphorylation of
PINK]1 activates Parkin, and Parkin translocates from the cytoplasm
to mitochondria, promoting ubiquitination of mitochondrial outer
membrane proteins and activation of the ubiquitin—proteasome
system (UPS), mediating mitochondrial autophagy [52]. Increasing
the expressions of PINK1 and Parkin could promote the clearance of
damaged mitochondria in AD mice, alleviating synaptic loss and
cognitive impairments [53,54]. Increasing the expression of PINK1
by gene therapy could lessen the A plaque load in AD mice [55].
Alleviating the accumulation of Ap and decreasing the level of AB
can be achieved by increasing the expression of Parkin [56]. Cells
overexpressing Parkin treated with A had lower ROS production
[57]. The learning and memory of APi4;-injected AD rats was
improved by upregulating PINK1-Parkin-mediated mitophagy [58].
A study showed that activation of mitophagy reduced the level of
pathological tau protein, while PINK1 knockdown abolished this
effect [49]. PINK1 overexpression significantly alleviated the
deposition of pathological tau, neuron loss, synaptic damage and
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cognitive impairments in mice [59]. In addition, amyloid and
hyperphosphorylation of tau protein further aggravates the damage
of mitophagy, which results in a vicious cycle, promoting the
process of AD [60]. Our results show that MCU knockdown in
hippocampal neurons can upregulate the PINK1/Parkin pathway,
increase the level of Beclin-1 and decrease the level of P62, playing a
vital role in the PINK1/Parkin pathway [56], which could explain
how MCU knockdown in hippocampal neurons reverses memory
performance decline in APP/PS1/tau mice. The study of Parkin-
son’s disease (PD) suggested that modulation of MCU-mediated
mitochondrial calcium homeostasis is a possible neuroprotective
strategy in PINK1 mutant PD, which is in agreement with our results
[61]. Furthermore, due to abnormal mitochondrial division, the
average volume of mitochondria was smaller and the number of
mitochondria was higher in APP/PS1/tau mice than in WT mice,
reflecting mitophagy dysfunction in AD, which was relieved by
MCU knockdown in hippocampal neurons.

In summary, our findings demonstrated that MCU knockdown
in hippocampal neurons could improve the memory performance
of APP/PS1/tau mice by upregulating the levels of the synaptic
markers PSD95 and SYP and increasing the numbers of synapses
and dendritic spines; attenuating the neuroinflammatory response
induced by astrogliosis and decreasing the levels of the proin-
flammatory cytokines IL-1B and TNF-o; improving the PINKI1-
Parkin mitophagy signaling pathway; increasing the level of
Beclin-1; decreasing the level of P62; and recovering the average
volume and number of mitochondria. These observations suggest
that MCU inhibition may be a potential strategy for the treatment
of AD.
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