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Abstract
Aging is an irreversible biological process that involves oxidative stress, neuroinflammation, and apoptosis, and eventually 
leads to cognitive dysfunction. However, the underlying mechanisms are not fully understood. In this study, we investigated 
the role and potential mechanisms of Synaptotagmin-7, a calcium membrane transporter in cognitive impairment in aging 
mice. Our results indicated that Synaptotagmin-7 expression significantly decreased in the hippocampus of d-galactose-
induced or naturally aging mice when compared with healthy controls, as detected by western blot and quantitative reverse 
transcriptase-polymerase chain reaction analysis. Synaptotagmin-7 overexpression in the dorsal CA1 of the hippocampus 
reversed long-term potentiation and improved hippocampus-dependent spatial learning in d-galactose-induced aging mice. 
Synaptotagmin-7 overexpression also led to fully preserved learning and memory in 6-month-old mice. Mechanistically, 
we demonstrated that Synaptotagmin-7 improved learning and memory by elevating the level of fEPSP and downregulat-
ing the expression of aging-related genes such as p53 and p16. The results of our study provide new insights into the role 
of Synaptotagmin-7 in improving neuronal function and overcoming memory impairment caused by aging, suggesting that 
Synaptotagmin-7 overexpression may be an innovative therapeutic strategy for treating cognitive impairment.
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Introduction

According to the United Nations World Population Forecast, 
the elderly are projected to constitute 1/4 of the global popu-
lation by 2050. Population aging has become a major world-
wide health and social issue along with the growing amount 
of elderly people [1–3]. Aging causes irreversible structural 
and functional degeneration in tissues and cells, which is 

mainly classified into physiological and pathological senes-
cence. Physiological senescence occurs after maturity, while 
pathological senescence results from various external factors 
(including various diseases) [4, 5]. Among various organs, 
the brain is particularly prone to oxidative stress and apop-
tosis, due to its limited antioxidant-defense and high meta-
bolic activity and lipid content. Brain aging is a critical risk 
factor in neurodegenerative diseases [6]. Neurodegeneration 
refers to the gradual loss of neuronal structure and function, 
as well as the decline of cognition. Cognitive dysfunction 
which mainly manifests as one or more disorders in mem-
ory, language, calculation, understanding, and judgment, 
affects the daily life and social communication of elderly 
people [7–9]. The incidence of Alzheimer’s disease (AD) 
and related neurodegenerative diseases accompanied with 
aging is also increased.

The hippocampus is a brain region that is sensitive to 
injury-related factors. Aging impairs the plastic response of 
the hippocampus to injury. Long-term potentiation (LTP), a 
key neural mechanism of learning and memory, is impaired 
in various subregions of the hippocampus with age. Moreo-
ver, synaptic plasticity–related genes are downregulated 
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and aging-related genes are induced as the brain ages. Syn-
aptotagmin (Syt) proteins, a type of membrane transport 
proteins, have tandem C2 domains in the C-terminal and 
N-terminal transmembrane domains. The Syt protein fam-
ily includes 17 isoforms, many of which manifest as sensors 
in the calcium signaling pathway by binding with Ca2+ for 
synaptic transmission [10–12]. Syt7 is widely expressed in 
different organs and participates in a variety of physiologi-
cal processes. For example, Syt7 specifically binds soluble 
N-ethylmaleimide-sensitive fusion protein attachment pro-
tein receptor (SNARE) and triggers exocytosis in neurons 
[13]. Although it has been shown that Syt7 is moderately 
expressed in many tissues such as the prostate and liver, 
Syt7 is highly and ubiquitously expressed in the brain [14]. 
Previous data have revealed that Syt7 mediates facilitation at 
synapses and plays important role in learning and memory. 
However, whether and how Syt7 is involved in aging-related 
cognitive decline is still unclear.

d-galactose (d-gal) was reported to accelerate the brain-
aging process in animal models, which is one of the most 
commonly used methods to investigate the brain-aging pro-
cess [15–18]. The chronic administration of d-gal to animals 
can induce brain aging, which is similar to natural aging 
[19]. d-gal can be metabolized to glucose at normal physi-
ological concentrations and presented in nervous tissue as 
d-galactosides [20]. However, when the level of d-gal in 
brain tissue exceeds the normal concentration for a long 
time, it can be oxidized by galactose oxidase to H2O2, and 
then reacts with Fe2 + to form two OH− molecules. H2O2 
and OH− can cause lipid peroxidation of the cell membrane 
and damage the dynamic balance of redox reactions, thus 
resulting in neuronal damage [21–24].

However, to date, the role of Syt7 in d-gal-induced and 
natural aging has not been identified. Thus, in the present 
study, we aimed to evaluate the effects of Syt7 on learn-
ing, memory impairment, and neuronal damage, as well as 
explore the mechanisms in aging.

Materials and Methods

Animals

All experimental procedures were approved by the 
Huazhong University of Science and Technology Eth-
ics Committee for Care and Use of Laboratory Animals. 
Protocols were in accordance with the National Institute 
of Health Guide for the Care and Use of Laboratory Ani-
mals. Eight-week-old male C57BL/6 J mice were purchased 
from Charles River (Beijing, China) Experimental Animal 
Technology Co., Ltd., whereas 1-month-old, 2-month-old, 
6-month-old, 8-month-old, and 12-month-old mice were 
purchased from Speifel (Beijing, China) Experimental Ani-
mal Technology. The mice were fed in a specific-pathogen 
free-grade environment, kept in groups of 4 mice per cage 
and maintained on a 12-h light/dark cycle, and given free 
access to sufficient food and water.

Experimental Protocol

Preparation of Chronic Aging Animal Models After Syt7 
Overexpressed

Male C57BL/6 J mice (8-week-old, 22–25 g) were randomly 
divided into the following 4 groups and treatment is shown 
in Scheme 1:

1.	 AAV9-GFP + control mice were injected with 200 nL 
of an adeno-associated virus 9 vector expressing green 
fluorescence protein (AAV9-GFP) in the bilateral CA1. 
Three weeks later, the mice were injected with normal 
saline at the back of the neck for 6 weeks.

2.	 AAV9-GFP + d-gal mice were injected with 200 nL 
AAV9-GFP in the bilateral CA1. Three weeks later, the 
mice were injected with d-gal (100 mg/[kg·day]) at the 
back of the neck for 6 weeks.

Scheme 1   Preparation of 
chronic aging animal models 
after Syt7 overexpressed
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3.	 AAV9-Syt7 + control mice were injected with 200 nL 
of an AAV9 vector expressing Syt7 (AAV9-Syt7) in the 
bilateral CA1. Three weeks later, the mice were injected 
with normal saline at the back of the neck for 6 weeks.

4.	 AAV9-Syt7 + d-gal mice were injected with 200 nL 
AAV9-Syt7 in the bilateral CA1. Three weeks later, the 
mice were injected with d-gal (100 mg/[kg·day]) at the 
back of the neck for 6 weeks.

Preparation of Animal Models of Overexpressing Syt7 
in Aging Mice

Male C57BL/6 J mice (6-month-old) were randomly divided 
into the following 2 groups:

1.	 Control group: mice were administered 200 nL AAV9-
GFP in the bilateral CA1;

2.	 Model group: mice were administered 200 nL AAV9-
Syt7 in the bilateral CA1.

Behavioral Testing

All behavioral experiments were performed in a double-
blind manner. The animals were adapted in the behavior 
room for 2 h. All behavioral experiments were performed 
in the same period, and mice in different groups were alter-
nately subjected to the same behavioral experiment which 

was conducted under quiet conditions. Mice in poor health, 
such as those with skin lesions, low weight, slow movement, 
or inability to swim or move, were excluded from behav-
ioral experiment. Besides, all behavioral parameters were 
monitored through SuperMaze software (Xinruan Informa-
tion Technology Co. Ltd., Shanghai, China). The software 
tracked the mice through the computer vision technology 
of the camera and calculated the difference between each 
frame, and then, the behavioral data such as the speed, dis-
tance, and time of movement were generated.

New Object Recognition Test (NORT)

The NORT experiment was divided into 2 stages:

1.	 Learning phase: The mice were presented with two 
identical objects in the NORT chamber and allowed to 
explore the objects freely for 15 min.

2.	 Test phase: After 2 h of the learning phase, the mice 
were exposed to one object used during the learning 
phase. The other object was replaced by a new object 
with a different shape and color.

When a mouse touched or sniffed an object within ≤ 2 cm, 
it was considered exploratory behavior. After each experi-
ment, the box was cleaned with 75% alcohol. The behaviors 
were recorded and analyzed with the SuperMaze software 

Fig. 1   Syt7 expression 
decreased in d-gal-induced 
aging mice. a Relative Syt7 
mRNA expression levels of 
the CA1 were detected by 
qRT-PCR (n = 5). b, c Western 
blot analysis was conducted to 
measure Syt7 protein expression 
(n = 3). All data were presented 
as the mean ± SEM. ns, not 
significant (p > 0.05); *p < 0.05, 
**p < 0.01, ***p < 0. 001, 
****p < 0.0001 vs. the D-gal-
induced aging group, based on 
an unpaired t test
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(Xinruan Information Technology Co. Ltd., Shanghai, 
China). Recognition index (RI) is defined as follows: 
RI = (time to explore the new object / total time to explore 
two objects) × 100%.

Morris Water Maze (MWM) Test

The MWM test involves acquisition training and probe test. 
During the acquisition training, the platform was hidden 

a b

c

d

Fig. 2   Effects of Syt7 overexpression in CA1 with D-gal-induced 
aging mice. Syt7 was overexpressed in the CA1 for 3  weeks, fol-
lowed by intraperitoneal d-gal injection for 6  weeks. a Illustration 
of bilateral viral vector injections into hippocampal CA1. b Repre-
sentative fluorescence image showing Syt7 expression in CA1 after 
AAV9-Syt7 vector injection. Scale bar: 100  μm. c Latency escape 
during the acquisition training phase observed in the MWM test. d 
The average swimming speed during the acquisition training phase. 
e–g Various indicators observed during the MWM test, including 
e the total distance moved on the platform, f the total movement 
time on the platform, and g the number of platform crossing within 
1 min. h The total time taken to explore the objects. i The recogni-

tion index of mice for a familiar object versus a novel object at 2 h 
after familiarization during a 15-min test. j Three electric shocks 
were delivered to the feet of mice at 60-s intervals through a stain-
less steel grid floor. At the CFC evaluation stage, the animals were 
exposed to the same equipment for 5 min. k Freezing time during the 
fear-training phase. Contextual fear memory was assessed on the 1st, 
3rd, 5th, and 7th days after fear conditioning (n = 8). All data were 
presented as the mean ± SEM. ns, not significant (p > 0.05); *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001 vs. the control group, based 
on two-way ANOVA with an unpaired test. #p < 0.05, ##p < 0.01, 
###p < 0.001, ####p < 0.0001 vs. the AAV9-Syt7 + d-gal group, 
based on two-way ANOVA with an unpaired test
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1 cm below the water, and mice were trained to find it with 
cues guided outside the maze. During every trial, each 
mouse had 60 s to find the hidden platform; otherwise, 
it would be guided to the hidden platform, after which it 
stayed on the platform for 15 s. The trial was conducted 3 
times a day for 6 consecutive days with at least 1 h’s interval 
between each trial. On the 7th day, probe test was conducted. 
The platform was moved away and the animals were allowed 
to freely swim for 60 s. The behaviors, including the swim-
ming pathway, speed, total distance, and escape latency of 
mice (to seek hidden platform), were recorded and analyzed 
using SuperMaze software (Xinruan Information Technol-
ogy Co. Ltd.).

Contextual Fear Conditioning (CFC) Test

The CFC test was performed in a box equipped with stain-
less steel grid floor. The SuperMaze software program (Xin-
ruan Information Technology Co., Ltd.) controlled the shock 
scrambler, which delivered the foot shock through the floor. 
On the training day, the mice were placed in the CFC box 
after adapting to the behavioral laboratory environment. 
After 2 min of adaptation, 3 electric foot shocks (0.7 mA, 
5 s) were delivered at intervals of 60 s through stainless steel 
grid floor, which is referred as the fear-training phase. At the 
stage of CFC evaluation, the animals were exposed to the 
same equipment on the 1st, 3rd, 5th, and 7th day for 5 min. 
The freezing behavior was recorded for each test session 

using SuperMaze software, and the boxes were cleaned with 
75% alcohol.

Hippocampal Slice Preparation and Extracellular 
Recordings

The mice were deeply anesthetized via 0.3% pentobarbi-
tal sodium injection before being euthanized. The brain 
was quickly removed and submerged in cold aCSF. The 
composition of aCSF was as follows (mM): 124 NaCl, 3 
KCl, 2 MgCl2, 2 CaCl2, 1.25 NaH2PO4, 26 NaHCO3, and 
10 glucose. The cutting and recording solutions are the 
same in composition. Then, the brain was dissected, and 
310-μm-thick transverse slices were cut from the brain 
through a vibration slicer (Leica VT1000S, Leica Microsys-
tems, Germany) in ice-cold aCSF bubbled with 95% O2 and 
5% CO2. Whereafter, the slices were incubated for 30 min 
in a submerged chamber filled with aCSF bubbled with 95% 
O2 and 5% CO2 at 37℃.

The slices were transferred to a recording chamber. Bipo-
lar nichrome electrodes were used to stimulate the Schaffer 
collaterals (100 μs, 0.1 Hz) and record the field excitatory 
postsynaptic potential (fEPSP) in CA1 after stimulation. 
fEPSPs were collected and analyzed using MED64 Mobius 
0.5.0 software in the MED64 planar microelectrode array 
system, and the minimum amplitude was computed by find-
ing the smallest waveform y-value between the cursors. The 
system noise was controlled to ± 5 μV. The setting of the 

Fig. 2   (continued)
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stimulus intensity should consider not only the increase of 
LTP but also the enlargement of fEPSP as much as possible 
to reduce the interference of environmental factors on the 
waveform of fEPSP. The stimulus intensity calculated by 
our formula is 30–50% of the maximum amplitude. There-
fore, the appropriate stimulus intensity was selected based 
on the following formula: (maximum amplitude − minimum 
amplitude) × 35% + the minimum amplitude, in accordance 
with the input/output curve. The fEPSP was recorded at 
least 20 min with a stimulation frequency of 0.1 Hz as the 
baseline. Subsequently, high-frequency stimulation (HFS), 
consisting of 3 consecutive 100-Hz stimulations separated 
by 10 s, was applied to elicit LTP. At the same time, the 
population spikes can be monitored. Successful induction of 
LTP means that the fEPSP increased at least 20%, and lasted 
not less than 1 h after HFS stimulation.

Reverse Transcription Quantitative PCR (qRT‑PCR) 
Analysis

The tissues taken from CA1 were prepared for qRT-PCR. A 
cDNA synthesis kit (Vazyme, Jiangsu, China) was used for 
reverse transcription, according to the manufacturer’s instruc-
tions. First, 4 μL 4 × gDNA wiper mix and 1 μg total RNA 
were transferred to an RNase-free centrifuge tube, diluted 
with RNase-free H2O (ddH2O) to 16 μL, mixed gently with a 
pipette, and incubated at 42 °C for 2 min to remove genomic 
DNA. Next, 4 μL 5 × HiScript III qRT SuperMix was added to 
the mixture, and reverse transcription was performed.

The specific primers were designed and synthesized by 
Sangon Biotech (Sangon Biotech Co. Ltd., Shanghai, China). 
Primers specific for mouse Syt7 were 5′-CGG​GTT​CTG​AGG​
AGG​ATG​-3′ and 5′-TTT​GTG​CTT​CTT​GTC​GGG​-3′; primers 
specific for β-actin were 5′-TTT​GTG​CTT​CTT​GTC​GGG​-3′ 

h i

j

k

Fig. 2   (continued)
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and 5′-TCA​CGG​TTG​GCC​TTA​GGG​TT-3′. The reaction solu-
tion of qPCR was prepared according to the manufacturer’s 
instructions of ChamQ SYBR qPCR Master Mix (Vazyme). 
Each sample was placed in ABI StepOnePlus qPCR instru-
ment and a thermocycling program was initiated. The relative 
mRNA-transcript level was determined by ΔΔCt method.

Western Blot Analysis

Western blot analyses were conducted as previously described 
[25]. The tissues taken from CA1 were lysed by RIPA (Beyo-
time, Shanghai, China), and the protein concentration was 
detected using a BCA Protein Assay Kit (Beyotime, Shanghai, 
China) according to the manufacturers’ instructions. Proteins 

were normalized to 60 μg/lane, separated on polyacrylamide 
gels, and then electrophoretically transferred to 0.22 μm poly-
vinylidene fluoride membranes (Merck Millipore, MA, USA). 
The membranes were incubated with Tris-buffered saline 
with Tween-20 (TBST) containing 5% skim milk for 1 h at 
room temperature to block nonspecific protein binding. Sub-
sequently, the membranes were incubated with the following 
antibodies: CDKN2A/p16INK4a (1:1000; Abcam, Cambridge, 
MA, USA), GFP (1:1000, ProteinTech Group, Inc., Wuhan, 
China), Syt7 (1:1000, Sigma-Aldrich Co.), P53 (1:1000, Pro-
teinTech Group, Inc.), α-tubulin (1:1000, ProteinTech Group, 
Inc.) at 4℃ overnight. Then, the membranes were hybridized 
with horseradish peroxidase–conjugated secondary antibody 
(1:10,000, AntGene, Wuhan, China) for 1 h at room tempera-
ture. Afterwards, the protein bands were detected with ECL 

Fig. 3   LTP decay induced by d-
gal was abolished by Syt7 over-
expression. a Average amplitude 
of LTP induced by 3 × HFS. 
Top, sample traces taken at 
time points (i) and (ii) indicated 
above the summary plots. b 
The mean fEPSP during the 
last 20 min in acute brain slices 
from control mice or mice sub-
jected to d-gal-induced aging 
plus injection with AAV9-Syt7 
or AAV9-GFP (n = 15; slices 
obtained from 4 to 5 mice). 
All data were presented as the 
mean ± SEM. ns, not significant 
(p > 0.05); *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001 
vs. the control group, based 
on two-way ANOVA with 
an unpaired test. #p < 0.05, 
##p < 0.01, ###p < 0.001, 
####p < 0.0001 vs. the AAV9-
Syt7 + d-gal group, based on 
two-way ANOVA with an 
unpaired test
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(Epizyme Biotech, Shanghai, China) chemiluminescence sub-
strate. The results were analyzed by ImageJ software (National 
Institutes of Health, Bethesda, MD, USA).

Animal Surgery and Stereotactic Viral Injection

The mice were deeply anesthetized via intraperitoneal injec-
tion of 0.3% pentobarbital sodium. Hair on the surgical area 

was shaved, the surgical area was sterilized with iodophor 
solution, and vaseline was applied to keep the eyes moist. 
Next, each mouse was placed on a stereotaxic apparatus 
(68,030, RWD Life Science, China). Small holes were made 
above the CA1 (AP − 2.7 mm, ML ± 2 mm, DV + 1.68 mm 
from the bregma) by drilling into the skull. AAV9-Syt7 or 
AAV9-GFP was injected through a beveled glass micropi-
pette backfilled with mineral oil. The flow rate (20 nL/min) 

Fig. 4   Syt7 inhibited hip-
pocampus senescence by 
downregulating p16 and p53 
expression. a–d Expression of 
Syt7 (a, b) and GFP (c, d) in 
the CA1 of each group of mice 
and representative western blot 
figures. e–h Quantification and 
representative western blots of 
the aging-related proteins p53 
(e, f) and p16 (g, h) in the hip-
pocampal CA1 of mice (n = 3). 
All data were presented as the 
mean ± SEM. ns, not significant 
(p > 0.05); *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001 
vs. the control group, based 
on two-way ANOVA with 
an unpaired test. #p < 0.05, 
##p < 0.01, ###p < 0.001, 
####p < 0.0001 vs. the AAV9-
Syt7 + d-gal group, based on 
two-way ANOVA with an 
unpaired test

a

c

Syt7

Tubulin

-37 kDa

-55 kDa

C D-gal C D-gal C D-gal C D-gal C D-gal C D-gal

GFP

Tubulin

-24 kDa

-55 kDa

C D-gal C D-gal C D-gal C D-gal C D-gal C D-gal

b

d

5763Molecular Neurobiology  (2021) 58:5756–5771



was kept constant using a syringe pump. The micropipette 
was maintained for at least 10 min after the injection and 

removed slowly. Then, the wound was stitched and normal 
saline was injected subcutaneously.

e

g

p16

Tubulin

-16 kDa

-55 kDa

C D-gal C D-gal C D-gal C D-gal C D-gal C D-gal

p53
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f

h

Fig. 4   (continued)
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Statistics

The experimental data were expressed as the mean ± stand-
ard error of the mean (SEM) and analyzed by two-way 
analysis of variance (ANOVA) or t test in GraphPad Prism 
(version 7.0). p < 0.05 was considered to reflect a statistically 
significant difference.

Results

Syt7 Expression Decreased in d‑gal‑Induced Aging 
Mice

To elucidate whether Syt7 is involved in aging-related cogni-
tive impairment, we first detected Syt7 expression in CA1 of 
the hippocampus of d-gal-induced aging and control mice 
by qRT-PCR and western blotting analysis. We found lower 
mRNA and protein expression of Syt7 in the CA1 of aging 
mice compared with controls (Fig. 1a–c).

Syt7 Overexpression in CA1 Improved Impaired 
Hippocampus‑Dependent Learning and Memory 
in d‑gal‑Induced Aging Mice

To further explore the role of Syt7 in cognition, we investi-
gated whether overexpressing Syt7 in the hippocampus of 
C57BL/6 J mice would ameliorate aging-related cognitive 
impairment. AAV9-Syt7 or AAV9-GFP was delivered spe-
cifically to the bilateral CA1 of the hippocampus by stereo-
tactic injection (Fig. 2a, b). After 3 weeks, the mice were 
subcutaneously injected with d-gal or normal saline at the 
back of the neck for 6 weeks. First, the spatial learning and 
memory of the mice were detected by MWM tests [26, 27]. 
The results indicated that during the training period, Syt7 
overexpression improved learning in d-gal-treated mice 
(Fig. 2c). However, no significant difference was found in 
the average swimming speed among the 4 groups (Fig. 2d). 
On the 7th day, we removed the platform to assess the spa-
tial memory. In d-gal-treated mice, AAV9-Syt7 injection 
increases the distance and time spent in target platform 

Fig. 5   Hippocampus-related 
learning and memory were 
impaired in 6-month-old 
mice. a Relative Syt7 mRNA 
expression of CA1 in mice of 
different ages, ranging from 1 to 
12 months old (n = 3). b Learn-
ing curves from the MWM 
test during acquisition train-
ing (n = 10). c–e Total swim 
distance (c) and total swim 
time (d) on the platform, and 
the number of platform cross-
ing within 1 min (e) (n = 10). 
All data were presented as the 
mean ± SEM. ns, not significant 
(p > 0.05); *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001 
vs. 2-month-old mice, based on 
an unpaired t test

a b

c d

e
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location than controls (Fig. 2e–g), suggesting that Syt7 
overexpression enhanced spatial memory.

Then, we performed NORT to evaluate object recog-
nition memory [28, 29]. By analyzing the total time to 
explore two objects and RI, we found that there was no 
significant difference in the total time spent exploring two 
objects (Fig. 2h). In AAV9-GFP-injected groups, aging 
mice had a lower preference for exploring the new object 
than controls. However, Syt7-overexpressed aging mice 
showed a stronger desire for new object than aging mice 
without Syt7 overexpression (Fig. 2i).

Besides, we used CFC test to further evaluate hip-
pocampus-dependent learning and memory in mice [30]. 
The mice showed similar freezing time during foot shock 
phase (Fig. 2j). However, in the contextual fear condi-
tioning paradigm, aging mice with Syt7 overexpression 
showed significantly enhanced freezing behavior at day 1, 

day 3, day 5, and day 7 after training, compared to aging 
mice without Syt7 overexpression (Fig. 2k).

In addition, we found that Syt7 overexpression in CA1 does 
not affect depressive- and anxiety-like behavior and spontane-
ous motor activity in aging mice (Supplementary Fig. 1).

Syt7 Overexpression Enhanced Hippocampal 
Long‑Term Potentiation

LTP is one of the major methods used to explain learning 
and memory [31]. To test whether Syt7 modulates long-
term synaptic plasticity, we detected LTP levels, which 
were induced by 3 × HFS at Schaffer collateral-CA1 syn-
apses in slices. LTP decreased significantly after 3 × HFS 
induction, and the fEPSP amplitude decreased during the 
last 20 min in the AAV9-GFP-injected aging group, com-
pared to the AAV9-GFP-injected control group. However, 

Fig. 6   Effects of Syt7 overex-
pression in CA1 of aging mice. 
a The AAV9-Syt7 or AAV9-
GFP vector was injected in the 
bilateral CA1 in 6-month-old 
mice after the measurement of 
escape latency to the platform 
during acquisition training in 
the MWM test. b–e Total swim 
distance on the platform (b), 
total swim time on the platform 
(c), the number of platform 
crossing within 1 min (d), 
and total swim distance in the 
MWM during the probe test (e). 
f The total time taken to explore 
the objects. g The preference 
of mice for a familiar object 
and a novel object at 2 h after 
familiarization during a 15-min 
test. h Freezing time during 
training phase in the CFC test. 
i, j Freezing time related to con-
textual fear memory assessed on 
the 1st (i) and the 3rd (j) days 
after fear conditioning (n = 8). 
All data were presented as the 
mean ± SEM. ns, not significant 
(p > 0.05); *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001 
vs. the AAV9-GFP group, based 
on an unpaired t test
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Syt7 overexpression in CA1 reversed hippocampal LTP defi-
ciency in d-gal-induced aging mice (Fig. 3a, b).

Syt7 Inhibited Senescence in the Hippocampus 
by Downregulating the p16 and p53 Expression

To further elucidate the mechanisms of Syt7 in senes-
cence, we detected the level of Syt7 in CA1 of the mice 
mentioned above. We found that the expression of Syt7 
decreased in d-gal mice, but increased sharply in the CA1 of 

Syt7-overexpressing mice (Fig. 4a, b). The level of GFP was 
similar among all groups (Fig. 4c, d). d-Gal increased the 
protein levels of p16 and p53 in hippocampal CA1, which 
was eliminated by the overexpression of Syt7 (Fig. 4e–h).

Overexpression of Syt7 Improved Learning 
and Memory in Naturally Aging Mice

To clarify whether Syt7 plays an important role in learn-
ing and memory of naturally aging mice, we detected 

f g

h i

j

Fig. 6   (continued)
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Syt7 expression in CA1 at different ages by qRT-PCR. We 
found that Syt7 was highly expressed in 1-month-old mice 
and decreased with age, especially in 6-month-old mice 
(Fig. 5a). We speculated that 6-month-old mice began to 
show signs of aging. Thus, we assessed the spatial learning 
and memory of 2-month-old mice and 6-month-old mice, 
based on the MWM test. We found that the latent periods in 
both groups gradually shortened during 5 days of training. 
From the 2nd day of acquisition training, 6-month-old mice 
displayed a poor ability to find the hidden platform (Fig. 5b). 
In comparison with 2-month-old mice, 6-month-old mice 
showed declined memory in the probe test conducted 5 days 
after training (Fig. 5c–e). These results suggested that spatial 
learning and memory were disrupted in 6-month-old mice.

Based on the above results, we delivered AAV9-Syt7 or 
AAV9-GFP specifically to CA1 in 6-month-old mice by 
bilateral stereotactic injection, resulting in a selective gene 
overexpression in CA1. Through a series of behavior tests, 
we found that Syt7 overexpression in CA1 of hippocampus 
in 6-month-old mice rescued the poor learning and memory 
performances in the MWM tests (Fig. 6a–e), strengthened 
the object recognition ability in the NORT (Fig. 6f, g), 
and enhanced contextual fear memory (Fig. 6h–j), but did 
not affect sucrose preference (Supplementary Fig. 2a–c), 
immobility % in TST (Supplementary Fig. 2d), anxiety-like 

behavior (Supplementary Fig. 2e, f), and spontaneous motor 
ability (Supplementary Fig. 2 g), suggesting that Syt7 over-
expression can help to improve learning and memory in 
naturally aging mice. Finally, we verified the Syt7 overex-
pression in CA1 after AAV9-Syt7 injection and found that 
the expression levels of senescence-related molecules, p53 
and p16, were reversed by Syt7 overexpression (Fig. 7).

Discussion

Syt7, a member of the synaptotagmin gene family, encodes 
a transmembrane protein that binds Ca2+ during synaptic 
transmission to mediate membrane trafficking [10–12]. 
Syt7 is widely expressed in various types of biologi-
cal tissues and plays a vital role in various physiologi-
cal processes [32]. For example, Syt7 can interact with 
SNARE protein to regulate the fusion of vesicle and cell 
membranes, which triggers neuronal cell exocytosis [33, 
34]. Syt7 is associated with apoptosis [35], but its role in 
apoptosis remains unknown. Although many studies have 
focused on Syt7, the role of Syt7 in cognitive decline dur-
ing aging still needs to be further elucidate.

Impaired learning and memory has been identified as a 
sign of aging [36]. We have shown that chronic systemic d-gal 

Fig. 7   Syt7 overexpression in 
CA1 inhibited senescence in 
naturally aging mice. Protein 
samples were extracted from 
the CA1 of the hippocampus in 
AAV9-GFP- and AAV9-Syt7-
injected mice. a, b representa-
tive western blot (a) and the 
relative protein expression 
levels of Syt7 (b) in each group 
were shown (n = 3). c–f Rep-
resentative western blots and 
protein levels of p53 (c, d) and 
p16 (e, f) in the CA1 (n = 3). 
All data were presented as the 
mean ± SEM. ns, not significant 
(p > 0.05); *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001 
vs. the AAV9-GFP group, based 
on an unpaired t test
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injection can lead to a deficit of learning and memory, and 
decreased antioxidant enzyme activity, which induces neuro-
degeneration and aging. Syt7 decreased in d-gal-induced aging 
mice, which was detected by qRT-PCR and western blotting 
analysis, confirming the central hypothesis of our study.

Subsequently, we delivered AAV9-Syt7 to the bilateral 
CA1 of the hippocampus in 8-week-old mice, which were 
administered d-gal at a dose of 100 mg (/kg·day) at the 
back of the neck for 6 weeks. Then, we conducted a series 
of behavior tests such as MWM, NORT, and CFC tests to 
assess hippocampus-dependent learning and memory in 
d-gal-treated mice [37–39]. Our results showed that Syt7 
overexpression significantly rescued the impaired behaviors 
in aging mice. For example, Syt7 overexpression reduced 
the latent period, improved the time spent and distance 
moved on the hidden platform, increased the times in 
crossing the platform, and enhanced the object recognition 
memory and contextual fear memory. These results indicate 
that Syt7 can relieve cognitive deficiency induced by aging.

To further explore the senescence-related mechanisms of 
Syt7, we detected the expression of p16 (p16INK4a, cyclin-
dependent kinase inhibitor 2A, isoform INK4a) which is the 
senescence marker and an indicator of irreversible growth 
arrest (senescence) in cultured cells and tissues. Selec-
tive elimination of p16-positive cells can prevent or delay 
senescent deterioration. Cellular senescence, a process that 
imposes permanent proliferative arrest on cells in response 
to various stressors, has emerged as a potentially important 
contributor to aging and age-related diseases, as well as 
an attractive target for therapeutic exploitation [4]. Recent 
findings suggest that senescence also occurs in post-mitotic 
cells, such as neurons. It has been reported that the activ-
ity of senescence-associated beta-galactosidase (SA-β-gal) 
was increased in post-mitotic neurons of long-term primary 
cultures (an in vitro model system for studying aging) as 
well as in the hippocampus of aging mice and rats. Primary 
rat hippocampal neurons in long-term cultures have shown 
changes of SA-β-gal and p16, and loss of lamin B1. Moreo-
ver, p53, p21, and retinoblastoma protein (Rb) have also 
been recognized as major regulators of cell senescence. In 
the present study, we found that d-gal increased p16 and p53 
expression in hippocampus, which was consistent with pre-
vious studies. Syt7 can inhibit senescence and promote the 
tumorigenicity of lung cancer cells [40]. However, whether 
Syt7 overexpression affects the levels of p53 and p16 in the 
hippocampus remains unknown, our findings indicate that 
Syt7 overexpression prevents the expression of p53 and p16.

It has been reported that overexpression of Syt7 enhances 
the binding of MDM2 and p53, resulting in the downregula-
tion of p53 [40]. Therefore, we speculate that Syt7 in CA1 of 
hippocampus can reduce the expression of p53 by regulating 
the expression of MDM2.

The hippocampus is a key brain region relevant to cognitive 
function. Specifically, the CA1 in the hippocampus is the foremost 
encephalic region for learning and memory [41, 42]. Memory is 
encoded by synaptic plasticity. As a type of synaptic plasticity, 
LTP is indispensable for learning and memory [43]. Therefore, 
LTP in CA1 is widely used to test learning and memory. Here 
we showed that long-term d-gal administration impaired LTP 
induction in CA1 and reduced the amplitude of fEPSP. These 
phenomena could be reversed by Syt7 upregulation.

To further elucidate whether Syt7 also plays a profound 
role in naturally aging mice, we detected the expression of 
Syt7 by qRT-PCR in hippocampal CA1 at different ages. 
We found that Syt7 expression decreased gradually with 
age, with a sharp decline at 6 months of age. Therefore, we 
speculate that Syt7 overexpression can alleviate cognitive 
dysfunction during natural aging.

At present, no relevant literature has been published 
regarding the specific timing of mouse aging. Our experi-
ments confirmed that Syt7 expression decreased with age. 
Hippocampal Syt7 expression was markedly lower in 
6-month-old mice than in 1-month-old mice. Based on the 
above results, we hypothesized that the mice might start 
aging at 6 months of age. Therefore, we performed the 
MWM test at the age of 2 months and 6 months, and found 
that the learning and memory were impaired in 6-month-old 
mice, which was in line with our hypothesis. Based on the 
abovementioned facts, we injected the AAV9-Syt7 vector 
into the CA1 of 6-month-old mice and conducted a series 
of behavioral tests. One of the most interesting findings 
was that Syt7 overexpression did not cause depression and 
anxiety or affect the motor abilities of mice, but restored the 
learning and memory of naturally aging mice. In addition, 
the protein levels of p53 and p16 were downregulated by 
Syt7 overexpression, indicating that Syt7 inhibits senescence 
in naturally aging mice.

In conclusion, our research was the first study to explore 
the expression of Syt7 in CA1 of aging mice. Moreover, 
we elucidated the effects and mechanisms of Syt7 overex-
pression in CA1 of the hippocampus on cognition related 
to aging. Further researches exploring the function of Syt7 
in natural aging and neurodegenerative disease–associated 
cognitive dysfunction are needed, which may provide pro-
spective targets and new therapeutic regimens for neurode-
generative diseases.
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