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Summary
Aims: Alzheimer’s disease (AD), a progressive development dementia, is increasingly 
impacting patients’ living conditions worldwide. Despite medical care and funding sup-
port, there are still no highly individualized drugs and practical strategies for clinical 
prevention and treatment. Developmentally regulated brain protein (abbreviated as 
Drebrin or Dbn, also known as Dbn1 in mouse) exists in neurons, especially in den-
drites, and is an actin-binding protein that modulates synaptic morphology and long-
term memory. However, the majority of previous studies have focused on its upstream 
proteins and neglected the impact Drebrin has on behavior and AD in vivo.
Methods: Here, we tracked the behavioral performances of 4-, 8-, 12-, and 
16-month-old AD mice and investigated the expression level of Drebrin in their hip-
pocampi. A Pearson correlation analysis between Drebrin levels and behavioral data 
was performed. Subsequently, 2-month-old AD mice were injected with rAAV-
zsGreen-Dbn1 vector, composing the APP/PS1-Dbn1 group, and sex- and age-
matched AD mice were injected with rAAV-tdTomato vector to serve as the control 
group. All mice were conducted behavioral tests and molecular detection 6 months 
later.
Results: (i) The expression of Drebrin is decreased in the hippocampus of aged AD 
mice compared with that of age-matched WT and young adult AD mice; (ii) cognitive 
ability of APP/PS1 mice decreases with age; (iii) Drebrin protein expression in the hip-
pocampus correlates with behavioral performance in different aged AD mice; (iv) cog-
nitive ability improved significantly in APP/PS1-Dbn1 mice; (v) the expression level of 
Drebrin in APP/PS1-Dbn1 mouse hippocampus was significantly increased; (vi) the 
pathological lesion of AD was alleviated in APP/PS1-Dbn1 mice; (vii) the filamentous 
actin (F-actin) and microtubule-associated protein 2(MAP-2) in APP/PS1-Dbn1 mice 
were notably more than control mice.
Conclusion: In this study, an effective expression of Drebrin improves cognitive abili-
ties and alleviates lesions in an AD mouse model. These results may provide some 
valid resources for therapy and research of AD.
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1  | INTRODUCTION

Alzheimer’s disease (AD) is a type of degenerative disease with latent 
clinical characteristics in its early stage. It is an age-related dementia 
with multiple symptoms, including amnesia, disorientation, aphasia, 
and agnosia.1-3 AD has increasingly impacted patients’ living quality 
and places an immense burden on families. With an increasing aging 
population, the rising incidence of AD patients has caused an increase 
in medical costs and mortality in patients over 65 years of age.4,5 
The main pathological characteristics of AD are senile plaques (SP) 
that derive from deposits of amyloid β (Aβ)-peptide and neurofibril-
lary tangles (NFT), which result from the abnormal phosphorylated 
microtubule-associated protein tau. These pathologies contribute to 
the final outcome of neuronal and synaptic death.6-9 However, synaptic 
linkage is the foundation of information transmission between neurons 
at the distal ends of dendrites, and changes to this transmission play 
an important role in memory.10,11 Furthermore, learning and memory 
impairment observed in AD has a close relationship with hippocampal 
synaptic damage in its early stage.12,13 Developmentally regulated brain 
protein (abbreviated as Drebrin or Dbn, also known as Dbn1 in mouse) 
is distributed in the cytoplasm of neurons, especially in the synapse. It 
can combine with filamentous actin (F-actin) in the postsynaptic den-
sity (PSD) to maintain long-term potentiation (LTP) in the hippocampus. 
Drebrin plays an important role in long-term memory14,15 and regulates 
memory activities by combining with or depolymerizing F-actin.16-18 In 
addition, Drebrin also plays a pivotal role in cell migration, synaptogene-
sis, and synaptic plasticity.19,20 Postmortem studies show that Drebrin in 
the frontal cortex and hippocampus of AD patient brains is significantly 
lower than in normal brains.21,22 This implies that low levels of Drebrin 
may play a vital role in the clinical and pathological manifestations of AD.

The majority of the studies on Drebrin were conducted on a 
molecular and cellular level to explore its structure and function. 
Furthermore, most in vivo studies concentrate on its effects with 
upstream proteins but lack research focused on Drebrin’s impact on 
cognitive behavior in AD.19,23,24 In this study, to explore the regularity 
of age, meticulous behavioral tests were conducted in APP/PS1 mice 
aged 4-16 months. A correlation analysis between Drebrin levels and 
behavioral data was performed. We found that Drebrin levels correlate 
with cognitive performance in Morris water maze (MWM), open field, 
and novel object tests. The results suggest that the expression and 
function of Drebrin may play an important role in the pathological pro-
cess of AD. To verify this hypothesis, rAAV-Dbn1 vectors were injected 
into the hippocampus of AD mice to maintain a high level of Debrin 
expression for months. Overall, this study examined the effects on the 
behavior and pathology in AD mice, providing further support for the 
treatment and research of this disease.

2  | MATERIALS AND METHODS

2.1 | Animals

APPswe/PS△E9 (APP/PSI) transgenic Alzheimer’s disease model 
mice (C57BL/6J background) and wild-type C57BL/6J mice for 

breeding were provided by the Institute of Experimental Animals of 
the Chinese Academy of Medical Science. All animals were maintained 
at 22-23°C on a 12-h light/dark cycle with ad libitum access to food 
and water. All animal experiments were approved by the Institutional 
Animal Care and Use Committee of the Institute of Laboratory Animal 
Science of Peking Union Medical College (ILAS-PL-2015-002). A 
total 12 female AD mice aged 4 months, 11 sex-matched AD mice 
aged 8 months and 10 per group sex-matched AD mice aged 12 or 
16 months were tested using behavioral experimentation. More than 
15 sex-matched AD mice were injected with rAAV-zsGreen-Dbn1 
vector at 2 months of age, composing the APP/PS1-Dbn1 group, and 
sex- and age-matched AD mice were injected with rAAV-tdTomato 
vector to serve as the control group. In addition, we used 11 sex- and 
age-matched AD mice without any injection as the APP/PS1 group 
and 13 sex- and age-matched C57BL/6J mice under normal condi-
tions as the WT group. The behaviors of all mice were examined after 
injection at 6 months. To investigate Drebrin expression level and 
pathological effect, Western blot, immunohistochemical staining, and 
immunofluorescence staining were performed with brain tissue.

2.2 | Behavioral tests

2.2.1 | Morris water maze (MWM) test

The MWM test, which forces rodents to swim and trains them to 
search for a hidden platform under the water’s surface,25 was used 
to assess learning and memory capabilities of mice in our study. The 
apparatus was a white circular pool with a diameter of 100 cm and 
a height of 50 cm. The pool was imaginarily divided into four equal 
quadrants that were numbered 1, 2, 3, and 4. The first quadrant was 
the target quadrant with a cylindrical hidden platform (9 cm diameter, 
27 cm height) in its center. The pool was filled with water at 23±1°C 
and was made opaque with nonfat milk powder. A flag, which the mice 
could use to navigate the maze, was positioned above the pool wall at 
a constant location during testing. A video camera tracked the swim-
ming path of every mouse. All activities were analyzed by Ethovision 
XT (Noldus, Wageningen, the Netherlands) monitoring analysis soft-
ware. The test included three phases, including visual platform, hidden 
platform to start, and probe tests. At the midpoint of the pool wall 
of the third quadrant, mice were placed in the water and swam with 
the cue flag. In this stage, mice could board the visual platform for no 
more than 60 seconds. Each mouse could be guided to board the plat-
form and stand on the platform for 20 seconds. The second stage was 
conducted over five consecutive days. In this stage, the platform was 
submerged 1 cm under the water’s surface and hidden by opaque milk. 
Each mouse was placed in the water from the pool wall in any quad-
rant except the platform quadrant. If mice explored in the pool and 
escaped onto the platform for 5 seconds within 60 seconds, the total 
time was recorded as the escape latency. If the mouse failed to board 
the platform within 60 seconds, it was guided to the platform by the 
experimenter and allowed to stand on it for 15 seconds. Each mouse 
was trained three times daily starting in a different quadrant each trial. 
Time intervals between every two quadrant training sessions were not 
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less than 30 minutes. Mice were wiped with a dry towel and dried by a 
heater after each session. All activities were recorded, including escape 
latency, success rate (ie, the rate of board on the platform on the fifth 
day), and swimming trace. The platform was removed on the sixth day, 
and mice were placed in the water from the middle of the pool wall 
of the third quadrant and allowed to swim freely for 60 seconds. All 
activities were recorded, including time spent in the target quadrant, 
frequency of crossing the target quadrant, swimming trace. All results 
were analyzed by Ethovision XT monitoring analysis software.

2.2.2 | Open field test

An open field test was used for tracking a variety of behavioral and 
emotional changes of animals in a novel open environment, such as 
probe behavior, autonomous activities, and anxiety.26 The test appa-
ratus was 50 cm in length, 50 cm wide, and 40 cm high. It was divided 
into border, center, and intermediate zones. Each mouse was placed 
in the same position of the field and tracked with a video camera for 
5 minutes. All activities were analyzed by Ethovision XT monitoring 
analysis software. These activities included total distance, frequency 
in the center zone, moving speed, frequency of grooming, frequency 
of rearing, etc. The apparatus was cleaned with 75% alcohol between 
every two mice tested to eliminate odor.

2.2.3 | Novel object test

A novel object test was used to examine recognition ability because 
innate curiosity prompts rodents to explore novel objects. The appa-
ratus was 50 cm in length, 50 cm wide, and 40 cm high in a quiet 
environment. The test included three stages: acclimation, familiarity, 
and test stages. The first and second day was the adaptation stage 
in which mice performed autonomous activities. The third and fourth 
day was the familiarity stage in which two toy bricks (2×2 cm) of the 
same shape, size, and color were placed in opposite corners. The 
fifth day was the test stage in which one of toy bricks was changed 
to a brick of a different shape and color. Each mouse was placed 
in the arena for 5 minutes during each stage. The probe time to a 
new object (TN) and familiar object (TF) was recorded with a video 
camera. The object probe was defined by the cumulative time of a 
mouse’s nose in the sniffing zone, which was defined as a 2 cm radius 
around the object’s rim. All behavioral results were recorded and 
analyzed by Ethovision XT monitoring analysis software. Recognition 
abilities were calculated by the Discrimination Index (DI) equation: 
DI=(TN+TF/TN+TF)×100%.27 The apparatus was cleaned with 75% 
alcohol between every two mice tested to eliminate odor.

2.2.4 | rAAV9-Dbn1 vector production and 
purification

Synthesis of mouse Dbn1 (NM_001177371) fragments and produc-
tion and purification of a viral vector were performed by Viraltherapy 
technologies (Wuhan, China). pAAV-IRES-ZsGreen containing two 
restriction enzyme cutting sites named BamHI and XhoI was the 

plasmid vector. The mDbn1 fragments were connected to pAAV-
IRES-ZsGreen plasmid vectors (pAAV-mDbn-IRES-ZsGreen). The 
plasmid vectors transformed competent cells and were extracted for 
sequence analysis. Sequence alignment showed consistency between 
the pAAV-mDbn-IRES-ZsGreen and design sequence. The recombi-
nant plasmid infected 293 AAV cells, and then, rAAV9-Dbn1 vectors 
were produced and purified with a high titer of 5×1012 vg/mL. Finally, 
real-time Q-PCR was performed to assess expression efficiency of 
rAAV9-mDbn1 in HeLa recipient cells.

2.2.5 | Intrahippocampal injections

To perform accurate injections, we injected trypan blue diluent into 
the hippocampi of mice using a stereotaxic apparatus, which served as 
a preliminary experiment. The injection coordinates were determined 
according to The Mouse Brain in stereotaxic coordinates28 written by 
George Paxinos and Keith B.J. Franklin as follows:bregma, -2.1 mm; 
sagittal suture, ±1. 35 mm; depth, 1.75 mm. We injected 2 μL of 0.4% 
trypan blue diluent dissolved in PBS into the hippocampus of mice 
bilaterally with a 10-μL capacity microinjector. Subsequently, we 
injected 2 μL of rAAV-zsGreen-Dbn1 or rAAV-tdTomato vector with a 
titer of 5×1012 vg/mL at the same injection coordinates into the mouse 
hippocampus bilaterally in the formal experiment. Approximately a 
month after injection, brains were extracted and cut into 10-μm fro-
zen coronal sections. Green (excitation wavelength of 493 nm) or red 
(excitation wavelength of 554 nm) fluorescence was observed with a 
Fluorescence Inversion Microscope System (Olympus, Tokyo, Japan) 
of the injection area. A fluorescent signal implied that the labeled gene 
was expressed and the injection placement was accurate. The remain-
der of the mice were reared for additional experiments.

2.2.6 | Western blot

Hippocampal tissue was solubilized in RIPA buffer with protease and 
phosphatase inhibitor (1:100, CST). Tissue lysates were centrifuged 
for 30 minutes at 17 320 g, and supernatants were harvested. Protein 
concentrations were determined by BCA kit (Beyotime, Shanghai, 
China). Equal amounts of protein (40 μg) were dissolved in an SDS-
PAGE buffer and separated by SDS-polyacrylamide gel electropho-
resis. Next, proteins were transferred onto polyvinylidene difluoride 
membranes (0.45 μm; Millipore, USA) and blocked for 1 hour with 5% 
nonfat dry milk in TBST (Tris buffer saline containing 0.1% Tween-20). 
Membranes were then incubated with a primary antibody (anti-Drebrin, 
1:1000, Millipore) overnight at 4°C. The next day, membranes were 
washed with TBST and incubated with a secondary antibody (ZSGB-
BIO). Proteins were revealed with an automatic chemiluminescence 
imaging analysis system (Tanon 5500; Tanon Science & Technology).

2.2.7 | Immunohistochemical staining

Brains were fixed with 10% formalin solution for 48-72 hours. Brains 
were then dehydrated, embedded in paraffin, and cut into 4-μm coro-
nal sections. To label with a corresponding antibody, three hippocampal 
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slices from the same anatomical regions of each mouse were processed. 
Paraffin sections were dewaxed and rehydrated by gradient alcohol baths. 
Sections underwent antigen retrieval in a sodium citrate buffer bath and 
blocked with normal goat serum sealing fluid (ZSGB-BIO). The tissue was 
then incubated with an anti-Drebrin antibody (1:1000, Millipore) or anti-
Aβ17-24 antibody (1:300, 4G8, BioLegend) overnight at 4°C. HRP-labeled 
anti-rabbit/mouse IgG (ZSGB-BIO) was used to identify the antigen, and a 
DAB (ZSGB-BIO) reaction was performed to visualize the stain. Sections 
were imaged by Olympus cellSens (Japan) software and analyzed by 
Image J (NIH) software (Media Cybernetics Inc., Rockville, MD, USA).

2.2.8 | Immunofluorescence staining

We selected three hippocampal slices from the same anatomical regions 
of each mouse using each antibody for staining. Paraffin sections were 
dewaxed and hydrated by gradient alcohol baths. Sections underwent 
antigen retrieval with a sodium citrate buffer bath and blocked with nor-
mal goat serum sealing fluid (ZSGB-BIO). The sections were then incu-
bated with anti-GFAP antibody (1:500, abcam), anti-F-actin antibody 
(1:500, sigma), anti-NMDAR1 antibody (1:500, abcam), anti-MAP-2 
antibody (1:300, abcam), or anti-Syn1 antibody (1:300, abcam). After 
washed with a PBS buffer (0.01 mol/L), the sections were incubated 
with FITC/TRITC labeled anti-rabbit/mouse IgG and counterstained 
with DAPI (ZSGB-BIO). Sections were imaged by FV10-ASW4.1.2.1 
(Olympus) software and analyzed by ImageJ (NIH) software.

2.3 | Statistical analysis

Statistical analyses were performed by using SPSS 13.0 for windows 
(SPSS Inc., Chicago, IL). The results are expressed as the means±SEM. 
Student’s t test was used for two-group analysis. Tukey’s test was used 
for multiple group analysis. The Pearson correlation test was used for 
correlation analysis. A P value<.05 was considered statistically significant.

3  | RESULTS

3.1 | The expression of Drebrin is downregulated in 
the hippocampus of aged AD mice compared with that 
of age-matched WT and young adult AD mice

To observe the regularity of Drebrin expression in APP/PS1 mouse hip-
pocampal tissue, we measured Drebrin expression levels using Western 
blot in 12-month-old APP/PS1 AD mice and age-matched WT hip-
pocampi (Figure 1A,B). The levels of Drebrin in APP/PS1 mice were sig-
nificantly lower than in the WT group (n=9 per group, P<.01). The data 
were consistent with the low level of Drebrin measured in AD patient 
hippocampi compared with age-matched subjects in the human litera-
ture.19 These results imply that Drebrin may be involved in the degener-
ation of the central nervous system. To confirm the correlation between 
the expression levels of Drebrin and aging, we detected the expression 
of the Drebrin protein in the hippocampus of adult APP/PS1 mice at 
different ages (4, 8, 12, and 16 months). Drebrin levels in the 16-month 
group were significantly lower than those in the 4- and 8-month groups 
(P<.01). Furthermore, Drebrin levels in the 12-month group were signifi-
cantly lower than those in the 4-month group (P<.01), and the levels in 
the 8-month group were significantly lower than those in the 4-month 
group (P<.05) (Figure 1 C,D). These results indicate that the expression 
of Drebrin in the hippocampus of AD mice decreases with age.

3.2 | Cognitive ability of APP/PS1 mice decreases 
with age

The MWM is a classic experiment to test the ability of learning and 
memory in mice by testing their navigation ability to find a hidden 
platform with respect to landmark cues. In the navigation stage, the 
escape latency of mice in all groups was shortened with more days 
of training. The escape latency of AD mice is also generally longer 

F IGURE  1 Expression level of Drebrin protein in mouse hippocampal tissue. (A,B) Western blot analysis for Drebrin protein expression levels 
in 12-mo-old APP/PS1 mouse hippocampus and that of age-matched WT mice. Relative protein expression levels adjusted by GAPDH (n=9 
per group, Student’s t test, **P<.01; APP/PS1 mice vs age-matched WT mice). (C,D) Western blot analysis for Drebrin protein expression levels 
in 4-, 8-, 12-, and 16-mo-old APP/PS1 mouse hippocampi. Relative protein expression levels adjusted by GAPDH (n=6 per group, Tukey’s test, 
**P<.01, 4-mo APP/PS1 vs 16-mo APP/PS1; **P<.01, 4-mo APP/PS1 vs 12-mo APP/PS1; ##P<.01, 8-mo APP/PS1 vs 16-mo APP/PS1)
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F IGURE  2 Behavioral performance of APP/PS1 mice in different months (4, 8, 12, and 16 mo). (A) The escape latency during 5 days of 
testing and the success rate of locating the platform on the last day of the MWM test (n=13 for WT, n=13 for 4-mo-old APP/PS1 mice, n=11 
for 8-mo-old APP/PS1 mice, n=10 for 12- or 16-mo-old APP/PS1 mice, two-way repeated-measures ANOVA, Tukey’s test, *P<.05, **P<.01, 
4-mo-old APP/PS1 vs WT mice; #P<.05, ##P<.01, 4- vs 16-mo-old mice; *P<.05, **P<.01, vs 4-mo-old mice, ##P<.01, vs 8-mo-old). (B) Time 
spent in the target quadrant and frequency of crossing the target quadrant during the probe test in the MWM test (one-way ANOVA, Tukey’s 
test, *P<.05, **P<.01, vs 4-mo-old mice; #P<.05, vs 8-mo-old mice). (C) The track of locating swim. (D) The track of probe test. (E) Total distance, 
frequency to the center zone and moving speed in the open field test. (F) Frequency of rearing and grooming in the open field test (n=12 for 
4-mo-old, n=11 for 8-mo-old, and n=10 for 12- or 16-mo-old APP/PS1 mice, one-way ANOVA, Tukey’s test, *P<.05, 16 mo vs 4 mo APP/PS1). 
(G) Discrimination index in the new object test (one-way ANOVA, Tukey’s test, *P<.05, vs 4-mo-old APP/PS1 mice)
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than that of WT mice, especially during training sessions of the third, 
fourth, and fifth days. The escape latency of 4-month-old AD mice 
was significantly longer than that of WT mice (P<.01). Furthermore, 
16-month-old AD mice spent significantly longer to find the platform 
than 4-month-old AD mice (P<.01). The data show that the escape 
latency in adult AD mice generally increases with age and significantly 
increased after 8 months. On the last day of training, the success rate 
of finding the platform also reflected age-related decline: 8-month-old 
mice were significantly slower than 4-month-old AD mice (P<.05), 12- 
and 16-month-old mice were significantly slower than 4-month-old 
AD mice (P<.01), and 16-month-old mice were significantly slower 
than 8-month-old AD mice (P<.01). There was no significant difference 
between 16- and 12-month-old AD mice (P>.05; Figure 2 A). In the 
probe test, the time spent in the target quadrant and the frequency of 
crossing the platform area of AD mice also showed a decreasing trend 
with age. The 8-, 12-, and 16-month-old AD mice spent significantly 
less time crossing the platform than the 4-month-old AD mice (P<.01), 
and 16-month-old mice spent significantly less time than 8-month-old 
mice (P<.05; Figure 2 B). All results showed that the learning, memory, 
and spatial localization ability of adult AD mice decreased with age. 
Subsequently, open field and novel object tests were conducted for 
further study. In the open field test, there was no significant differ-
ence in total distance, frequency to the center zone, and frequency of 
grooming (Figure 2E,F). However, the frequency of rearing tends to 
decrease with age (Figure 2F), especially in 16-month-old compared 
to 4-month-old AD mice (P<.05). In the novel object test, the discrimi-
nation index (DI) percentage in 8-, 12-, and 16-month-old AD mice 
was significantly lower than in 4-month-old mice (P<.05; Figure 2G).

3.3 | Drebrin protein expression in the hippocampus 
correlates with behavioral performance in different 
aged AD mice

To explore whether there was a correlation between the expression 
level of Drebrin and behavioral performance of AD mice of different 

ages, a correlation analysis between behavioral data and correspond-
ing Drebrin expression data in the same mouse was performed. The 
escape latency during the fifth day and the time spent in the target 
quadrant in MWM were detected in the analysis. The results show 
that there was a high correlation between Drebrin expression and 
escape latency (r=−.770, P<.001; Figure 3A) and time spent in the tar-
get quadrant (r=.842, P<.001; Figure 3B). These results suggest that 
decreased Drebrin expression may impact the memory and spatial 
localization ability of AD mice. The frequency of rearing in the open 
field test was assessed in the correlation analysis to detect whether 
Drebrin expression influences autonomic activities of AD mice. The 
data show a moderate correlation between Drebrin and the frequency 
of rearing (r=.658, P<.001; Figure 3C), indicating that Drebrin has no 
significant impact on autonomic activities in AD mice. The DI in the 
novel object test was compared with Drebrin, showing a significant 
correlation with Drebrin protein levels (r=.757, P<.001) (Figure 3D). 
This suggests that decreased Drebrin expression may impact memory 
ability and curiosity.

3.4 | Production of AAV9-mDbn1 vectors and 
expression in the hippocampus of AD mice

To further study the role of Drebrin in the central nervous system of 
AD mice, AAV9-mDbn1 was produced by the connection between a 
plasmid vector and a target fragment of Dbn1. The sequencing com-
parison confirmed Dbn1, including restriction site BamHI+XhoI and 
Kozak sequences, was highly consistent with the design sequence 
(Figure 4A, B). The expression efficiency of the AAV9-mDbn1 vector 
in HeLa cells was detected by Q-PCR, showing more effective expres-
sion than blank controls (Figure 4C,D, P<.01). A 0.4% trypan blue 
diluent was injected into the hippocampi of mice using a stereotaxic 
apparatus to perform accurate injections (Figure 4E). Trypan blue was 
injected smoothly into the targeted position. Dissection revealed that 
there was no trypan blue infiltration at the bregma, areas surrounding 
the hippocampus, occipital area, or in the 3rd ventricle. Subsequently, 

F IGURE  3 Correlations of hippocampal 
Drebrin expression with behavioral 
performance in AD mice at ages 4, 8, 
12, and 16 mo (A) Correlation of Drebrin 
expression level with escape latency 
(r=−.770, P<.001, Pearson correlation test). 
(B) Correlation of Drebrin expression level 
with time spent in the target quadrant 
(r=.842, P <.001, Pearson correlation test). 
(C) Correlation of Drebrin expression level 
with frequency of rearing (r=.658, P<.001, 
Pearson correlation test). (D) Correlation 
of Drebrin expression level with DI(r=.757, 
P<.001, Pearson correlation test)
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F IGURE  4 Structure of pAAV-mDbn-IRES-ZsGreen, expression efficiency of Dbn1, mouse hippocampal injection, and high expression of 
Drebrin protein in mouse hippocampus. (A,B) Basic structure of pAAV-mDbn1 plasmid and enzyme identification. (C,D) Expression efficiency of 
mDbn1 was detected by Q-PCR. (E) Mouse hippocampi were injected with trypan blue; AAV9-Dbn1 (excitation wavelength of 493 nm) showing 
green fluorescence or AAV9 vector (excitation wavelength of 554 nm) showing red fluorescence in the mouse hippocampus (Scale bar=40 μm). 
(F) The Drebrin protein was detected by immunohistochemical staining in the APP/PS1-Dbn1 group and control AD group (n=8 per group, 
Student’s t test, *P<.05, **P<.01, APP/PS1 vs control; Scale bar=40 μm)

(A)

(B)

(E)

(D)

(C)
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AAV9-mDbn1 vectors with a green fluorescence label or AAV9 vec-
tors with a red fluorescence label were injected into hippocampi of 
AD mice. A month after injection, green or red fluorescence was 
observed by a Fluorescence Inversion Microscope System in the hip-
pocampus (Figure 4E). A fluorescent signal implies that the labeled 
gene is expressed and the injection coordinates are accurate.

3.5 | Cognitive ability improved significantly in APP/
PS1-Dbn1 mice

The escape latency of mice in all groups was shortened with increased 
days of training in the navigation stage of MWM. An escape latency 
scatter plot shows that there are no significant differences between 
the control and APP/PS1 groups, but the APP/PS1-Dbn1 group did 
spend less time than the two groups (P<.05). On the last day of train-
ing, the success rate of finding the platform showed that the con-
trol group mice were significantly slower than the APP/PS1-Dbn1 
mice (P<.05; Figure 5A). In the probe test, the time spent in the tar-
get quadrant and the frequency of crossing the platform area in all 
groups of mice also showed different performances. APP/PS1-Dbn1 
mice spent significantly more time in the target quadrant and had a 
significantly greater frequency of crossing the platform area than the 
control group mice (P<.05; Figure 5B). The data show that the learn-
ing, memory, and spatial localization ability of APP/PS1-Dbn1 mice 
improved significantly. The open field and novel object tests were per-
formed for further study. There were no significant differences in total 
distance, frequency to the center zone, and frequency of grooming 
between groups in the open field test (Figure 5E,F). Nevertheless, the 
frequency of rearing in APP/PS1-Dbn1 mice was significantly higher 
than in the control group (P<.05) and there was no significant differ-
ence in WT mice (P>.05; Figure 5F). In the novel object test, the DI in 
APP/PS1-Dbn1 mice was significantly higher than in control and APP/
PS1 mice (P<.05; Figure 5G). All results suggest that AAV9-Dbn1 vec-
tors in the hippocampus can promote better performance in AD mice 

than non-Dbn1 AD mice in MWM, open field, and novel object tests. 
The improved behavioral performance of APP/PS1-Dbn1 mice may 
be due to high levels of the Drebrin protein.

3.6 | The expression level of Drebrin in APP/
PS1-Dbn1 mouse hippocampus was significantly 
increased; the pathological lesion of AD was alleviated 
in APP/PS1-Dbn1 mice

In this study, the expression of Drebrin in the hippocampus of APP/
PS1-Dbn1 and control mice was detected by immunohistochemistry 
to verify the hypothesis that positive behavioral performance of APP/
PS1-Dbn1 mice may due to high levels of the Drebrin protein. The 
positive area fraction showed that APP/PS1-Dbn1 mice had signifi-
cantly more staining than the control group (P<.01; Figure 4F). The 
result suggests a high expression level of Drebrin can improve behav-
ioral activities in AD mice. The Aβ plaques derived from deposited 
the Aβ peptide are a typical pathology characteristic of AD, which 
increases with age and is aggravated in AD patients.29 Similarly, the 
same lesions and features also exist in the brains of APP/PS1 mice.30 
The anti-Aβ17-24 antibody was used to detect Aβ plaques in immu-
nohistochemical staining in mice across all groups to further detect 
the relationship between high levels of the Drebrin protein and the 
deposited Aβ peptide. The results show that the area fraction and 
number of plaques in the hippocampus of APP/PS1-Dbn1 mice are 
markedly reduced (P<.01; Figure 6A,B). Astrocytes, which can secrete 
a variety of inflammatory factors and mediate signal transduction, 
are widely distributed in the brain.31 Astrocyte reactivity increases 
or is accompanied by morphological changes when cerebral injury 
occurs.32,33 GFAP, a specific marker to detect astrocytes, was applied 
to investigate postinjection changes of hippocampal astrocytes by 
immunofluorescent staining in mice. The results showed that the 
APP/PS1-Dbn1 group had significantly fewer astrocytes than the 
control group (P<.01; Figure 6C,F). Furthermore, the control group 

(a) (b) (c)

(d) (e) (f)

(F)

F IGURE  4  (Continued)
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had significantly more astrocytes than the other three groups. These 
findings suggest that operative injury activates astrocytes, but high 
levels of Drebrin may inhibit over activated astrocytes.

3.7 | Relative protein changes of Drebrin in APP/
PS1-Dbn1 mice

The immunofluorescence assays to detect F-actin, NMDAR1, MAP-
2, and Syn1 were performed to investigate the impact of increased 
Drebrin in AD mice. Studies have reported F-actin combines with 
Drebrin to maintain LTP and accompany the reduction of Drebrin.34 
But whether increased Drebrin can impact F-actin has not yet been 
reported. Furthermore, overactivated NMDAR can accelerate Drebrin 
degradation,29 but whether Drebrin can impact NMDAR needs to 
be studied further. Microtubule-associated protein MAP-2, which is 
involved in the formation of neuronal cytoskeleton, is an important 
marker of neuronal microtubules, which is decreased in AD brains.35 
Synaptic-associated protein Syn1 is reduced in AD brains and plays a 
pivotal role in synapse formation, vesicle trafficking, neurotransmit-
ter release, etc.36 The results showed that F-actin in APP/PS1-Dbn1 
mice was notably higher than in control and APP/PS1 mice (P<.01; 
Figure 6D,F), and MAP-2 in APP/PS1-Dbn1 mice had significantly 
more staining than control mice (P<.01; Figure 7A,C). These findings 
suggest that effective expression of Drebrin plays a positive role in 
aggregating neuronal microtubules in AD mice. However, there were 
no significant differences between groups for NMDAR1 and Syn1 
(P>.05; Figure 6E,F; Figure 7B,C). These findings suggest Drebrin 
cannot regulate the expression of NMDAR1 and Syn1 in a positive 
manner.

4  | DISCUSSION

In this study, the results suggest that effective expression of the 
Drebrin protein in the hippocampus of AD mice via injection of 
rAAV9-Dbn1 vectors can improve cognitive competence and alle-
viate lesions of AD. Previous studies report that Drebrin plays a key 
role in maintaining long-term memory37; moreover, it also display 
its function in cell migration, synaptic development, and plastic-
ity.19,20 Synaptic remodeling is a form of rapid upregulative nervous 
transmission under repeated axonal stimulation, which is the basis 
of memory by cytomorphosis.38,39 Neurodegenerative diseases, 
such as AD, have been found to manifest cognitive impairment 

symptoms that are related to the synaptic damage.30,40,41 In 
addition, postmortem reports find that Drebrin in AD patients 
is notably lower than in healthy control brains in the hippocam-
pus and cortex.19 Aged AD mice were also found to have marked 
declined of Drebrin42 that was also confirmed in this study. We 
therefore hypothesize that the expression level of Drebrin in AD 
mice may correlate with their behavioral activities, especially cog-
nitive behavior. In our study, the expression level of Drebrin in  
4- to 16-month-old AD mice was detected by Western blotting. We 
found that the Drebrin protein decreased with age. Subsequently, 
the MWM, open field and novel object tests were performed in  
4- to 16-month-old AD mice. The MWM was used to assess learn-
ing and memory capabilities of rodents.43 The open field test was 
used to investigate autonomous activities and to probe behavior. 
Finally, the novel object test was conducted to detect recognition 
ability to novel objects.44,45 We found a significant difference in all 
three tests, especially in MWM and novel object tests. These data 
show a significant decline in cognitive and autonomous activities 
with age. The correlation analysis data showed that the expres-
sion level of Drebrin was significantly correlated with behavioral 
performance in different ages of adult AD mice. Based on these 
results, we suggest that Drebrin serves an important role in the 
central nervous system of AD mice, and injecting the rAAV9-Dbn1 
vector into the hippocampus of 2-month-old AD mice maintains an 
effective expression of Drebrin for months.

Approximately 6 months later, we found APP/PS1-Dbn1 mice per-
formed better than control and APP/PS1 mice. This was evident in 
all of the behavioral tests, especially in MWM and novel object tests. 
Although most previous research has been conducted on the role 
of Drebrin in neuronal development and long-term memory,46 there 
are few reports on the overexpression of Drebrin in an AD model in 
vivo, especially during behavioral tests. In this study, we observed 
the behavior of mice in detail and further provide evidence for the 
effect of Drebrin on the central nervous system and provide primary 
experimental resources for gene therapy. To confirm that Drebrin 
can impact pathological changes of AD at the molecular level, we 
performed immunohistochemical staining to detect related proteins. 
Accumulative Aβ in AD activates glial cells and produces various 
inflammatory factors to aggravate neurotoxicity, which contributes 
to synaptic depression and cognitive impairment.47-49 We found that 
the area fraction and number of plaques of Aβ in the hippocampus of 
APP/PS1-Dbn1 mice are significantly reduced. Cell research showed 
that the Aβ42 oligomer can reduce Drebrin in hippocampal neurons 

F IGURE  5 The behavioral performance of mice in different groups (WT, APP/PS1, control, and APP/PS1-Dbn1). (A) The escape latency 
during 5 days and the success rate of locating the platform on the last day of the MWM test (n=13 for WT, n=11 for APP/PS1, n=11 for control, 
n=13 for APP/PS1-Dbn1, two-way repeated-measures ANOVA, Tukey’s test, *P<.05, control vs APP/PS1-Dbn1). (B) Time spent in the target 
quadrant and frequency of crossing the target quadrant during the probe test in the MWM test (one-way ANOVA, Tukey’s test, *P<.05, control 
vs APP/PS1-Dbn1). (C) The track of locating swim. (D) The track of probe test. (E) Total distance, frequency to the center zone and moving speed 
in the open field test. (F) Frequency of rearing and frequency of grooming in the open field test (n=13 for WT, n=11 for APP/PS1, n=11 for 
control, n=11 for APP/PS1-Dbn, one-way ANOVA, Tukey’s test, *P<.05, control vs APP/PS1-Dbn1). (G) Discrimination index in the new object 
test (n=12 for WT, n=11 for APP/PS1, n=11 for control, n=11 for APP/PS1-Dbn1; one-way ANOVA, Tukey’s test, *P<.05, control vs APP/PS1-
Dbn1)
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F IGURE  6 Relative protein expression of Drebrin and pathological changes in different groups. (A, B) Immunohistochemical staining shows 
amyloid protein expression in the hippocampus of different groups (Scale bar=200 μm, Scale bar=40 μm). (C) Immunofluorescence staining 
shows GFAP expression in each group. (D) Immunofluorescence staining shows F-actin expression in each group. (E) Immunofluorescence 
staining shows NMDAR1 expression in each group. (F) Area fraction of GFAP,F-actin and NMDAR1 (Scale bar=50 μm, n=6 per group, one-way 
ANOVA, Tukey’s test, *P<.05, **P<.01, control vs APP/PS1-Dbn1)
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F IGURE  7 Relative protein expression 
in different groups of mice brain. (A) 
Immunofluorescence staining shows 
MAP-2 expression in each group. (B) 
Immunofluorescence staining shows Syn1 
expression in each group. (C) Area fraction 
of MAP-2 and Syn1 (n=6 per group, one-
way ANOVA, Tukey’s test, *P<.05, **P<.01, 
control vs APP/PS1-Dbn1)
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of mice,50 but there are rarely reports on the impact of Drebrin on Aβ. 
We suggest that Drebrin may play a role in inhibiting Aβ generation 
or accelerating its degradation. Astrocytes, distributed widely in the 
brain to maintain homeostasis, provide nutrition, regulates energy 
metabolism, and transduces signals, among other duties.51 However, 
astrocyte reactivity increases and reactive gliosis are main factors of 
neuroplasticity and CNS regeneration when cerebral injury occurs.52 
Activated astrocytes can increase Aβ by secreting inflammatory fac-
tors and complements.53,54 GFAP is a specific marker of astrocytes, 
which modulates the morphology and quantity of astrocytes to be 
used to evaluate cerebral status. We found that GFAP in an injection 
area increased the quantity and changed the morphology in the con-
trol group, implying that astrocytes were activated by injection and 
vector stimulation. Conversely, there are rarely activated astrocytes in 
the APP/PS1-Dbn1 group, in which the quantity was close to the APP/
PS1 group. These results suggest that effective expression of Drebrin 
may inhibit the activation of astrocytes.

Drebrin regulates memory by binding or depolymerization with 
F-actin, which interacts with neural microtubules mediated by 
Drebrin.55 In addition, the distribution of F-actin was also adjusted by 
Drebrin.56 We found that increased levels of Drebrin can promote an 
increase in the quantity of F-actin. MAP-2 is distributed in the neu-
ronal cytoplasm, especially in dendrites. It can adjust microtubule 
assembly and stabilize the cytoskeleton to maintain neuron dendritic 
growth.57-59 In this study, MAP-2 in the APP/PS1-Dbn1 group was 
significantly higher than in the control group in the hippocampus. We 
suggest that increased levels of Drebrin can stabilize neuronal den-
drites to improve cognitive function. Thus, rAAV9-mediated effective 
expression of Drebrin in the hippocampus of AD model mice may pro-
vide a valid method to improve cognitive ability by inhibiting Aβ.

5  | CONCLUSION

Our study showed that hippocampal Drebrin protein expression levels 
in adult APP/PS1 mice decline with age. Furthermore, our behavioral 
data demonstrated that cognitive and probe activities decline with 
age. A correlation analysis showed that the expression level of the 
Drebrin protein significantly correlatives with behavioral performance 
in AD mice. rAAV9-Dbn1 vectors can maintain an effective expres-
sion level of Drebrin, which improves performance and alleviates 
lesions in AD mice. These results may provide some valid resources 
for therapy and research of AD.
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