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DNA vaccines targeting amyloid-β oligomer ameliorate 
cognitive deficits of aged APP/PS1/tau triple-transgenic 
mouse models of Alzheimer’s disease 
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Abstract  
The amyloid-β (Aβ) oligomer, rather than the Aβ monomer, is considered to be the primary initiator of Alzheimer’s disease. It was hypothesized that  
p(Aβ3–10)10-MT, the recombinant Aβ3–10 gene vaccine of the Aβ oligomer has the potential to treat Alzheimer’s disease. In this study, we intramuscularly 
injected the p(Aβ3–10)10-MT vaccine into the left hindlimb of APP/PS1/tau triple-transgenic mice, which are a model for Alzheimer’s disease. Our results 
showed that the p(Aβ3–10)10-MT vaccine effectively reduced Aβ oligomer levels and plaque deposition in the cerebral cortex and hippocampus, decreased the 
levels tau protein variants, reduced synaptic loss, protected synaptic function, reduced neuron loss, and ameliorated memory impairment without causing any 
cerebral hemorrhaging. Therefore, this novel DNA vaccine, which is safe and highly effective in mouse models of Alzheimer’s disease, holds a lot of promise for 
the treatment of Alzheimer’s disease in humans.
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Introduction 
The amyloid-β (Aβ) oligomers are viewed as the causative agent of 
Alzheimer’s disease (AD) and can induce a series of pathophysiological 
changes such as tau hyperphosphorylation, inflammation, oxidative stress, 
synaptic dysfunction, and neurodegeneration (Sevigny et al., 2016; Yepes, 
2021; Zhang et al., 2021). Both active and passive immunotherapies can 
effectively eliminate amyloid deposits and the pathophysiological changes 
induced by Aβ in human and animal models (Godyń et al., 2016; Martinez and 
Peplow, 2019). Monoclonal antibodies such as solanezumab, gantenerumab, 
crenezumab, and aducanumab specifically directed against the most 
neurotoxic Aβ forms are undergoing large-scale trials to confirm initially 
encouraging results in the mild cognitive impairment stage and in patients at 
high risk of developing AD (Panza et al., 2019). However, in a previous study, 
there was no evidence of improved survival or time to severe dementia in the 
AN1792 clinical trial group versus the placebo group (Holmes et al., 2008).

Currently, the lack of a specific treatment that targets the most toxic 
oligomers may be the major setback in immunotherapy because targeting 
normal soluble Aβ can interfere with its crucial physiological functions, 
including neuroprotection, modulation of synaptic elasticity, memory 
consolidation, and maintenance of innate immunity (Palmeri et al., 2017). 
Anti-Aβ oligomer therapies have also reduced tau pathology in animal disease 
models (Nisbet et al., 2015). In a recent study, a strong interaction between 

soluble Aβ and tau has been shown in the AD pathocascade prior to their 
deposition as plaques and neurofibrillary tangles, respectively, with tau 
acting downstream of Aβ. The Aβ oligomer binds to the plasma membrane, 
opens calcium channels and downregulates the activation of phosphokinases 
implicated in tau phosphorylation. Aβ can mediate the activation of 
extrasynaptic N-methyl D aspartate receptors, which in turn activate kinases 
such as AMPK. Activated kinases can phosphorylate dendritic tau, which 
then results in the migration of tau and Fyn into the dendritic spine (Nisbet 
et al., 2015). As the disease progresses, Aβ is thought to activate a striatal-
enriched protein tyrosine phosphatase, eventually leading to synaptic loss 
and dendrite collapse. Furthermore, reducing soluble Aβ without disturbing 
tau phosphorylation cannot improve cognitive impairment, therefore, saving 
cognitive impairment in transgenic (Tg) mice requires the reduction of both 
soluble Aβ and tau levels (Oddo et al., 2006; Mairet-Coello et al., 2013).

Synaptic-associated proteins play an important role in modulating memory 
conduction. Dynamin 1 plays an important role in the release of synaptic 
vesicles, and postsynaptic density protein 95 (PSD-95) regulates the 
maturation and elasticity of synapses. Both proteins can be degraded by 
calpain activation, which is induced by Aβ accumulation (Fà et al., 2014). 
Immunotherapy, which can selectively decrease the number of soluble Aβ 
oligomers, as well as reduce the loss of synaptic-related proteins, will help 
further protect spatial memory and synaptic function (Loureiro et al., 2020). 
Soluble Aβ oligomers begin to damage synaptic function and affect cognition 
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from the onset of AD before plaque deposition, thus, early intervention in 
the disease is necessary to obtain the most significant benefits. The triple-
Tg mouse (3×Tg-AD, harboring APPSwe and tauP301L transgenes in a mutant 
PS1M146V knock-in background) represents a unique model that develops both 
Aβ plaques and neurofibrillary tangles before exhibiting deficits in synaptic 
plasticity that closely mimic their development in the human AD brain (Yu et 
al., 2018).

In the present study, the immune characterization of 3×Tg-AD mice 
immunized with a recombinant Aβ3–10 gene vaccine and its efficacy on AD-
related pathology were investigated. Finally, the relationship between tau and 
Aβ and its effect on synaptic function were discussed, providing a strong basis 
for further investigation on the effects of Aβ gene vaccines.
 
Materials and Methods   
Animals
Breeding pairs of homozygous 3×Tg-AD mice (n = 20, 4 months of age, 
10 males and 10 females, RRID: 004807) were purchased from Jackson 
Laboratory (Farmington, ME, USA). Ten C57/B6 mice (five female and five male) 
of the same age were purchased from Beijing Vital River Laboratory Animal 
Technology Co., Ltd., China (license No. SYXK (Liao) 2018-0008) as wild-type 
(WT) mice. The mice were raised in a sterile environment at the Laboratory 
Animal Centre of China Medical University under 12-hour light/dark, 20–22°C 
and 40–70% humidity conditions. In addition, experiments were performed 
according to the guidelines of the Animal Care and Use Committee of the 
China Medical University. The animal protocol was approved by the Animal 
Care and Ethics Committee of the First Affiliated of China Medical University 
(approval No. 2018-220-2) on October 17, 2018. All experiments were 
designed and reported according to the Animal Research: Reporting of In Vivo 
Experiments (ARRIVE) guidelines (Percie du Sert et al., 2020). 

Aβ3–10 gene vaccine synthesis and preparation
The gene identified was based on the complementary DNA sequence of gene 
Aβ3–10 in GenBank Fragment synthesis: 5′-TT-EcoRI-Cozak-ATG (initial Bcodon), 
(Aβ3–10)10-TAG (stop codon)-NotI-XhoI-GG-3′, and 10× Aβ3–10 were cloned into 
the pcDNA3.1 mammalian expression vector at the EcoRI and XhoI restriction 
sites. The recombinant plasmid was confirmed based on NotI/EcoRI digestion 
and gel electrophoresis. The correct plasmid sequence was confirmed 
based on nucleotide sequence analysis (Shanghai GeneCore Biotechnology, 
Shanghai, China). The recombinant plasmid was amplified in DH5 receptive 
cells of Escherichia coli and purified using the E.z.n.TM Fastfilter plasmid-free 
Maxi kit (OMEGA, Dallas, TX, USA).

Mouse immunization using in vivo electroporation
Twenty 3×Tg-AD mice were randomly divided into two groups and immunized 
with p(Aβ3–10)10-MT vaccine (100 µg, Shanghai Yuchun Biological 
Technology Company, Shanghai, China) (n = 10) or injected with phosphate 
buffered saline (PBS; 100 µL) (n = 10). The PBS-injected mice were used as the 
negative control group and C57/B6 mice (n = 10) were used as the positive 
control group. The 3×Tg-AD mice (4 months of age) were intramuscularly 
injected in the left hindlimb with p(Aβ3–10)10-MT vaccine, and each mouse 
was immunized a total of 10 times with each immunization occurring once 
every 3 weeks (Figure 1). After anesthetization, a pair of 26 gauge electrode 
needles was inserted 5 mm into the muscle, covering the DNA injection site. 
Electrical pulses were transmitted using an electric pulse generator (ECM830, 
BTX, San Diego, CA, USA) with an output of 6.75 V pulses at a rate of 1 pulse 
per 200 ms (Schommer et al., 2019). Orbital venous blood samples were 
taken for biochemical examination before the first immunization and 10 
days after each immunization. The total number was 10 immunizations, and 
1 month after the last immunization, the mice were sacrificed for further 
experiments. Anesthesia was performed by peritoneal injection of 1% 
pentobarbital sodium (50 mg/kg, MilliporeSigma, Billerica, MA, USA). The 
mice were killed, and the brains were quickly removed. Half of each brain was 
fixed with 4% paraformaldehyde for immunohistochemical staining, and the 
other half was preserved at –70°C for biochemical index detection. 

Immunoreactivity of antisera and response to Aβ polymers
Humoral immune response was detected using enzyme-linked immunosorbent 
assay (ELISA) (Zhang et al., 2018). In brief, 96-microwell plates were coated 
with glutathione S-transferase (GST)-Aβ proteins (Wuhan Boster Biological 
Technology, Wuhan, China) to detect the Aβ peptide in serum samples 
diluted with PBS at 1:1000. Microtiter wells were treated with blocking buffer 
(5.0% goat serum, 1% bovine serum albumin, and 0.05% Tween-20 in PBS) 
and left at room temperature for 2 hours. A standard curve was produced 
by continuous dilutions of the standard 6E10 antibody (monoclonal anti-Aβ 
antibody, Cat# SIG-39320, RRID: AB201061, Covance, Princeton, NJ, USA). For 
western blot analysis, oligomeric Aβ was prepared as described by Dahlgren 
et al. (2002). The peptide was dissolved in 1 mM hexafluoroisopropanol 
(MilliporeSigma), which was then removed under vacuum in a vacuum 
concentrator (Speed Vac, Savant, Holbrook, NY, USA). The remaining peptide 
was stored in 5 mM dimethyl sulfoxide (MilliporeSigma). Serum-free Ham’s 
F-12 medium (Mediatech, Herndon, VA, USA) with phenol red (100 mL) was 
added and samples maintained at 4°C for 24 hours. The sample dilution buffer 
(Boster Biological Technology, Wuhan, China) and 16.5% Tris-tricine sodium 
dodecyl sulfate polyacrylamide gel electrophoresis separation for NuPage 
sample. Western blotting was performed using induced anti-sera (6E10, 1 
mg/mL, –20°C) and an enhanced chemiluminescence system (Amersham, 
Arlington Heights, IL, USA) as previously described (Fukuchi et al., 1998).

Morris water maze
The Morris water maze test was used as an assay for cognitive function. It 
was performed in a circular tank (150 cm in diameter with a 40 cm-high 
white-stained wall) placed in the center of a quiet room maintained at 22°C 
as previously described (Wang et al., 2010). The circular tank (Wuhan Yihong 
Technology Co., Ltd., Wuhan, China) was equipped with a digital pick-up 
camera to monitor animal behavior and a computer program (XR-XM101, 
Xinruan Information Technology, Shanghai, China) for data analysis. The 
Morris water maze test was performed 2 weeks after the last immunization. 
The mice were trained for 2 days using a visible platform, followed by 2 days 
using a hidden platform, and then 1 day later a probe test was performed. 
Each mouse was lowered into the water from each quadrant and was given 
60 seconds to reach the platform. In the afternoon of day 5, the platform 
was removed from the tank and each mouse was allowed a single 60-second 
probe trial. Finally, data for the escape latency, the times crossing the target 
platform, and number of crosses over the platform location (Annulus crossing 
index) in the probe trial were analyzed.

ELISA and immunohistochemistry 
The brain of each mouse was homogenized in 10 volumes of guanidine-Tris 
buffer and mixed for 3 to 4 hours at room temperature. The homogenates 
were further diluted 1:10 with ice-cold casein buffer before centrifugation  
(16,000 × g for 20 minutes at 4°C). Final dilutions were made in 0.5 M 
guanidine and 0.1% bovine serum albumin and assessed for Aβ using 
commercially available ELISA kits (Invitrogen, Camarillo, CA, USA). The 
absorbance of the plates was read at 450 nm with a spectrophotometer. 
The right hemisphere was paraffin-embedded to analyze the amyloid plaque 
burden, and the percentage of the plaque area compared with the total area 
observed was calculated in two representative images of the cortex and two 
of the hippocampi (Rajamohamedsait and Sigurdsson, 2012). Aβ plaques were 
detected using the monoclonal anti-Aβ antibody 6E10. The HT7 antibody 
that recognizes epitopes 159–163 (Thermo Fisher Scientific, Waltham, MA, 
USA) was used to detect total tau, and AT8 and AT180 were used to recognize 
phosphorylated tau levels. AT8 recognizes phosphorylation at the Ser202/
Thr205 phosphorylation site and AT180 recognizes phosphorylation at the 
Thr231 site (Wang et al., 2020). Both cortex and hippocampus were probed 
for Aβ plaques and tau protein. To better identify neurodegenerative sensitive 
neurons, the neuron-specific nuclear antigen NeuN antibody (1:3000, mouse 
monoclonal, Cat# 26975-1-AP, RRID: AB177487, Chemicon, Temecula, CA, 
USA) was used as marker. Then, the NeuN-probed samples were incubated 
with horseradish peroxidase-conjugated IgG (1:5000, goat, RRID: AB270144, 
Cat# SA00001-2, GBI, Bothell, WA, USA). The samples were incubated with 
primary antibody at room temperature for 1.5 hours. To be representative and 
accurate, images of the hippocampal CA3 area were analyzed using ImageJ 
software (1.8.0v) (Schneider et al., 2012) to obtain protein loads (percentage 
of stained area). The staining was performed on 30 cortical gray matter fields 
at 20 × magnification from each brain region to determine the number of 
NeuN-positive neurons in each field. The number of HT7-, AT8-, and AT180-
positive neurons was quantified, and the number of pixels (A.U.) represented 
total tau (HT7) or hyperphosphorylated tau (AT8 and AT180).

Prussian blue staining
To stain microhemorrhages, coronal sections from the left hemispheres of 
p(Aβ3–10)10-MT and control mice were mounted on gelatin-coated slides 
and stained with Prussian blue working fluid as previously described (Asuni 
et al., 2006). Briefly, samples were incubated with equal amounts of distilled 
H2O, potassium ferrocyanide, and 20% hydrochloric acid for 30 minutes. 
The subsequent sections were washed with water, redyed with Nuclear Fast 
Red solution (N3020, Haoran Biological Technology, Shanghai, China) for 10 
minutes, rewashed with water, dehydrated, and covered with a glass slide 
using Depex mounting media (BDH Laboratory Supplies, Lutterworth, UK). 

Immunofluorescence
Activated microglia often show retractions of protuberances, a relative 
enlargement of their cell bodies, and even macrophage-like appearances. 
For double immunofluorescence staining to detect any relationship between 
microglia and Aβ, the frozen sections were placed in fetal bovine serum (1:20) 
and incubated at room temperature for 1 hour. Sections were incubated 
overnight at room temperature with the monoclonal anti-Aβ antibody 6E10 
(1:1000) and rabbit anti-ionized calcium binding adapter molecule 1 (Iba-1; a 
microgliosis maker; 1:1000, rabbit, Cat# 66827-1-Ig, RRID: AB178846, Wako, 
Osaka, Japan). The sections were incubated for 2 hours at room temperature in 
a mixture of fluorescein isothiocyanate-conjugated goat anti-mouse IgG (1:300, 
Cat# 15070, RRID: AB150117, Jackson ImmunoResearch Laboratories Inc., 
West Grove, PA, USA) and Texas red-conjugated goat anti-rabbit IgG (1:5000, 
Cat# 15071, RRID: AB205718, Abcam, Cambridge, UK) after rinsing with PBS 
with fluorescein isothiocyanate (Shanghai Guchen Biotechnology Co., Ltd., 
Shanghai, China) for 2 hours. The sections were then rinsed and covered with 
PBS/glycerol buffer. The sections were mounted with an anti-fading mounting 
medium and examined using a confocal laser scanning microscope (SP2; Leica, 
Wetzlar, Germany). Excitation filters for fluorescein isothiocyanate (488 nm) and 
Texas-red (568 nm) were used. Three sections per mouse were selected and 
the distance between the two adjacent sections was 2 mm. Immunoreactivity 
was determined based on the integrated optical density of the immunostaining 
using Adobe Photoshop CS6 (Adobe Systems, San Jose, CA, USA).

Western blot assay 
Western blot analysis was used to determine the levels of Aβ oligomers, tau 
protein, and five synaptic proteins (synapsin-1, dynamin 1, calpain, PSD-95, 
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and synaptophysin) in the right hemisphere from immunized mice. Protein 
samples were isolated on 12% sodium dodecyl sulfate polyacrylamide gel 
electrophoresis gel and transferred to a polyvinylidene fluoride membrane. In 
20 mM Tris-HCl (pH 7.4) containing 150 mM NaCl and 0.05% Tween 20, the 
10% skim milk-blocked membrane was washed with Tris-HCl (pH 7.4) containing 
150 mM NaCl and 0.05% Tween 20. Then, antibody 6E10 (1:1500), tau5 (1:200, 
mouse anti-tau antibody, Cat# 10274-1-AP, RRID: AB80579, Thermo Fisher 
Scientific, Rockford, IL, USA), AT8 (Cat# 10274-1-AP, RRID: AB254409, mouse 
anti-paired helical filament (PHF) tau antibody, 1:200, Thermo Fisher Scientific), 
AT180 (Cat# 28866-1-AP, RRID: AB223192, mouse anti-PHF tau antibody, 1:500 
Thermo Fisher Scientific), anti-dynamin 1 (Cat# C16, RRID: AB52661, 1:2000, 
mouse, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), anti-PSD-95 
(Cat# 20665-1-AP, RRID: AB238135, 1:500, rabbit, Invitrogen, Carlsbad, CA, 
USA), anti-synaptophysin (Cat# L128, RRID: AB116659, rabbit, 1:500, Bioworld 
Technology, Inc., Bloomington, MN, USA), anti-synapsin-1 (Cat# 20508-1-AP, 
RRID: AB254349, 1:500, rabbit, Bioworld Technology, Inc.), anti-calpain (Cat# 
10538-1-AP, RRID:AB170926 1:500, rabbit, MilliporeSigma), or anti-β-actin (Cat# 
66009-1-Ig, mouse, 1:500, RRID: ab179467, MilliporeSigma) for 1 hour at 37°C. 
The membranes were then incubated with horseradish peroxidase-conjugated 
IgG (1:5000, goat, RRID: AB270144, Cat# SA00001-2, GBI, Bothell, WA, USA) for 
0.5 hour at 37°C, and protein was detected with enhanced chemiluminescence 
reagents (ECL, Pierce, IL, USA). Density analysis was performed using the ImageJ 
software. The optical density was normalized to the PBS group.

Statistical analysis
No statistical methods were used to predetermine sample sizes; however, our 
sample sizes were similar to those reported in a previous publication (Zhang et 
al., 2021b). The evaluator was blinded to the animal group. One mouse died 
in the vaccine-immunized group and one died in the PBS-immunized group. 
All data are expressed as mean ± standard deviation (SD). The difference of 
immunological, neuropathological, and behavioral results between groups 
was analyzed using a one-way analysis of variance, followed by the Student-
Newman-Keuls multiple range test using SPSS 19 (IBM Statistics, Armonk, NY, 
USA). A P-value < 0.05 was considered to indicate a statistically significant 
difference.

Results
Construction and confirmation of Aβ DNA vaccine
The p(Aβ3–10)10-MT vaccine was successfully constructed by Wanlei Life 
Sciences Corporation (Shenyang, China) as described by Sha et al. (2014). A 
graphic of the DNA construct and overall experimental diagram is shown in 
Figure 1.

pcDNA3.1 (+)

HindIII
Kozak sequence
ATG
(Aβ3–10)10
GGGGS link
BamHI

Months

Ten immunizations (black arrows)

Blood draws 10 d after each 
immunization (black arrows)

Killed for further 
analysis

Morris water test

Figure 1 ｜ The structure of vaccine and design of the study.
(A) Ten tandem repeats of complementary DNA for the human Aβ3–10 gene were 
subcloned into the eukaryotic expression vector pcDNA3.1(+) using the restriction sites 
HindIII and EcoRI. (B) The whole flow chart of the study and a timeline of immunizations 
(black arrows), blood draws (red arrows), and when the mice were tested and sacrificed 
for additional further analysis. 

The p(Aβ3–10)10-MT vaccine induces high anti-Aβ antibody levels against 
different AB conformations 
The anti-Aβ antibody levels in the serum samples of mice were detected using 
ELISA. The anti-Aβ antibodies were detected in p(Aβ3–10)10-MT-immunized 
3×Tg-AD mice, and no antibodies were observed in the PBS-injected mice. 
Peak antibody levels reached 47.05 ± 2.72 µg/mL in the p(Aβ3–10)10-MT 
group after the 10th vaccination and was sustained thereafter (Figure 2A). 
The antibody concentration was significantly higher in the p(Aβ3–10)10-MT 
group than in the PBS group (P < 0.01; Figure 2B). When mice were almost 
13 months old, Aβ oligomers were extracted from the cerebral homogenates 
and analyzed using western blotting with the 6E10 antibody. The trimers, 
tetramers, hexamers, nonamers, dodecamers, and fibrils are represented by 
arrows in Figure 2C. The serum antibodies of p(Aβ3–10)10-MT-immunized 
mice strongly bound to Aβ42 oligomers but minimally to Aβ42 fibrils (Figure 
2C). This result shows the p(Aβ3–10)10-MT serum antibodies recognize the 
Aβ oligomer depending on Aβ peptide conformation. 

p(Aβ3–10)10-MT vaccine alleviates cognitive impairment in aged 3×Tg-AD 
mice 
The Morris water maze test was used to evaluate cognition in the 3×Tg-
AD and WT mice after the last vaccination. Compared with the PBS group, 
the escape latency for p(Aβ3–10)10-MT-immunized mice was significantly 
reduced at 3–5 days of training (P < 0.01; Figure 3A). In the probe test, 
compared with the PBS group, the p(Aβ3–10)10-MT group spent significantly 
more time in the target quadrant (P < 0.01; Figure 3B). The times crossing 
the target platform in the p(Aβ3–10)10-MT group was significantly increased 
compared with PBS group (P < 0.01; Figure 3C). The performance in the 
Morris water maze between mice in the p(Aβ3–10)10-MT and WT groups was 
not significantly different (P > 0.05). In summary, these data clearly indicate 
that early immunotherapy can effectively improve the cognitive function of 
aged 3×Tg-AD mice.

p(Aβ3–10)10-MT vaccine prevents plaque deposits through microglia 
activation
Immunohistochemistry was performed to evaluate the Aβ burden in the cortex 
and hippocampus of vaccinated and control mice. The Aβ amyloid plaque 
was significantly reduced to 41% in the cortex and 50 % in the hippocampus 
for the p(Aβ3–10)10-MT-immunized mice compared with PBS-injected mice 
(Figure 4A). Furthermore, ELISA results of cerebral homogenates showed that 
vaccine immunization markedly decreased the levels of soluble (P < 0.05) and 
insoluble (P < 0.01) Aβ42 peptides in the cortex and hippocampus, respectively, 
compared with PBS-immunized mice (Figure 4B). Immunofluorescence results 
showed that the Aβ plaques were densely scattered and surrounded microglia 
with increased cytoplasm and longer synapses which tended to be activated 
in p(Aβ3–10)10-MT-immunized mice (Figure 4C), confirming the role of 
microglia in clearing the senile plaque deposition. Reductions in plaque load 
accompanied by reduced gliosis suggest that microglial activation is necessary 
for efficient removal of compact amyloid deposits with immunotherapy. 
Our fluorescence immunolabeling showed dark-brown, densely scattered 
Aβ plaque surrounded by activated microglial with increased cytoplasm and 
longer synapses which showed the activated tendency.

p(Aβ3–10)10-MT vaccine markedly reduces hyperphosphorylated forms of tau 
Tau phosphorylation at Ser202 and Thr205 (the AT8 form of tau and at 
Th231 (the AT180 form of tau) promote pathological tau changes (Braak et 
al., 2006). Large numbers of hyperphosphorylated tau protein was observed 
in non-immunized 3×Tg-AD mice (McKee et al., 2008). After Aβ vaccination, 
AT8-positive neurons were reduced and the AT8 signal was not as strong in 
p(Aβ3–10)10-MT-immunized mice compared with the PBS-injected mice (P 
< 0.01; Figure 5A and B). The same pattern was observed for AT180 after 
immunization with p(Aβ3–10)10-MT (Figure 5C and D). Protein extracted 
from the right hemisphere was analyzed using western blotting to detect 
AT8, AT180, and total tau levels. Both relative protein expression levels of AT8 
and AT180 were significantly reduced in vaccinated mice compared with the 
control mice (P < 0.05; Figure 5E and F).

Figure 2 ｜ Levels and immunogenicity of the anti-Aβ antibody.
(A) The anti-Aβ antibodies in the serum can be detected in p(Aβ3–10)10-MT immunized 
3×Tg-AD mice (n = 10) while no antibody was discovered in the mice of the PBS group. 
Blood was drawn 11 times with the first occurring before the 10 immunizations which are 
labeled 2–11. (B) Antibody levels in the plasma were significantly higher in the p(Aβ3–
10)10-MT-immunized group than those in the PBS group. Data are expressed as the mean 
± SD (n = 10 mice in each group). *P < 0.05, **P < 0.01, vs. PBS group (one-way analysis of 
variance followed by Student-Newman-Keuls multiple range test). (C) The immunogenicity 
against different Aβ conformations. Aβ: Amyloid-beta; AD: Alzheimer’s disease; MT: 
melatonin; MW: molecular weight; PBS: phosphate-buffered saline; Tg: transgenic.

Figure 3 ｜ The new vaccine improves the cognitive function of 3×Tg-AD mice in the 
Morris water maze.
(A) The escape latency in the hidden platform. In the hidden platform training days, the 
escape latency of the p(Aβ3–10)10-MT group was significantly shortened (except for the 
first day), compared with the PBS group. (B) Time in the target quadrant in the spatial 
probe trail. In the spatial probe trail, mice in the p(Aβ3–10)10-MT group spent more 
time in the target quadrant than mice in the PBS group. (C) Times crossing the original 
platform in the spatial probe trail. In the spatial probe trail, times crossing the original 
platform location were increased in the p(Aβ3–10)10-MT group, compared with the 
PBS group. Data are expressed as the mean ± SD (n = 10 mice in each group). *P < 0.05, 
**P < 0.01, vs. PBS group (one-way analysis of variance followed by Student-Newman-
Keuls multiple range test). 3×Tg-AD mice: Amyloid precursor protein/presenilin-1/tau 
transgenic mouse models; Aβ: amyloid-beta; AD: Alzheimer’s disease; MT: melatonin; 
PBS: phosphate-buffered saline; Tg: transgenic.
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Figure 4 ｜ The vaccine reduces the amyloid burden in the brain of 3×Tg-AD mice 
through microglia activation.
(A) Amyloid burden in both the cortex and hippocampus for the p(Aβ3–10)10-MT 
immunized mice was more greatly decreased than that in PBS-immunized mice by 
immunohistochemistry. (B) The levels of soluble and insoluble Aβ42 peptides were 
analyzed by enzyme-linked immunosorbent assay. Data are expressed as the mean ± SD (n 
= 10 mice in each group). *P < 0.05, **P < 0.01 (one-way analysis of variance followed by 
Student-Newman-Keuls multiple range test). (C) Fluorescein isothiocyanate showed Iba-1 
positive cells (Texas-red: red) clustered around senile plaques (FITC: green) in the brain of 
p(Aβ3–10)10-MT immunized mice. Scale bars: 100 µm in original image in A, and 20 µm 
in enlarged part in A and B. 3×Tg-AD mice: Amyloid precursor protein/presenilin-1/tau 
transgenic mouse models; Aβ: amyloid-beta; AD: Alzheimer’s disease; FITC: fluorescein 
isothiocyanate; MT: melatonin; PBS: phosphate-buffered saline; Tg: transgenic. 
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(A, B) AT8-positive neurons were more greatly reduced in both the cortex and 
hippocampus for the p(Aβ3–10)10-MT immunized mice than those in PBS-immunized 
mice by immunohistochemistry. (C, D) AT180-positive neurons were more greatly 
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than those in PBS-immunized mice by immunohistochemistry. Data are expressed as the 
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and C, and 20 µm in enlarged part in A and C. (E) Relative expression of AT8, and AT180, 
which was normalized to total tau by western blot. 3×Tg-AD mice: Amyloid precursor 
protein/presenilin-1/tau transgenic mouse models; Aβ: amyloid-beta; AD: Alzheimer’s 
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PBS-injected group (P < 0.01; Figure 6A). Previous results showed that calpain 
was activated by Ca2+ influx induced by N-methyl-D-aspartate receptors, 
which promotes degradation of dynamin 1 and PSD-95 (Sinjoanu et al., 2008), 
leading to impaired memory function. Figure 6B showed that the p(Aβ3–
10)10-MT could alleviate the decrease of synaptic related proteins. The 
calpain protein was decreased while the other four synaptic related proteins 
were protected from decreasing after the p(Aβ3–10)10-MT immunization.
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(A) Western blot assay to identify the synaptic protein expression in the brain of mice. 
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p(Aβ3–10)10-MT vaccine prevents neuron loss in hippocampal CA3 area of 
3×Tg-AD mice
Immunohistochemistry was used to detect the number of NeuN-positive 
neurons in the hippocampal CA3 area to evaluate the loss of neurons before 
and after immunization. The number of NeuN-positive neurons in hippocampal 
CA3 area of mice inoculated with the p(Aβ3–10)10-MT vaccine was significantly 
higher than that in the PBS group (P < 0.01; Figure 7A and B), indicating the 
vaccine had a protective effect against neuron loss in 3×Tg-AD mice.
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Figure 7 ｜ The vaccine decreases the number of NeuN-positive neurons in right 
hemisphere of the brain in 3×Tg-AD mice. 
(A) NeuN-positive neuron in mice of the two groups. (B) Total NeuN-positive neuron 
number in 20-fold field shows a 46 % loss in 3×Tg-AD mice immunized with PBS while 
only 11 % of neurons in mice immunized with p(Aβ3–10)10-MT was lost. Scale bars: 200 
µm in the leftmost row, and 20 µm in the right three rows. Data are expressed as the 
mean ± SD (n = 10 mice in each group). **P < 0.01, vs. p(Aβ3–10)10-MT vaccine group 
(one-way analysis of variance followed by Student-Newman-Keuls multiple range test). 
3×Tg-AD mice: Amyloid precursor protein/presenilin-1/tau transgenic mouse models; Aβ: 
amyloid-beta; AD: Alzheimer’s disease; MT: melatonin; PBS: phosphate-buffered saline; 
Tg: transgenic.

Microhemorrhages are rarely observed in the left hemisphere of  
p(Aβ3–10)10-MT vaccine-immunized mice
Prussian blue staining is used to label hemoglobin decomposition products 
containing hemosiderin (Searcy et al., 2021). As described in our previous 
study, microhemorrhages were detected in PBS- and p(Aβ3–10)10-MT-
immunized Tg mice, ranging in size from large, diffuse areas, to small, single 
cell-sized blue profiles (Sha et al., 2014). Quantitative detection showed there 
was no obvious difference between the PBS-injected and p(Aβ3–10)10-MT-
vaccinated groups (Figure 8A and B). Notably, microhemorrhages were rarely 
detected in the PBS-injected and p(Aβ3–10)10-MT-vaccinated mice.
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(A) Prussian blue histological staining of the brain of PBS and p(Aβ3–10)10-MT 
immunized transgenic mice. Prussian blue histological staining represents that there 
was no obvious microhemorrhage in p(Aβ3–10)10-MT immunized transgenic mice. The 
arrows represent the hemosiderin deposits. Scale bars: 20 µm. (B) Microbleeds in 20-
fold field. Data are expressed as the mean ± SD (n = 10 mice in each group), and were 
analyzed by one-way analysis of variance followed by Student-Newman-Keuls multiple 
range test. 3×Tg-AD mice: Amyloid precursor protein/presenilin-1/tau transgenic mouse 
models; Aβ: amyloid-beta; AD: Alzheimer’s disease; MT: melatonin; PBS: phosphate-
buffered saline; Tg: transgenicn. 

p(Aβ3–10)10-MT vaccine prevents the loss of synaptic proteins and 
protects synaptic function
Reportedly, accumulation of Aβ can induce the activation of calpain, thereby 
degrading dynamin 1, a protein which promotes the release of synaptic 
vesicles (Fà et al., 2014) and post-synaptic density protein PSD-95, which 
is essential for synapse maturation and plasticity (Glasgow et al., 2020). 
Compared with C57/B6 mice of the same age, the expression levels of 
dynamin 1 and PSD-95 in the left hemisphere of untreated 3×Tg-AD mice 
were significantly reduced (P < 0.01) and those in the p(Aβ3–10)10-MT-
immunized mice were not changed (P > 0.05). Similarly, the expression levels 
of synaptophysin and synapsin-1 were significantly reduced in the untreated 
group compared with those in the C57/B6 group (P < 0.01); however,  
p(Aβ3–10)10-MT immunization prevented protein decline compared with the 
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Discussion
Active immunotherapies targeting Aβ have been widely performed in 
preclinical AD mouse model studies and human clinical trials (Lambracht-
Washington and Rosenberg, 2012; Wisniewski and Goñi, 2015), however, 
significant clinical efficacy has not been achieved. The main reason may be 
the lack of specific methods to specifically target the most toxic components, 
Aβ oligomers (Lannfelt et al., 2014). Tau in the hippocampus of 3×Tg-AD 
mice reportedly decreased with the removal of Aβ plaques (Davtyan et al., 
2019). Simply reducing soluble Aβ without changing soluble tau levels could 
not significantly improve cognitive ability, indicating that reversal of memory 
impairment requires the joint action of both factors (Schelle et al., 2019). Aβ 
has been proposed to activate Fyn phosphatase, a striatal-enriched protein 
tyrosine phosphatase, eventually inactivating Fyn and leading to the loss of 
synapses and dendritic spine collapse (Mairet-Coello et al., 2013). Together, 
these findings showed that Aβ may trigger AD pathogenesis and tau may be 
the decisive factor (Yu et al., 2012).

In previous studies, even high antibody titers in 18-month-old 3×Tg-AD mice 
after active immunotherapy could not completely reverse the deposition of 
Aβ and changes in cognitive function (Das et al., 2001; Acero et al., 2020). 
Notably, the sustained immune response may have further assisted in 
maintaining antibody-mediated clearance of Aβ and provided protection 
in 3×Tg-AD mice (Fulop et al., 2021). Another possibility for the decreased 
plaque clearance ability in elderly mice was the increased fibrillar composition 
and multiple factors, such as cross-linking, glycation, recombination, and 
integration, which promoted stronger plaques, all of which supported that 
early intervention therapy was more effective during incomplete plaque 
formation (Petrushina et al., 2017).

Compared with traditional peptide vaccines, DNA vaccines have many 
advantages such as being relatively safe, cost efficient, and able to maintain a 
reasonable level of antigen expression within cells. DNA vaccines can be easily 
manipulated to modify genes depending on the type of immune response 
required. However, because of the low efficiency of naked DNA transfection 
cells, the immunogenicity of DNA vaccines is low (Babiuk et al., 2003). 
The application of in vivo electroporation has been shown to increase the 
transfection efficacy and the immunogenicity of plasmid vaccines by several 
folds. With recent developments in electroporation systems for muscle 
delivery, the safety, tolerability, and clinically acceptable administration of 
DNA vaccines has advanced significantly (Allen et al., 2018). In the current 
study, induced anti-Aβ antibodies were immunoreactive to monomeric and 
oligomeric Aβ but reacted weakly with aggregated Aβ. p(Aβ3–10)10-MT 
immunotherapy through in vivo electroporation elicited high serum antibody 
titers that more strongly bound to oligomers than to monomers, effectively 
reducing Aβ peptide deposition and oligomers, which closely correlates 
with cognitive dysfunction and can eventually mitigate cognitive deficits. 
Our vaccine significantly increased the number of microglia clustered near 
amyloid plaques after immunotherapy, indicating that immune therapy could 
change the phagocytic function of microglia and promote plaque clearance. 
Our data show a significant reduction in tau phosphorylation after removal 
of amyloid. Immunization can reduce AT8 and AT180, thereby reducing tau-
associated pathology which is the same as previous study (Pradeepkiran and 
Reddy, 2019).

Pre-synaptic and post-synaptic proteins are more strongly associated with 
cognitive deficits than Aβ plaques. The major determinant of synaptic 
plasticity is post-synaptic protein PSD-95. Dynamin 1 may be involved in 
synaptic vesicle release, which contributes to Aβ-induced synaptic pathology 
(Xia et al., 2017). After immunizing 3×Tg-AD mice with p(Aβ3–10)10-MT, 
the activation of calpain in the brain was significantly decreased, which may 
have led to the reduction of dynamin 1 and PSD-95 degradation, eventually 
protecting the synaptic function. In the present study, the loss of neurons 
in the vaccine group was significantly reduced and the health of neurons 
improved, indicating that immunization with our vaccine can partially 
protect against neuron loss in 3×Tg-AD mice. Because of the limited tissue 
of transgenic mice, we can consider to further explore the changes of tau 
oligomers in future studies.

In summary, the immunogenicity, efficacy, and mechanism of p(Aβ3–
10)10-MT vaccine used as early immunotherapy in 3×Tg-AD mice were 
comprehensively described. Our data show that active immunization by in 
vivo electroporation with a DNA plasmid coding for Aβ3–10 induces a humoral 
immune response against Aβ in 3×Tg-AD mice and significantly reduces tau as 
well as Aβ. 

The novel vaccine presented in this study used Aβ oligomers as the specific 
target, reduced senile plaques and tau phosphorylation, and protected 
synapse function without microhemorrhages. Therefore, the vaccine can be 
considered an effective and safe candidate for preventive treatment or early 
immunotherapy in AD. 
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