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DNA Vaccination Target on Amyloid Oligomer also
Reduce tau Pathology and Improve Synaptic
Function in Aged 3xTg-AD Mice
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Abstract
Background: Active immunotherapy has been widely used as a potential therapeutic method for both
treatment and prevention of Alzheimer’s disease (AD). Amyloid deposition and tau hyperphosphorylation
are main pathological hallmarks of AD. Reduction in both is required to regulate synaptic proteins
neurotransmission which can �nally protect cognitive function. Growing evidence suggests that the most
toxic β-Amyloid peptide (Aβ) oligomers can be detected from the very beginning of AD development, so it
is wise for us to develop effective therapy method focus on Aβ oligomers rather than monomers.

Methods: The 3×Tg-AD mice were randomly divided into two groups immunized with p(Aβ3–10)10-MT
and PBS respectively. The PBS group was used for positive group while C57/B6 mice was used for
negative group. ELISA was used to detect the antibody titers and Morris Water Maze was to analysis the
cognitive function. The Aβ ,Tau hyperphosphorylation, Neuron and synaptic protein were detected
through immunohistochemistry and western blot.

Results: Mice immunized with p(Aβ3–10)10-MT can not only reduce the levels of Aβ oligomers and
plaque deposits but also protect neuron as well as synaptic function, �nally prevent the decline spatial
memory in transgenic mice.

Conclusions: Our novel DNA genetic vaccine is highly safe and effective, thus providing strong evidence
for the treatment and prevention of early AD.

Introduction
Alzheimer's disease (AD), characterized by senile plaques and neuro�brillary tangles that eventually lead
to neuronal degeneration, is a major cause of cognitive dysfunction in the elderly[1]. Aβ oligomer, rather
than Aβ oligomer, is considered to be the primary initiator of AD, which can induce series of
pathophysiological changes such as tau hyperphosphorylation, in�ammatory response, oxidative stress,
synaptic dysfunction, and neurodegeneration[2].Both active and passive immunotherapy can effectively
eliminate amyloid deposits and the pathophysiological changes induced by Aβ in human and animal
models[3, 4].Otherwise, there was no signi�cant difference between the control group and the treatment
group in the interval between progression to severe cognitive impairment[5].Monoclonal antibodies such
as solanezumab, gantenerumab, crenezumab, aducanumab have been detected in MCI(Mild Cognitive
Impairment) stage and in patients at high risk of developing AD[6]. At present, lack of speci�c treatment
for the most toxic oligomers may be the main defect of AD immunotherapy ,because target normal sAβ
can interfere with its crucial physiological functions of Aβ, including neuroprotection, modulation
synaptic elasticity, memory consolidation and maintenance innate immunity[7].

There was a strong correlation between soluble Aβ and tau in the AD pathocascade which may happen
before the occurrence of senile plaques and neuro�brillary tangles. Besides, Tau down-regulation the
express of Aβ. It was con�rmed that anti-Aβ oligomer therapy reduces tau protein-related pathological
changes in both animal and clinical trials[8].
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Aβ oligomer binds to the plasma membrane to open its calcium potential channel to allow its in�ow into
the cell and down-regulate the activation of phosphokinase in tau phosphorylation. For example, AMPK
activates a unique phosphorylation site at ser422 in AD progress.As disease progressed, Aβ is thought to
activate Fyn phosphatase, striatal-enriched protein tyrosine phosphatase(STEP), eventually leading to
synaptic loss and dendrite collapse[9]. Furthermore,reducing soluble Aβ without disturbing soluble tau
can not improve cognitive impairment; therefore, saving cognitive impairment in transgenic mouse
requires reduction of both soluble Aβ and tau levels[10]. Soluble Aβ oligomers began to damage synaptic
function and affect cognition from the very onset in AD before plaque deposition, so early intervention of
the disease is necessary to get the most dramatic bene�ts. Moreover, synaptic associated proteins take
an important role in modulating memory conduction.

Dynamin1 plays an important role in the release of synaptic vesicles, while PSD-95 regulates the
maturation and elasticity of synapses. Both of them can be degragated by calpain activation which is
induced by Aβ accumulation[11]. Immune therapy can selective reduce soluble Aβ oligomer, as well as
reduce the loss of synaptic-related proteins, which can help further protect spatial memory and synaptic
function[12].The triple-transgenic mouse (3 × Tg-AD, harboring APPSwe and tauP301L transgenes on a
mutant PS1M146V knock-in background) were representative with both amyloid deposition and tau
phosphorylation, exhibited de�cits in synaptic plasticity which were more similar to those of AD patients
from the pathophysiological point of view[13].

The purpose of this study was to investigate the immune characterization of 3 × Tg-AD mice immunized
with a recombinant Aβ3–10 gene vaccine and its e�cacy on AD related pathology.Our main observation
is the effects of our vaccine as follows: 1) Behavioral abnormality 2) amyloid plaque deposits, 3) the
amount of insoluble Aββ oligomers, 4) immunoreactivity to monomeric and oligomeric Aβ of induced
antibodies, 5) tau phosphorylation, 6) microglial attraction,7) synaptic related protein, 8)
microhemorrhage. Finally, the relationship between tau and Aβ and its effect on synaptic function were
discussed, which provided a strong basis for further discussion on the effect of Aβ gene vaccine.

Methods
Animals

A group of homozygous 3×Tg-AD mice were obtained by purchasing breeding pairs from Jackson
Laboratory (USA). C57/B6 mice were from Beijing Vital River Laboratory Animal Technology Co., Ltd.,
China as wild- type (WT) mice. The mice were grown in a sterile environment in the Laboratory Animal
Centre of China Medical University, with light/dark cycle of 12 hours. In addition, experiments were
performed according to the guidelines of the Animal Care and Use Committee of the China Medical
University.

Peptide synthesis and preparation
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The gene was identi�ed based on the cDNA sequence of a gene 3-10 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, was

cloned of mammalian expression vector by EcoRI/ (pcDNA3.1)

XhoI restricts websites.The recombinant plasmid was veri�ed by NotI/

EcoRI digestion and gel electrophoresis.The correct plasmid sequence is

con�rmed by nucleotide sequence analysis (Shanghai GeneCore Bio)technology.Recombinant plasmid
was ampli�ed in DH5 receptive cells of E. coli and puri�ed using the E.z.n.TM Fast�lter plasmid - free
Maxi kit (OMEGA, USA).

Immunization of Mice by In Vivo Electroporation

The 3×Tg-AD mice were randomly divided into two groups and immunized with p(Aβ3–10)10-MT vaccine
(n = 10) and PBS (n = 10) respectively. The PBS group was used for positive group while C57/B6 mice
was used for negative group. Mice with p(Aβ3–10)10-MT were intramuscular injected into the left leg and
immunized with 10 times every 3 weeks. After anaesthetized, a pair of 26 electrode needles was inserted
into the muscle 5 mm,covering the DNA injection sites, electrical pulses were transmitted using an electric
pulse generator (ECM830, BTX Harvard Apparatus company, USA), Output of 6,75V pulses at a rate of
one pulse per 200 ms[14].Orbital venous blood samples were taken for biochemical examination before
the �rst immunization and 10 days after each immunization.

Immunoreactivity of antisera and response to Aβ polymers

Humoral immune response was detected by enzyme-linked immunoabsorbent assay(ELISA)[15]. In brief,
we use 96-microwell plates coated with GST-Aβ proteins to detect the Aβ peptide in serum samples
diluted with PBS at 1:1,000. Microtiter wells were treated with blocking buffer (5.0 % goat serum, 1 % BSA,
and 0.05 % Tween-20 in PBS)and left at room temperature for 2 hours. Standard curve was produced by
continuous dilutions of the standard 6E10 antibody (monoclonal anti-Aβ antibody, Covance).For western
blot analysis, oligomeric Aβ was prepared as described by Dahlgren et al[16]. The peptide was dissolved
in 1 mM hexa�uoroisopropanol (Sigma) and removed under vacuum in a Speed Vac(Savant, Holbrook,
NY). The remaining peptide was in 5 mM in dimethyl sulfoxide (Sigma) concentration. Free ham F-12
medium(Mediatech, Herndon, VA)was added with phenol red at 100 lM and maintained at 4 °C for 24 h.
The sample dilution buffer(Carlsbad, CA) and 16.5% Tris–Tricine SDS–PAGE separation for NuPage
sample. Western blotting was performed using induced anti-sera and an enhanced chemiluminescence
system (Amersham, Arlington Heights, IL) as described previously[17].

Morris Water Maze Test
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As described previously, Morris water maze is conducted in a 150cm round pool which was fulled with
white milk, 40cm in diameter, quiet in the centre with room temperature 22℃[18]. The water maze test
was performed within 2 weeks of immunization.The experiment was carried out in a circular tank 1.25 m
in diameter and 0.4 m high with a digital acquisition camera for monitoring animal behaviour and a
computer program for data analysis (ZH0065, Zhenhua Biological Equipment, China).The mice were
trained on the visible platform for two days, then on the hidden platform for two days, and were
withdrawn from the platform a day later for the probe test.Each mouse was placed in the water from the
same position in each quadrant and reached the platform 60 seconds later.Finally, the escape delay, the
number of times in the platform position has been crossed, and the percentage of time spent in the target
quadrant are analyzed.

Immunohistochemistry of Aβ ,Tau,Neuron

Immunohistochemical analysis and quantitative staining sections were described previously[19].Aβ
plaques were detected using a monoclonal anti-Aβ antibody 6E10. HT7 recognizing epitopes 159–163
(1,40, Thermo Scienti�c, Waltham, MA, USA) detected total tau, AT8 and AT180 recognize phosphorylated
tau levels. AT8 identi�ed Ser202/Thr205 site while AT180 identi�ed phosphorylated Thr231 site
seperately. Quanti�cation of HT7- ,AT8-positive and AT180-positive neurons were quanti�ed and the
number of pixels (A.U.) represents total tau (HT7) or hyperphosphorylated tau (AT8 and AT180) load.Both
cortex and hippocampus were performed of Aβ plaques and tau protein. In order to better identify
neurodegenerative sensitive neurons, neuron-speci�c nuclear antigen NeuN antibody and pPKR antibody
were used as markers.To be representative and accurate, images were analyzed using ImageJ(developed
by W.S. Rasband, National Institutes of Health, Bethesda MD, USA, 1.47g) to obtain protein loads
(percentage of staining rea).pPKR was performed on thirty cortical gray matter �elds magni�cation ×20
from each brain region to determine the number of NeuN-positive neurons in each �eld.

Prussian blue for cerebral hemorrhage

To stain the microhemorrhage, series of coronal sections of the brains of laboratory and control mice
were mounted on gelatin coated slides and stained with Prussian blue working �uid as described earlier
[20].Brie�y, parts of the brain were incubated with the same amount of mixture distilled H2O potassium
ferrocyanide and 20% hydrochloric acid for 30 minutes.The subsequent sections are washed with water,
redyed with a quick 10 minute red solution, rewashed with water, dehydrated and covered with glass
slides using Depex mounting media (BDH Laboratory Supplies, England).

Immuno�uorescence to detect relationship between microglial and Aβ

For double immuno�uorescence staining, the frozen sections were placed in fetal bovine serum(1:20) and
incubated at room temperature for 1 h.Sections were incubated overnight at room temperature with
monoclonal anti-Aβ antibody 6E10 (dilution, 1:1000) and rabbit anti Iba-1(1:500). The mixture of goat
anti-mouse sections were incubated for 2h at room temperature in a mixture of �uorescein
isothiocyanate-conjugated goat anti-mouse IgG and Texas Red-conjugated goat anti-rabbit IgG after
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rinsed with PBS with �uorescein isothiocyanate for 2h. Then the sections were rinsed and covered with
PBS/glycerol buffer. The �uorescence micrographs were captured and analyzed by confocal laser
microscope.

Western Blot

We used western blot determine the level of Aβ oligomers, tau protein, calpain and �ve synaptic proteins
in the cerebral homogenate from immunized mice.Protein samples were isolated on 12% SDS-PAGE gel
and transferred to a PVDF membrane. In 20 mM Tris–HCl (pH 7.4) containing 150 mM NaCl and 0.05%
Tween 20 (TBS-T), 10% skim milk closed membrane was washed with TBS-T.Then antibody 6E10
(1:1500),Tau5 (mouse tau antibody 1:200, Thermo scienti�c, Rockford, IL), AT8 (mouse anti-PHF tau
antibody 1:200, Thermo scienti�c, Rockford, IL),AT180 (mouse anti-PHF tau antibody 1:500 Thermo
scienti�c, Rockford, IL), anti-dynamin 1 (C16, 1:2000, Santa Cruz Biotechnology, Inc., Santa Cruz, CA),
anti-PSD-95 (1:500, Invitrogen, CA), anti-synaptophysin (L128, 1:500, Bioworld Technology, Inc., MN, USA),
anti-synapsin (1:500, Bioworld Technology, Inc.) or anti-β-actin (Sigma, MO) for 1 h at 37°C. Then, the
membrane was incubated with HRP-conjugated IgG (GBI, WA) and protein was detected with enhanced
chemiluminescence reagents (ECL, Pierce, IL). Density was performed using the Image J Software.We
considered the value obtained in the untreated control group to be 100%.The values of each group are
expressed as mean ±SE (n = 10) .

Statistical analysis

All statistical parameters were expressed as mean ±SE. We used SPSS19 to analyze immunological,
neuropathological and behavioral results.Single factor analysis was used to test signi�cant variance
(ANOVA) for statistics.P < 0.05 was considered statistically signi�cant different.

Results

Aβ DNA vaccines construction and con�rmation
The p(Aβ3–10)10-MT new vaccine was successfully constructed and expressed as indicated in Sha.et
al[21].

High anti-Aβ antibody levels were elicited and the immunogenicity of it against different conformation of
Aβ

The level of anti-Aβ antibody in the plasma samples of mice was detected by ELISA. The anti-Aβ
antibodies can be detected in p(Aβ3–10)10-MT immunized 3 × Tg-AD mice while no antibody titer be
discovered in the PBS group mice. Peak antibody levels reached 47.05 ± 2.72 µg/mL in p(Aβ3–10)10-MT
group after the tenth vaccination and then sustained thereafter. The PBS group mice did not produce
detectable anti-Aβ antibodies(Fig. 1A). Of note, the sustained immune response may further assisted in
maintaining antibody-mediated clearance of Aβ and provide protection in 3 × Tg-AD mice.The antibody
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exhibited obvious higher concentration in our vaccine group other than the PBS group(Fig. 1B,p < 
0.01).When mice were 16 months old, Aβ oligomers extracted from their hippocampus homogenates
were analyzed by Western blot using 6E10. A trimers, tetramers, hexamers, nonamers, dodecamers and
�brils are represented by arrows. Aββ3–10)10-MT immunized serum binds strongly to Aβ42 oligomers,
but minimally to Aβ42 �brils(Fig. 1C).This showed that p(Aβ3–10)10-MT serum antibody recognizes Aβ
oligomer depending on Aβ peptide conformation.

The p(Aβ3–10)10-MT vaccine dramatically allievated cognitive impairment in aged 3 × Tg-AD mice

We evaluated cognition after the last vaccination in a Morris water maze test using the transgenic mice
and wild-type mice. Compared to control 3 × Tg-AD mice, the escape latency for p(Aβ3–10)10-MT-
immunized group was signi�cantly reduced at 3–5 days of training (Fig. 2A, p < 0.01). In the probe test,
initial incubation latency in p(Aβ3–10)10-MT group was signi�cantly shortened(Fig. 2B, p < 0.01), and it
was easier to cross the correct platform location more often than the control group(Fig. 2C, p < 0.01).
There was no difference between the performance of the p(Aβ3–10)10-MT group and the wild-type group
mice in Morris water maze test (P 0.05).In summary, these data clearly indicate that early
immunotherapy can effectively improve the spatial memory of aged 3 × Tg-AD mice.

Our p(Aβ3–10) 10 -MT vaccine prevent the plaque deposits through microglia activation

The amyloid burden were signi�cant 41% reductions in the cortex and 50% reduction in the hippocampus
for the p(Aβ3–10)10-MT immunized mice compared with PBS-immunized group (Fig. 3A). Meanwhile,
ELISA results of cerebral homogenate showed that the vaccine immunization also markedly decrease the
levels of soluble and insoluble Aβ42 peptide by 44.3% and 36.4% respectively compared to unimmunized
mice(Figure.3B,p < 0.05).Immuno�uorescence staining double labeling results showed that, compared
with PBS group, there were more Iba-1 positive cells clustered around senile plaques in the brain of
p(Aβ3–10)10-MT immunized mice(Fig. 3C),con�rming the role of microglia in clearing the senile plaque
deposition.We also semiquantitatively assessed perivascular amyloid deposition in p(Aβ3–10)10-MT
vaccinated and PBS group mice. Thio S-positive vascular amyloid showed there was no signi�cant
difference(P 0.01) between p(Aβ3–10)10-MT vaccinated and PBS group mice (data not shown).

The p(Aβ3–10)10-MT vaccine markedly reduces tau pathology in different type of tau levels

We used AT8 and AT180 respectively to assess the changes of phosphorylated tau protein level and
pathological changes after active immunization. We observed hyperphosphorylated tau protein in a large
number of cell bodies in unimmunized 3 × Tg-AD mice. After Aβ vaccination, AT8-positive neurons were
severely reduced and the AT8 signal was not as strong compared with the PBS immunized
group(Fig. 4A). The same trendency can be seen in the AT180 after immunized with p(Aβ3–10)10-
MT(Fig. 4C). Both AT8 and AT180 were both decreased in p(Aβ3–10)10-MT immuzied group (Fig. 4B,D,p 
< 0.01).Protein extracted from the right hemisphere was detected by Western blot to detect AT8, AT180
and total tau levels. Both AT8 and AT180 signals were signi�cantly reduced in vaccinated mice compared
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with the control group. The density analysis showed that both levels decreased signi�cantly when
normalized to total tau levels, after Aβ vaccination (Fig. 4E,p < 0.05).

Our vaccine prevented the loss of synaptic proteins and protect synaptic function

Synaptic proteins take an important part in memory regulation. It has been reported that accumulation of
Aβ can induce the activation of calpain, thereby degrading of dynamin 1, a protein which promotes the
release of synaptic vesicle release[22], and post-synaptic density protein PSD-95, which is essential for
synapse maturation and plasticity.Compared to C57/B6 group with the same month age, the level of
dynamin 1 and PSD-95 in the brain of untreated 3 × Tg-AD mice was signi�cantly reduced while those in
the p(Aβ3–10)10-MT immunized group did not decrease(p < 0.01).Similarly, the synaptophysin, synapsin I
and GluR1 were also signi�cantly reduced in untreated group compared to the wild-type group while
p(Aβ3–10)10-MT immunization prevented their protein decline and improved their cognitive performance

(Fig. 5A,p < 0.01).Previous results showed that calpain was activated by Ca2+ in�ux induced by N-methyl-
D-aspartate(NMDA) receptors which promote degradation of dynamin 1 and PSD-95[23], leading to
impaired memory function.The graphs show the levels of synaptic associated protein in mice from three
group. Data represent the mean ± SE for each group(Fig. 5B,p < 0.01).

Our Aβ vaccine prevents neuron loss in the immunized 3 × Tg-AD mice

NeuN immunohistochemistry was used to detect the density of neuron in the CA3 region to evaluate the
loss of neuron in mice before and after immunization.The density of hippocampal CA3 neurons in mice
inoculated with Aβ vaccine was signi�cantly higher than that of 3 × Tg-AD in the control group (Fig. 6A).
Stereological counts of NeuN-positive CA3 neurons showed 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(p < 0.01), indicating
that the new vaccine had a protective effect on neuron loss in 3 × Tg-AD mice(Fig. 6B).

No Microhemorrhage In The Vaccine Immunized Mice
Prussian blue histological staining was used to label hemoglobin decomposition products containing
hemosiderin. As described in our previous study, microhemorrhages were detected in Aβ42 immunized
and p(Aβ3–10)10-MT transgenic mice, ranging in size from large, diffuse areas to small, single cell-sized
blue pro�les. Quantitative detection was conducted by calculating the number of microhemorrhage in
each brain section as shown previously[24]. There was no obvious difference between these two group
(Fig. 7A,B). Importantly, microhemorrhages were rarely detected in the PBS and p(Aβ3–10)10-MT
vaccinated mice.

Discussion
Active immunotherapy targeting Aβ was widely carried out in the preclinical studies of AD mouse models
and clinical trials of human being[25]. However, neither has achieved signi�cant clinical e�cacy. The
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main reason may be the lack of the speci�c methods to speci�cally target the most toxic components Aβ
oligomers, and thay may interfere with their normal physiological functions[26].

It was reported that tau in the hippocampus of 3xTg-AD mice decreased with the removal of Aβ
plaques[27]. Otherwise, simply reducing soluble Aβ without changing soluble tau levels could not
signi�cantly improve cognitive ability, suggesting that reversal of memory impairments requires the joint
action of both factors[28].Studies have shown that Aβ eventually inactivates Fyn by activating Fyn
phosphatase, the striatal-enriched protein tyrosine phosphatase (STEP), leading to synaptic loss and
dendritic spine collapse[29]. In summary,Aβ may be the trigger of AD pathogenesis while tau may be the
bullet[30],and these two factors interact in the pathophysiology of AD.

A recent Phase 3 clinical trial using solanezumab (antibody m266) suggest that it is also effective in
patients with mild AD, indicating that prevention method may be more bene�cial than
treatment[31].Studies have shown that even high titers of antibodies in 18 month older 3 × Tg-AD mice
after active immunotherapy cannot completely reverse the deposition of Aβ and changes in cognitive
function[32].Another possibility for the decreased plaque clearance ability in elderly mice was the
increased �brillar composition and multiple factors, such as cross-linking, glycation, recombination and
integration, which promoted the stronger plaque, all of which proved that early intervention therapy was
more effective in the incomplete plaque formation[33].

Compared with traditional peptide vaccine, DNA vaccine have many advantages such as being relatively
safe, cost e�cient, and able to maintain a reasonable level of antigen expression within cells. DNA
vaccines can be easily manipulated to modify genes and depending on the type of immune response
required. However, due to the low e�ciency of naked DNA transfection cells, the immunogenicity of DNA
vaccine is low. Gene gun, electroporation and application of immune adjuvant can signi�cantly improve
the DNA immunogenicity[34].Our vaccine improves antibody titers primarily through electroporation of
the muscle.

A potential problem of immunotherapy was that the removal of insoluble Aβ may lead to an increase in
soluble Aβ, especially oligomer conformation which may directly damage cognitive function[35]. Our
vaccine p(Aβ3–10)10-MT immunotherapy reduced not only the aggregation of Aβ, but also soluble Aβ
oligomers. Comparison with full-length Aβ42, Aβ3–42 is more resistant to proteolytic degradation and
more prone to aggregation to produce toxic oligomers.Therefore, antibodies directed against 3–10 can
remove the most toxic fragment without interfering normal biological function of Aβ42[36]. In the current
study, p(Aβ3–10)10-MT immunotherapy elicit high titers serum antibodies that were more strongly
binding to oligomers than to monomer, effectively reducing Aβ peptides deposition and oligomers, which
correlates so near with cognitive dysfunction in various kinds of transgenic mice, can eventually mitigate
cognitive de�cits.

A large number of studies have shown that microglia can phagocytosis and clear senile plaque
deposition, thereby alleviating AD pathology[37].Our vaccine signi�cantly increased more and more
microglia clustered near amyloid plaques after immunotherapy indicated that immune therapy could
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change the phagocytic function of microglia and help clear plaque clearance[38].Fluorescence
immunolabeling show dark-brown; the plaque densely scattered surrounded microglia with increased
cytoplasm and longer synapses tended to be activated.

Aβ and tau share the same structure and biophysical, such as a high β-sheet content, neurotoxicity and
partial resistance to proteolytic degradation. Studies have con�rmed that the tau phosphorylation site
related to AD is AT8 to detect Ser202 and Thr205, while Th231 identi�ed by AT180 is also an important
step of tau phosphorylation, which promotes pathological Tau changes[39].Our data showed a
signi�cant reduction in tau phosphorylation after removal of amyloid.Immunization can reduce AT8 and
AT180, thereby reducing tau associated pathology[40].Therefore, active immunization with p(Aβ3–10)10-
MT vaccine can simultaneously act on Aβ and tau protein, thus producing encouraging therapeutic
effects.

Pre-synaptic and post-synaptic proteins, were more strongly associated with cognitive de�cits than Aβ
plaques. These two important synaptic proteins, Synapsin I and synaptophysin, are mainly involved in the
circulation of synaptic vesicles. The major determinant of synaptic plasticity is post-synaptic protein
PSD-95. Dynamin 1, may involved in synaptic vesicle release, which participate in Aβ-induced synaptic
pathology[41].Aβ aggregation further lead to synaptic dysfunction by degrading calpain-mediated
dynamin 1 or PSD-95.Our vaccination signi�cantly reduced both Aβ and Calpain activation, effectively
preventing the degradation of dynamin1 and PSD-95.After immunized 3 × Tg-AD mice with p(Aβ3–10)10-
MT, the activation of calpain in the brain was signi�cantly decreased, which may led to the reduction of
dynamin 1 and PSD-95 degradation, eventually protected the synaptic function. Studies have shown that
immunotherapy can clear degenerated neurons, and mice that received immunizations did not �nd
severely degenerated neurons.The loss of neurons in our vaccine group was signi�cantly reduced and the
health of neurons was improved.This suggests that immunized 3 × Tg-AD mice can partially protect
neuron loss.

In summary,we have comprehensively described the immunogenicity, e�cacy, and mechanism of p(Aβ3–
10)10-MT vaccine as early immunotherapy model for 3 × Tg-AD mice.Our data �rstly showed that active
immunization with a DNA plasmid coding for an Aβ3–10 through in vivo electroporation to induce a
humoral immune response against Aβ in the 3 × Tg-AD mice, which signi�cantly reduced tau as well as β-
amyloid.Our data also showed that the new vaccine cleared soluble Aβ from the brain, including the most
toxic oligomers, preventing the degradation of pre-synaptic and post-synaptic related protein as well as
improving the cognitive function. In conclusion, our vaccine, which took Aβ oligomers as the special
targets, reduced senile plaques and tau phosphorylation while protected synapse function without
microhemorrhages, can be considered to be effective and safe AD candidate vaccine of preventive
treatment or early immunotherapy.

Conclusion
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Mice immunized with p(Aβ3–10)10-MT can not only reduce the levels of Aβ oligomers and plaque
deposits but also protect neuron as well as synaptic function, �nally prevent the decline spatial memory
in transgenic mice. Our novel DNA genetic vaccine is highly safe and effective, thus providing strong
evidence for the treatment and prevention of early AD.
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Figures

Figure 1

Levels and immunogenicity of the anti-Aβ antibody.(A).The anti-Aβ antibodies can be detected in p(Aβ3–
10)10-MT immunized 3×Tg-AD mice while no antibody titer be discovered in the PBS group mice. (B).The
antibody exhibited obvious higher concentration in p(Aβ3–10)10-MT immunized group other than the
PBS group.P< 0.01.(C).Antibody of p(Aβ3–10)10-MT immunized serum binds strongly to Aβ42 oligomers,
but minimally to Aβ42 �brils.
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Figure 2

Morris water maze test to evaluate the cognitive function.(A).The escape latency was signi�cantly
reduced for p(Aβ3–10)10-MT-immunized group than the PBS group.P<0.01.(B). In probe test, initial
incubation latency in p(Aβ3–10)10-MT group was signi�cantly shortened,p<0.01.(C).Mice in p(Aβ3–
10)10-MT group cross the correct platform location more often than the control group,p < 0.01.There was
no difference between the performance of the p(Aβ3–10)10-MT group and the wild-type group mice.P
0.05
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Figure 3

The amyloid burden were reduced through microglia activation.(A).Amyloid burden were reduced in the
both cortex and hippocampus for the p(Aβ3–10)10-MT immunized mice compared with PBS-immunized
group.P< 0.05.(B).The levels of soluble and insoluble Aβ42 peptide were decreased compared to
unimmunized mice.P< 0.05.(C).More Iba-1 positive cells clustered around senile plaques in the brain of
p(Aβ3–10)10-MT immunized mice.
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Figure 4

Detection of phosphorylated tau protein level.(A,B).AT8-positive neurons were reduced after
vaccination.P< 0.05.(C,D).AT180-positive neurons were reduced after vaccination. P< 0.05.(E).Western
blot to detect AT8, AT180 and total tau levels.
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Figure 5

Analysis of synaptic protein to evaluate synaptic function. Dynamin 1, PSD-95, synaptophysin and
synapsin I were reduce in 3×Tg-AD mice while p(Aβ3–10)10-MT immunization can prevent this decline.
The opposite tendency was seen in calpain.P < 0.01.
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Figure 6

NeuN immunohistochemistry shows loss of neuron can be prevented after immunization. It 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.P < 0.01.

Figure 7
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Prussian blue histological staining represent there was no obvious microhemorrhage in p(Aβ3–10)10-MT
immunized transgenic mice.


