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Abstract Brain-derived neurotrophic factor (BDNF) can protect neurons from apoptosis and
maintain normal synaptic structures, indicating a significant potential for Alzheimer’s disease
(AD) treatment. However, the method of in vivo BDNF delivery requires further optimization,
and the therapeutic efficacy of BDNF in AD animal models needs to be further evaluated. Here,
we demonstrated that a newly engineered adeno-associated virus (AAV) serotype termed
AAVT42 showed better tropism for neurons than AAV9 in the central nervous system (CNS).
We analyzed the therapeutic potentials of AAVT42-delivered BDNF in three AD mouse models:
amyloid precursor protein/presenilin-1 (APP/PS1), rTg4510, and 3 � Tg. Long-term BDNF
expression in the hippocampus mitigated neuronal degeneration or loss in these AD mice,
and alleviated their cognitive impairment, with no discernible effect on amyloid-b deposition
or tau phosphorylation. Furthermore, transcriptomic analysis in 3 � Tg mice revealed that
BDNF orchestrated the up-regulation of genes associated with neuronal structural organization
and synaptic transmissions, such as Neuropeptide Y (Npy), Corticotropin-releasing hormone
(Crh), Tachykinin precursor 1 (Tac1), and the down-regulation of Bone morphogenetic proteins
(Bmps). Our study highlighted the efficacy of AAVT42 in gene delivery to CNS and validated the
therapeutic benefits of BDNF in treating AD, which will be useful for future translational
research on AD treatment using an AAV delivery system.
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Introduction

Degeneration of memory and cognitive function is the
major symptom of Alzheimer’s disease (AD), resulting from
the progressive loss of neuron function. The U.S. FDA-
approved major treatments for AD include anticholines-
terase inhibitors and anti-glutamatergic drugs. Although
these therapies temporarily prevent or delay neurotoxicity
and disease progression, they cannot halt or reverse the
symptoms.1,2 In addition, therapeutics targeting the two
hallmark features of AD, amyloid-beta (Ab) plaques,3 and
neurofibrillary tangle,4 have been developed. Recent clin-
ical trials have shown that monoclonal antibodies can
reduce Ab accumulation in the brain and slow disease
progression in the early-stage AD patients.5e7 While this
strategy emphasizes the critical role of Ab in AD patho-
genesis, the clinical benefits of antibody-modifying thera-
pies have been limited, and the disease continues to
progress.8 With our developing understanding of AD path-
ophysiology, more and more investigations focused on early
diagnosis and preventive treatment.

Brain-derived neurotrophic factor (BDNF) plays essential
roles in the central nervous system (CNS) development,
neuronal structure maintenance, neuroneglial in-
teractions, neuron homeostasis, and activity-dependent
structural remodeling in adulthood,9,10 and it is especially
beneficial for neuron survival after brain injury due to its
anti-apoptotic effects.11,12 Significantly lower BDNF
expression has been reported in the cortex, hippocampus,
cerebrospinal fluid, and serum13e16 of AD patients and
model rodents.17,18 Previous studies have demonstrated
that transgenic BDNF expression in the brain can promote
neurogenesis, elicit anxiolytic-like activities,19 and alle-
viate cognitive impairment in AD rodent models.20,21

Therefore, finding an efficient method to deliver trans-
genes, such as BDNF, into the brain is crucial for improving
therapeutic outcomes.

Over the past decades, great breakthroughs and prog-
ress have been made in the clinical application of recom-
binant adeno-associated virus (rAAV) in treating CNS,
ocular, muscular, and hepatic diseases.22 With advance-
ments in evolution, screening methods, and the develop-
ment of various delivery routes, including
intraparenchymal, intrathecal, and intracerebroventricular
injections,23,24 novel rAAV capsids with enhanced delivery
efficiency, tissue specificity, cell tropism, and improved
safety profiles25,26 have been increasingly applied in
neurological disorder treatment. In recent years, the U.S.
FDA has approved several AAV-based therapies, including
AAV2 gene therapy for Leber congenital amaurosis and
AAV9 for spinal muscular atrophy (SMA).27,28 AAV-based
gene therapy for treating more complex neurodegenerative
diseases, such as AD, has also garnered increasing atten-
tion. Early attempts to deliver nerve growth factor to the
cortex demonstrated a favorable safety profile for AAV-
mediated delivery in AD patients.29,30 Delivery of BDNF
encoding genes into the rat hippocampus or the mice en-
torhinal cortex via AAV or lentivirus has been shown to
protect neurons and restore learning and memory defi-
cits,31,32 thereby driving further research on its potential
therapeutic applications in AD.

In this study, we first characterized the CNS-tropism of a
lab-designed AAVT42 in monkeys and mice. To investigate
whether the neuroprotective effects of BDNF are inde-
pendent of pathogenic protein accumulation, we used
AAVT42 to deliver BDNF cDNA to the hippocampus of three
distinct AD mouse models: amyloid precursor protein/pre-
senilin-1 (APP/PS1), which exhibits Ab pathology; rTg4510,
which features phosphorylated-tau (p-tau) and neuronal
fibrillary tangles (NTFs); and 3 � Tg, which has both Ab and
p-tau accumulation. We assessed the long-term therapeutic
effects of BDNF elevation in the hippocampus on learning
and memory impairments. Finally, we conducted tran-
scriptomic profiling in the treated hippocampus of 3 � Tg
mice to identify differentially expressed genes and path-
ways associated with neuronal structures, synaptic trans-
mission, and synaptic activities. These analyses revealed
potential molecular mechanisms underlying the beneficial
effects of BDNF in AD. Our findings may stimulate further
research on AAV delivery systems for AD treatment,
particularly regarding BDNF-based therapies in clinical
trials.
Materials and methods

Mice

All procedures complied with the National Research Council
Guide for the Care and Use of Laboratory Animals, and all
mice were bred in the Shanghai Model Organisms Center. All
animal experiments were approved by the Institutional
Animal Care and Use Committee (IACUC number: 2023-
0002-06). Mice were housed 2e5 per cage under standard
conditions, maintained on a 12-h dark and 12-h light cycle
with free access to sterile water.

Three strains of AD mice 3 � Tg (Jax strain number
004807), rTg4510 (Jax strain number 007004 and 015815),
and APP/PS1 (004462) were purchased from the Jackson
Laboratory, USA. As parental gender influences the
phenotype of rTg450,33 we crossed female tetO-
MAPT*P301L mice (on an FVB/NJ background; 015815) with
male CaMKII-tTA mouse line (on a C57BL/6J background;
007004) according to the reference34. The Tg4510 and
APP/PS1 transgenic groups were identified according to
genotype protocols from the suppliers’ instructions. For the
experiment design, each group of APP/PS1 and rTg4510
mice had an equal number of females and males. The
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3 � Tg group was homozygous for all three mutant alleles,
and we did not set the wild-type (WT) control with a similar
genetic background and applied females for analysis to
reduce gender differences in behavior experiments.

Monkeys

Two healthy adult male Cynomolgus macaque (Macaca
fascicularis) were used. The animals were 11 years old
(weight, 8.4 kg) and 14 years old (weight, 6.35 kg) at the
start of the experiment. Animal experiments were con-
ducted under the National Institutes of Health guidelines
for the care and use of laboratory animals and in accor-
dance with the guidelines approved by the ethics commit-
tee for primate research of the Experimental Animal Center
of Kunming Medical University, China (IACUC number:
kmm120221596).

AAV vector

A self-complementary AAV (scAAV) construct expressing
human cytomegalovirus immediate early enhancer and
promoter with the human BDNF cDNA was generated. Viral
particles were produced as previously described.35 Viruses
carrying green fluorescent protein (GFP) or red fluorescent
protein (mCherry) were used as controls. For cytomegalo-
virus-BDNF-ires-mCherry construction, the sequence was
inserted into one single-stranded DNA genome.

Viral injection

The 3�4.5 months transgenic mice were deeply anes-
thetized with 20 mg/kg commercial Zoletil 50 (Virbac
China) mixed with 30 mg/kg Xylazine. After the mouse
brain was fixed in the stereotactic apparatus (RWD,
Shenzhen, China), the virus was injected bilaterally into
the dorsal hippocampus by a micro glass electrode (lab
made by Sutter Instrument, inner diameter: 0.58 mm, outer
diameter: 1.0 mm) connected to the micro sampler (10 mL,
Gaoge, China). Injection site: anteroposterior (A/P)
�1.94 mm, lateral (M/L) � 1.50 mm, ventral(D/V)
�1.80 mm. The injection volume was 1 mL at each site, and
the viral vector tilter was 4 � 1012 genome copies/mL. For
intrathecal injection, a total 20 mL of 4 � 1012 GC/mL of
viruses were injected into L5-vertebrae by micro sampler
(25 mL, Gaoge, China).

All monkeys were anesthetized with atropine
(0.03e0.05 mg/kg, intramuscularly), and then injected
with ketamine (10 mg/kg, intramuscularly) and pentobar-
bital (Merck, 40 mg/kg, intramuscularly). All surgical pro-
cedures were conducted under strict aseptic conditions. As
a prophylactic antibiotic treatment, cephalosporin was
injected for five consecutive days after surgery (25 mg/kg/
day, intramuscularly, once a day). Each monkey’s head was
fixed on a stereotaxic frame (RWD, Shenzhen, China) and a
craniotomy was carried out by dental drilling according to
the stereotaxic coordinates obtained from MRI scanning.
The AAV virus was then infused through a 31-gauge Hamil-
ton syringe placed in a syringe pump (WPI Apparatus, Sar-
asota, USA) at a 1 mL/min speed. The viral vector titer was
4 � 1012 genome copies/mL, and the total volume was
50 mL. The injection site was aimed at the hippocampus.
After infusion, the needle was left in place for 8 min before
being slowly retracted from the brain. The same operation
was repeated until all injections were finished. After in-
jection, the wound was cleaned thoroughly and sutured.
Open field test

The locomotor activities of mice were assessed over 30 min
in a 60 � 40 cm chamber, in which the center zone was
defined as a 36 � 20 cm area. Moving distance, moving
duration, and time spent in the center zone were recorded
for analysis.
Y-maze test

A special working memory test was measured following
reference36. The Y-shaped maze is made of black polyvinyl
chloride plastic (20 cm long and 9 cm wide with 20 cm high
walls) in which the arms are at 120 angles from each other.
Mice were put into the arms of the maze and allowed to
explore them. The number of entries and the sequence of
entered arms were manually recorded for 8 min. After each
test, the arms were thoroughly cleaned with 70 % ethanol
to remove residual odors. A spontaneous alternation was
defined as entries into three different arms consecutively
(i.e., a’b’c’, b’c’a’, or c’a’b’, but not a’b’a’ or b’c’b’). The
calculation was defined as follows: alternation percentage
Z (number of alternations)/(total arm entries � 2) � 100.37

The number of total arm entries served as an indicator of
the locomotor activities.
Morris water maze

The Morris Water Maze test was conducted in a circular tank
(diameter: 125 cm; height: 50 cm; water depth: 30 cm).
The water temperature was kept at 20.5�22.5 �C and mice
were carried into the testing room every day at least 1 h
before the experiment. The whole procedures were refined
as reference38. The pool was divided into four quadrants,
and one escape platform (diameter: 10 cm) was submerged
in one quadrant, about 1.5 cm below the water surface.
The powder of edible titanium dioxide (JiangHuTaiBai,
China) was added to the water to make sure that the
platform was not visible. Four direction labels were pasted
on the inner wall of the pool above the water, which was
the only spatial cue for mice. During each training trial, the
animal was put into water for 60 s of swimming. If it found
the platform and jumped on it, it would stay here for
12�15 s; or after 60 s, it was guided on the platform and
stayed for w15 s. Then it was dried and put back to the
home cage. A total of four trials were conducted daily with
a 30-min interval. The entry position was with a random
sequential each day. After 5 days of training, the hidden
platform was taken away, then the mice were put into the
pool at the position opposite the platform containing the
quadrant in the training section for 60-s probe tests, during
which the video was recorded using an overhead camera.
Results were analyzed with EthoVision� XT 15 software.
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Barnes test

The maze comprises a white circular platform (80 cm in
height, 150 cm in diameter) with forty evenly distributed
wholes (5 cm in diameter) along its periphery. Beneath one
fixed hole, there was a black “escape box”, and mice natu-
rally seeked the escape hole and entered the dark box.
Distinct visual cues were displayed on the platform’s walls to
provide spatial orientation. Before the experiment, each
mouse was placed in the escape hole for 1 min. The experi-
ment consists of two parts: training and testing. During
training,mice were placed on the platform for 3min to allow
free exploration, if the mouse found the escape hole within
3 min and entered it, the mouse would be then allowed to
remain in the escape box for 1min. The latency of finding the
escape hole and the number of errors made before finding
the correct hole were recorded. If the mouse did not see the
escape hole, the duration for searching the escape box
(escape latency) was recorded as 3 min, the mouse was
guided to the escape hole and stayed for 1 min. Training was
conducted four times daily with a 15�20-min interval. After
4 days of training, most mice quickly found the “escape
hole”. On the 12th day, the mice were back to the center of
the platform for one more trial, which was regarded as a
memory test, and recorded the escape latency.

Conditioned fear test

The test was conducted in a sound-attenuated chamber
with a grid floor capable of delivering an electric shock
(Med Associated Inc. USA). Mice movement was recorded
and freezing was analyzed with supporting software. On the
1st day, the mice stayed in the chamber for 10 min, and the
baseline freezing behavior was recorded. Then after 24 h,
an 85-dB white noise presenting 20 s served as the condi-
tioned stimulus (CS). During the final 2 s of the noise, mice
received a mild foot shock (0.40 mA), which served as the
unconditioned stimulus (US). After 100 s, another CS-US
pair was given, with a total of three CS-US pairs stimulus.
Tweenty-4 h later, each mouse was taken back into the test
chamber, the freezing behavior was recorded for 5 min
(context test). Mice were returned to their home cage and
placed in another dark room for 2 h. For the conditional
cued test, insert an opaque plastic triangle in the chamber
and cover the grid floor with the opaque plastic to change
the inner shape and spatial cues of the chamber, turn off
the white light, wipe the chamber with 30 % isopropyl
alcohol instead of 30 % ethanol to alter the smell in the
chamber. Then the mouse was placed in the apparatus for
3 min, following continued auditory CS for another 3-min
freezing records. Videos were captured and analyzed by the
supporting software from Med Associated Inc.

Western blotting

Mice’s hippocampus was dissected and lysed by RIPA buffer
(Beyotime, Shanghai, China) with cocktail inhibitors
(Bimake, USA). Following quantification, 30 mg of protein
from each sample was subjected to SDS-PAGE analysis in
Tris-Glycine gel (Beyotime, Shanghai, China). The sepa-
rated protein was then transferred to a nitrocellulose
membrane. The membrane was blocked with 5% milk in
TBS-T (Tris-buffered saline-Tween 20) at room temperature
for 15 min and incubated with primary antibody: BDNF
(Abcam, UK), GFP (Abmart, Shanghai, China), or a-tubulin
(Novus Biologicals, USA) overnight at 4 �C. After incubation,
it was washed with TBS-T and further incubated with
Horseradish peroxidase (HRP) conjugated secondary anti-
body (Proteintech, Wuhan, China) for 45 min. The mem-
brane was finally washed with TBS-T and developed using
the BeyoECL plus kit (Beyotime, Shanghai, China). The blot
was imaged by the Chemiluminescence image system
(Tanon, Shanghai, China).

RNA sequencing and analysis

The left half of the mouse hippocampus was dissected in
the dish with pre-cold phosphate-buffered saline (PBS) and
put into 1 mL TRIzol (Thermo Scientific, USA). Samples were
sent to Qian Tang Biotechnology Company (Suzhou, China)
in dry ice for RNA extraction (each sample �2.0 mg, RIN
�6.5, 28S:18S � 1.0), library preparation (NEBNext�
Ultra� RNA Library Prep Kit for Illumina), sequencing
(Illumina Novaseq), and data analysis.

Quantitative real-time polymerase chain reaction
(qPCR)

RNA was extracted using TRIzol and isopropanol precipita-
tion methods. cDNA was synthesized using cDNA Synthesis
Kit (Takara, Japan), qPCR was performed using qPCR SYBR
Green Master Mix (Vazyme, China), and results were ob-
tained with a qTOWER3G Real-Time PCR Detection System
(Analytik-Jena, Germany). The changes in mRNA levels
were calculated using the DDCt method. The primers used
are listed in Table 1.

Immunohistochemical staining

Mice brains were collected after transcardial perfusion with
PBS and 4% paraformaldehyde. Then they were post-fixed in
4% paraformaldehyde for 16 h and cryoprotected sequen-
tially in 10%, 20%, and 30% (wt/vol) sucrose in PBS at 4 �C,
embedded in optimal cutting temperature compound for
freezing.

Then cryosectioned coronal brain slices (30 mm) were
obtained and immunostained for indicated proteins. Pri-
mary antibodies were diluted in antibody buffer (containing
0.2% Triton X-100 and 5% bovine serum albumin (BSA)) as
follows: anti-Iba1 (1:1000, Wako), anti-NeuN (neuron-spe-
cific nuclear protein, 1:2000, Millipore), anti-GFAP (glial
fibrillary acidic protein, 1:1000, Millipore), anti-MAP-2
(1:500, Millipore), and anti-Oligo2 (1:500, Millipore) and
incubated overnight at 4 �C. Secondary Alexa-conjugated
antibodies (Invitrogen) were added at 1:1000 in antibody
buffer with DAPI (1:80,000, Millipore) for 2 h at room
temperature. Slides were mounted in Vectashield and
imaged using the Leica SR5 confocal system. Finally, we
used the Leica processing procedure to analyz the fluores-
cent intensity in the region of interest.

A mouse- and a rabbit-specific HRP/DAB (ABC) detection
immunohistochemical staining kit (#ab64264, Abcam, UK)



Table 1 qPCR primers list.

Forward (50-30) Reverse (50-30)

GAPDH AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA
hBDNF TAACGGCGGCAGACAAAAAGA TGCACTTGGTCTCGTAGAAGTAT
Npy ATGCTAGGTAACAAGCGAATGG TGTCGCAGAGCGGAGTAGTAT
Crh CCTCAGCCGGTTCTGATCC GCGGAAAAAGTTAGCCGCAG
Tac1 AAGCGGGATGCTGATTCCTC TCTTTCGTAGTTCTGCATTGCG
Bmp4 TTGATACCTGAGACCGGGAAG ACATCTGTAGAAGTGTCGCCTC
Bmp7 ACGGACAGGGCTTCTCCTAC ATGGTGGTATCGAGGGTGGAA

Note: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; hBDNF: human brain-derived neurotrophic factor; Npy, neuropeptide Y; Crh,
corticotropin-releasing hormone; Tac1, tachykinin precursor 1; Bmp4, bone morphogenetic protein 4; Bmp7, bone morphogenetic
protein 7.
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were used for amyloid plaque (4G8, Biolegend), p-tau (AT8,
Thermo Fisher) microglia (Iba1, Wako), and astrocyte
(GFAP, Millipore) detection by strictly following the manu-
facturer’s instructions, and hematoxylin (Thermo Scienti-
fic, USA) was used for counterstaining.

Thirty-nine days after virus injection, monkeys were
anesthetized with pentobarbital (45 mg/kg, intramuscu-
larly) and transcardially perfused with 2000 mL of 4 �C PBS
and 500 mL of 4% paraformaldehyde (SigmaeAldrich) in
PBS. After perfusion, the hemispheres of the brain were
dissected, cut into small blocks, fixed with 4% para-
formaldehyde in PBS, and equilibrated in 30% sucrose. The
fixed and equilibrated brain tissue blocks were then cut
into 50-mm cortical sections with a Microm HM525 cryostat
(Microm, Walldorf, Germany). Sections were washed for
5 min in PBS containing 5% BSA and 0.3% Triton X-100, and
incubated with primary antibodies (in PBS with 1% BSA and
0.3% Triton X-100) overnight at 4 �C and subsequently with
corresponding secondary Alexa-conjugated antibodies
(1:1000, Invitrogen). DAPI was used to label the nuclei and
sections were mounted with 75% glycerol. Other antibodies
used included: anti-GFP antibody (1:1000, Abcam), anti-
NeuN (1:2000, Millipore), anti-GFAP (1:800, Biolegend), and
anti-Iba1 (1:800, Wako). Confocal z-stack images were ac-
quired on a Nikon A1 confocal laser microscope (Japan).

Golgi staining and sholl analysis

The 3 � Tg mice were perfused with PBS, and the left
hemispheres of the brain were immediately collected and
processed according to the FD Rapid Golgi Stain� kit (FD
Neuro Technologies, USA) instructions. Briefly, following
pretreatment, brains were sectioned at 100 mm using a
cryostat (Leica, Germany) and mounted on gelatin-coated
microscope slides for staining. The Leica THUNDER imaging
system was used to photograph the neurons in the hippo-
campus. The branching and length of the dendrites of cornu
ammonis 1 (CA1) pyramidal neurons were then analyzed
using Image J software and the Simple Neurite tracer (SNT)
toolbox, as described in reference39.

Statistical analysis

Data were presented as the mean � standard error of the
mean. The results were analyzed by using Prism 10 software
(GraphPad, La Jolla, CA, USA). The significant differences
between groups were determined by non-parametric tests,
specifically the ManneWhitney U test for pairwise com-
parisons or the KruskaleWallis test for multiple compari-
sons. When using parametric tests like t-test and ANOVA,
we demonstrated the normal distribution of the data
through the ShapiroeWilk test. Significant main effects or
interactions were followed up with post-hoc testing using
the original false discovery rate method of Benjamini and
Hochberg appropriately. The threshold for significance was
P Z 0.05 or false discovery rate Z 0.05, with a P-value
stated in each case. Statistical significance thresholds were
set at )P < 0.05, ))P < 0.01, )))P < 0.001, and
))))P < 0.0001.
Results

AAVT42 achieved efficient neuronal transduction in
adult mouse and monkey brains

We used a lab-screened rAAV called AAVT42 for gene de-
livery into the brain. This viral vector was generated
through directed evolution following in vivo screening in
our lab,40 as shown in Figure 1A, which initially targets
skeletal muscles. After intrathecal injection of equal
genome copies of AAV9-GFP or AAVT42-GFP, stronger GFP
signals were observed in the soma of dorsal root ganglia
(DRG) transduced with AAVT42-GFP (Fig. S1AeC), indicating
that AAVT42 exhibits higher transduction efficiency in the
peripheral nervous system. Similarly, when equal genome
copies of AAV9-GFP or AAVT42-GFP were injected bilater-
ally into the mouse dorsal hippocampus (Fig. 1B), the hip-
pocampus transduced with AAVT42-GFP showed higher
fluorescent intensity and more clearly labeled cell den-
drites, particularly in the Hilus and cornu ammonis 3 (CA3)
regions, as indicated by arrows in Figure 1C (signal quan-
tification in Fig. 1D). These results demonstrate that
AAVT42 exhibits higher local transduction efficiency in the
CNS.

Then we injected viruses in the hippocampus of aged
cynomolgus monkeys (Macaca fascicularis, over 11 years
old), as shown in Figure 1E. Thirty-nine days after injection,
GFP fluorescence was detected, indicating efficient gene
transfer of GFP. Compared to AAV9-GFP, GFP fluorescence
diffused more extensively throughout the hippocampus.
Furthermore, the overlap of GFP fluorescence with the



Figure 1 Skeletal muscle targeting AAVT42 vector showed high tropism to the central nervous system in the adult mice and
monkeys. (A) Generation of the novel AAVT42 vector by directed evolution and in vivo screening. The cap genes of AAV1, AAV2,
AAV3B, AAV4, and AAV6-9 were mixed, after digestion, denaturation, and reannealing, the shuffled novel AAV cap genes were
generated, which were then inserted behind the rep gene and established a library of AAV viral particles. These viruses were
injected intravenously in mice, after skeletal muscle isolation, AAV variants displaying tissue tropism were collected, and the
corresponding cap genes were recovered by polymerase chain reaction, which were re-cloned into infectious plasmids, forming the
viral particles. Then in vivo screening in the skeletal muscle was conducted again for further enrichment, characterization, and the
sequencing validation of the novel variant. (B) The schematic of stereotactic AAV injection in mice. (C) Representative confocal
microscope images of GFP expression in the mice dorsal hippocampus, and the cell nuclei were marked with DAPI (blue). DG,
dentate gyrus; CA1, cornu ammonis 1; CA3, cornu ammonis 3. Yellow arrows indicated GFP-positive dendrites. (D) Quantification
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Figure 2 AAVT42 mainly transduced neurons in the adult hippocampus and enabled long-term transgene expression after local
injection. (A) The schematic of bilateral dorsal-hippo injection of AAVT42-mCherry into 3�4 months APP/PS1 mice, n Z 3. (B)
Representative images of mCherry distribution in the hippocampus from dorsal to ventral following the coronal sectioning. Brains
were collected whenmice were 18e22 months old. (C) Representative confocal microscope images of antibodies to mCherry, neuron
marker NeuN, astrocyte marker GFAP, microglia marker Iba1, and oligodendrocyte marker Oligo2. An overlapped signal in hippo-
campal hilus was demonstrated in the lower rectangle and indicated by arrows in yellow. (D) Numbers of different markers and their
ratio in mCherry-positive cells in the hilus of DG region were calculated. The ratio of NeuNþ cells in mCherryþ cells in the CA3 region
was also quantified. A total of 14e18 pictures of eachmarker in 3micewere quantified, and each circle represented a picture fromone
half coronal hippocampal slice (percentage of NeuNþ cells/mCherryþ cells in CA1Z 60.54� 4.16, in hilusZ 53.06� 4.13; percentage
of Iba1þ cells/mCherryþ cells in hilusZ 17.72� 1.68, percentage of Oligo2þ cells/mCherryþ cells in hilusZ 9.02� 1.30, percentage
of GFAPþ cells/mCherryþ cells in hilus Z 0.83 � 0.28. DG, dentate gyrus; GCL, granule cell layer.
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neuron-specific nuclear protein NeuN suggested the
AAVT42’s tropism to neurons (Fig. 1F). To further charac-
terize the GFP-positive cell subtypes, we performed im-
munostaining with subtype cell markers. The minimal
colocalization of GFP fluorescence with astrocyte marker
GFAP and microglia marker Iba1 further supported the
analysis of GFP fluorescent intensity in the dorsal hippocampus. B
mouse were quantified (dorsal hippocampus: AAV9-GFP Z 1342 � 3
two injection sites per mouse, AAV9-GFP versus AAVT42-GFP, **P Z
monkey brain. (F) Confocal images showed GFP-positive cells, wh
campus of monkeys after AAVT42-GFP injection. (G) Representat
astrocyte marker GFAP, and microglia marker Iba1 in monkey hipp
protein.
neuronal specificity of AAVT42 in the brain. In contrast,
AAV9 displayed a similar tropism for both neuron and glial
cells (Fig. 1G).

We then injected AAVT42 carrying the mCherry into the
dorsal hippocampus of adult APP/PS1 mice to assess the
virus transduction efficiency and identify the cell types in
oth the left and right half of the dorsal hippocampus of each
59, n Z 5 mice; AAVT42-GFP Z 2916 � 354, n Z 5 mice, with
6.8 � 10

�3

). (E) The schematic of stereotactic AAV injection in
ich colocalized with neuron marker (NeuN, red) in the hippo-
ive confocal microscope images of antibodies to GFP, NeuN,
ocampus. AAV, adeno-associated virus; GFP, green fluorescent
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the AD mice (Fig. 2A). Strong mCherry fluorescence signal
was observed throughout the dorsal to ventral hippocam-
pus, particularly in the dentate gyrus (DG) and CA3 regions
(Fig. 2B), indicating efficient transduction following a sin-
gle-site local injection. Fluorescent co-labeling of mCherry
with the neuronal marker NeuN in the DG and CA1 regions,
as well as with the astrocyte marker GFAP, microglial
marker Iba1, and oligodendrocyte marker Oligo2 in the DG,
is shown in Figure 2C. Quantification of the colocalization
of mCherry with these markers (Fig. 2D) revealed that the
majority of mCherry-expressing cells were NeuN-positive,
suggesting that AAVT42 predominantly transduced neurons,
with only a small proportion of microglia and a few astro-
cytes or oligodendrocytes transduced in adult transgenic
mice. Additionally, substantial BDNF expression was
detected 4 months after AAVT42-BDNF injection into the
hippocampus of 3-month-old C57B6 mice (Fig. S1D, E).

These results collectively demonstrated that AAVT42 is
an effective vector for gene delivery to neurons in adult
mice. More importantly, it supports long-term transgene
expression.
BDNF overexpression in the hippocampus
ameliorated memory impairment in APP/PS1 mice

Transgenic APP/PS1 mice, which exhibit amyloid-induced
cognitive degeneration, were selected for AD study.
AAVT42-BDNF were injected bilaterally into the dorsal
hippocampus of 3�4-month-old APP/PS1 mice when path-
ogenic Ab accumulation began in the brain. The control
group of AD mice received AAVT42-GFP or AAVT42-mCherry
injections. Age-matched littermates without transgenes
were served as a healthy WT group. Behavioral tests were
conducted at 12�15 months of age when neuropathological
degeneration and behavioral abnormalities were detect-
able (Fig. 3A). BDNF treatment did not affect body weight,
as shown in Figure S2A. In the open field test, the BDNF-
treated mice moved a greater distance (Fig. 3B, left), likely
due to increased moving willingness resulting from
increased BDNF levels in the hippocampus. This was further
supported by the increased velocity observed after BDNF
treatment (Fig. S2B). No significant difference was
observed in the time spent in the center zone among the
three groups (Fig. 3B, right), indicating that APP/PS1 ani-
mals did not exhibit anxiety-like behaviors.

Next, hippocampus-dependentmemory performancewas
assessed. Micewith severe hair loss and injuries fromfighting
were excluded from the experiment. In the Y-maze test,
AAVT42-GFP/mCherry injected mice showed a reduced
spontaneous alternation ratio compared to WT littermates,
indicating impaired spatial working memory. AAVT42-BDNF
treatment alleviated this deficit (Fig. 3C). In theMorris water
maze, the escape latency of WT littermates and AAVT42-
BDNF-treated mice increased over five consecutive training
days, suggesting efficient learning ability. However, the
escape latency of the APP/SP1 AAVT42-GFP/mCherry mice
remained nearly stable, implying impaired learning ability
(Fig. 3D). Consistently, the BDNF-treated group spent more
time in the target quadrant during the probe test, demon-
strating improved spatial memory retention (Fig. 3E, left
panel). All groups showed similar quadrant visit frequency
(Fig. 3E, right panel). These results from both behavioral
paradigms consistently indicated that BDNF overexpression
in the dorsal hippocampus rescued memory deficits in APP/
PS1 mouse.

Microtubule-associated protein-2 (MAP-2) is a dendritic
marker crucial for neuronal development, differentiation,
plasticity, and neurogenesis in the hippocampus by main-
taining neural structure.41,42 Fluorescent staining revealed
decreased MAP-2 intensity in the CA1 region of AD trans-
genic mice compared with WT littermates, which was
restored following BDNF treatment (Fig. 3F, G), indicating
enhanced neuronal structure. To assess the immune
response to BDNF overexpression, the intensities of astro-
cytes (labeled with GFAP) and microglia (labeled with Iba1)
in the CA1 region were measured. The results showed no
obvious effect of BDNF injection on either astrocytes or the
microglia populations in the hippocampus in Figure 3H, the
corresponding signal intensities in the CA1 region were
quantified in Figure 3I and J. Finally, DAB (3,30-dia-
minobenzidine) staining revealed no significant difference
in the number of amyloid plaques in the hippocampus be-
tween the treatment and control groups (Fig. 3K, L).

Overall, APP/PS1 model demonstrates that AAVT42-
mediated delivery of BDNF into the hippocampus promotes
neuroprotection against Ab-induced neurotoxicity and
strengthens dendritic structure during AD pathogenesis,
thus alleviating cognitive impairment.
High BDNF expression in the hippocampus
ameliorated memory impairment in rTg4510 and
3 3 Tg mice

Numerous studies have linked neuronal loss and dysfunction
to tau hyperphosphorylation, which promotes the forma-
tion of neurofibrillary tangles.43 We selected rTg4510 mice
for further investigation as phosphorylated tau was widely
distributed in the frontal cortex and hippocampus. Litter-
mates that did not carry transgenes were regarded as WT
littermate control. rAAV was injected into the mice at
3e4.5 months of age, and behavioral deficits were assessed
at approximately 6.5e7 months of age (Fig. 4A). As previ-
ously reported,44,45 bi-transgenic mice exhibited reduced
body weights and hippocampal injection of AAVT42-BDNF
did not change this condition (Fig. S3A).

Mice with injuries, such as anal prolapse, were excluded
from the behavioral experiments. In the open field test,
rTg4510 mice injected with AAVT42-GFP exhibited hyper-
activity, as a greater distance traveled shown in Figure 4B
(left panel), consistent with previously reported charac-
teristics of rTg4510 mice.46 Increased velocity was observed
after BDNF treatment (Fig. S3B), similar to the findings in
the APP/PS1 model. However, rTg4510 mice spent less time
in the center area compared to WT littermates, indicating
higher anxiety levels, and BDNF treatment had no signifi-
cant change in this behavior (Fig. 4B, right panel).

In the Y-Maze test, the reduced alteration percentage in
the AAVT42-GFP control group demonstrated memory def-
icits, which were alleviated by BDNF treatment (Fig. 4C).
No significant improvement was observed following BDNF
treatment in the Morris water maze test (Fig. 4D). During
the conditioned fear test training period, an increasing



Figure 3 BDNF high expression in hippocampus ameliorated memory impairment in APP/PS1 mice. (A) Timeline for experiments
in APP/PS1 mice. Wild type (WT) littermate, n Z 16; AAVT42-GFP/mCherry, n Z 16; AAVT42-BDNF, n Z 14. (B) Left: The total
traveled distance in the open field test. WT littermate: 88.74 � 7.62 m, AAVT42-GFP/mCherry: 102.10 � 8.90 m, AAVT42-BDNF:
121.70 � 10.1 m. P Z 0.28 for WT littermate vs. AAVT42-GFP/mCherry, P Z 0.13 for AAVT42-GFP/mCherry vs. AAVT42-BDNF,
*P Z 0.013 for WT littermate vs. AAVT42-BDNF. Right: Time spent in the center area. WT littermate: 177.60 � 16.14 s, AAVT42-
GFP/mCherry: 180.50 � 28.74 s, AAVT42-BDNF: 218.40 � 33.56 s. (C) Percentage of spontaneous alternation in Y maze, and mice
age was 12e14 months. WT littermate: 65.50% � 2.16%, AAVT42-GFP/mCherry: 51.16% � 2.84%, AAVT42-BDNF: 64.11% � 2.62%.
***PZ 2.0 � 10

�4

for WT littermate vs. AAVT42-GFP/mCherry, **PZ 1.0 � 10
�3

for AAVT42-GFP/mCherry vs. AAVT42-BDNF, PZ 0.70
for WT littermate vs. AAVT42-BDNF. (D) Escape latency of cohorts each day during Morris water maze training. On the 5th day, WT
littermate: 21.38 � 2.49 s, n Z 12, AAVT42-GFP/mCherry: 46.23 � 3.87 s, n Z 12, AAVT42-BDNF: 29.61 � 4.04 s, n Z 9.
****P < 1.0 � 10

�4

for WT littermate vs. AAVT42-GFP/mCherry, **P Z 8.1 � 10
�3

for AAVT42-GFP/mCherry vs. AAVT42-BDNF,
P Z 0.10 for WT littermate vs. AAVT42-BDNF. (E) Analysis of the probe test on the 6th day. Left: duration in the target quadrant.
WT littermate: 16.64 � 2.16 s; AAVT42-GFP/mCherry: 9.40 � 0.93 s; AAVT42-BDNF: 16.03 � 2.78 s *P Z 0.011 for WT littermate vs.
AAVT42-GFP/mCherry, *P Z 0.029 for AAVT42-GFP/mCherry vs. AAVT42-BDNF, P Z 0.83 for WT littermate vs. AAVT42-BDNF. Right:

BDNF gene therapy rescues Alzheimer’s cognition in mice 9
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freezing response was observed in all groups, indicating a
learning curve (Fig. 4E, left panel). In the context test,
mice treated with BDNF exhibited a higher freezing ratio
than GFP-control littermates (Fig. 4E, middle panel),
demonstrating improved memory for associating the envi-
ronment with unpleasant memory. In the following condi-
tioned cue test, all groups of mice responded to the cue
stimulus, suggesting that they all had the association of the
adverse noise with electric shock in mind (Fig. 4E, right
panel).

Previous reports have shown that ventricle injection of
AAV8-BDNF rescues neuronal loss in the CA1 region of the
rTg4510 mice hippocampus.47 Consistent with their results,
our study found a broader stratum pyramidal (Spy) layer in
the CA1 region after BDNF administration, indicating pre-
vention of neuronal loss (Fig. 4F, the width of the Spy layer
was quantified in Fig. 4H). Consistent with compromised
white matter integrity in rTg4510 mice,48 we also observed
disrupted MAP-2 signals in the CA1 region, indicating
aberrant dendritic structures (shown by arrows in Fig. 4G).
In the BDNF-treated group, an organized MAP-2 pattern
similar to that in WT littermates suggested the preservation
of dendritic structure.

Increased GFAP and Iba1 signals in the CA1 region of the
AAV42-GFP group indicated the active astrogliosis and
microglial activation in rTg4510 (Fig. 4IeK), as previously
reported,49,50 on which BDNF treatment showed no obvious
effect. Finally, DAB staining of AT8 showed that BDNF
overexpression did not affect tau phosphorylation in the
hippocampus (Fig. 4L, M).

We further investigated the therapeutic effect of BDNF
in 3 � Tg mice, which exhibit the accumulation of both Ab
and p-tau in the cortex and hippocampus. AAV vectors
were injected into 3�month-old adult mice, and their
performance was assessed at 12�14 months of age
(Fig. 5A). Consistent with the results observed in APP/PS1
mice, the BDNF-treated group outperformed the control
group during five consecutive days of Morris water maze
training (Fig. 5B, left panel). In a subsequent test con-
ducted on the 6th day, BDNF-treated mice spent less time
searching for the hidden platform compared to controls
(Fig. 5B, right panel), indicating improved learning ability
and memory. Additionally, the Barnes maze test demon-
strated a similar therapeutic effect of BDNF (Fig. 5C). Im-
munostaining showed enhanced MAP-2 signals in the CA1
region of the hippocampus in 3 � Tg mice (Fig. 5D, E), a
pattern similar to that seen in APP/PS1 and rTg4510 mice.
target quadrant visit frequency. WT littermate: 18.33 � 3.92
24.22 � 9.22 s. PZ 0.23 for WT littermate vs. AAVT42-GFP/mCherry
for WT littermate vs. AAVT42-BDNF. (F) Representative images of
gions were enclosed by the dashed rectangle on the left. (G) Mea
group, and each mouse quantified four CA1 areas bilaterally. **
***P Z 8.0 � 10

�4

for AAVT42-GFP/mCherry vs. AAVT42-BDNF, P Z
rescence of GFAP for astrocytes in CA1 region (quantification of m
65.18 � 2.47, n Z 3; AAVT42-GFP: 66.96 � 1.32, n Z 4; AAVT42-BD
including two CA1 areas bilaterally.) and Iba1 for microglia in CA1
Figure 3J. WT littermate: 66.22 � 1.25, nZ 3; AAVT42-GFPZ 68.38
quantified one brain slice including two CA1 areas bilaterally). (K) R
staining in the hippocampus. (L) Quantification of amyloid plaques
slices. AAVT42-GFP/mCherry: 31.70 � 2.14, n Z 7; AAVT42-BDNF:
Golgi staining and Sholl analysis showed enhanced den-
dritic complexity in BDNF-treated pyramidal neurons
(Fig. S4A, B), further supporting the results that increased
local expression of BDNF maintains the dendrite structure,
potentially alleviating the neurotoxicity associated with Ab
and p-tau accumulation.

There was no significant change in the number of astro-
cytes or microglia in the CA1 region, further confirming that
BDNF overexpression did not broadly influence immune
activation (Fig. 5FeI). Finally, DAB staining of amyloid plaque
and phosphorylated Tau in 3 � Tg mice revealed no signifi-
cant change following BDNF administration (Fig. S4C, D).
RNA-sequencing analysis identified genes and
pathways maintaining neuron structure, mediating
synaptic plasticity, and memory formation after
long-term BDNF supplementation in neurons

RNA sequencing was performed to obtain the hippocampus
transcriptome from 3 � Tg mice treated with either
AAVT42-GFP or AAVT42-BDNF, aiming to identify principal
genes and related pathways involved in the cognitive
improvement observed in AD. A volcano plot was generated
to visualize the expression of 14,678 genes across the two
groups, revealing 461 up-regulated genes and 1724 down-
regulated genes. Among these, 33 up-regulated and 119
down-regulated differentially expressed genes were iden-
tified with a fold change greater than 2 (|log2(fold
change)| � 1) (Fig. 6A). The expression patterns of the top
30 up- and down-regulated genes are shown as heat maps in
Figure 6B, and STRING analysis of these genes is presented
in Figure 6CeF.

Gene ontology analysis of the data indicated that the
461 up-regulated genes were enriched in biological pro-
cesses related to synaptic structures and functions, such as
synaptic transmission modulation, regulation of receptor
activity, dendrite morphogenesis, and the neuropeptide
signaling pathway (Fig. 6D). Notably, genes involved in
synaptic transmission, including the neurosecretory protein
Vgf and the scaffold protein Shank1, were up-regulated
following BDNF treatment, suggesting the therapeutic ef-
fects of BDNF in AD.51,52 Furthermore, genes involved in
dendritic development, such as Sema3a,53 Dscam,54 and
Slitrk555 were also up-regulated, indicating that dendrite
structure maintenance was strengthened following BDNF
overexpression (Fig. 6E).
s, AAVT42-GFP/mCherry: 10.83 � 2.36 s, AAVT42-BDNF:
, PZ 0.27 for AAVT42-GFP/mCherry vs. AAVT42-BDNF, P > 0.99
MAP-2 immunostaining in the hippocampus. The zoomed-in re-
n MAP-2 fluorescence intensity in CA1 region, n Z 3 for each
P Z 4.8 � 10

�3

for WT littermate vs. AAVT42-GFP/mCherry,
0.51 for WT littermate vs. AAVT42-BDNF. (HLJ) Immunofluo-

ean fluorescence intensity of GFAP in Figure 3I. WT littermate:
NF: 68.25 � 1.66, n Z 3. Each mouse quantified one brain slice
region (quantification of mean fluorescence intensity of Iba1 in
� 0.62, nZ 4; AAVT42-BDNF: 68.51 � 0.96, nZ 3. Each mouse
epresentative images of Ab (4G8) DAB (3,30-diaminobenzidine)
in the hippocampus. Each mouse quantified four to five brain
31.47 � 2.28, n Z 6.



Figure 4 BDNF high expression in hippocampus ameliorated memory impairment in rTg4510 mice. (A) Timeline for experiments
in rTg4510 mice. WT littermate, n Z 20; AAVT42-GFP, n Z 16; AAVT42-BDNF, n Z 24. (B) Analysis of open field test, age was 7e8
months. Left: total traveled distance. WT littermate: 152.6 � 4.9 m; AAVT42-GFP: 291.1 � 43.6 m; AAVT42-BDNF: 296.5 � 34.0 m
***PZ 8.0 � 10

�4

for WT littermate vs. AAVT42-GFP, PZ 0.93 for AAVT42-GFP vs. AAVT42-BDNF, ***PZ 1.0 � 10
�4

for WT littermate
vs. AAVT42-BDNF. Left: time spent in the center area. WT littermate: 222.4 � 12.05 s; AAVT42-GFP:136.7 � 22.85 s; AAVT42-
BDNF:134.8 � 21.54 s **P Z 4.3 � 10

�3

for WT littermate vs. AAVT42-GFP, P Z 0.91 for AAVT42-GFP vs. AAVT42-BDNF,
**P Z 1.0 � 10

�3

for WT littermate vs. AAVT42-BDNF (C) Percentage of spontaneous alternation in Y maze. WT littermate, n Z 20;
AAVT42-GFP, n Z 13; AAVT42-BDNF, n Z 21. WT littermate: 63.24% � 1.77%; AAVT42-GFP: 50.10% � 3.49%; AAVT42-BDNF:
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In contrast, 1724 down-regulated genes were found to be
involved in cellular structural organization, aging, lipid
metabolism, negative regulations of Wnt, and BMP signaling
pathways (Fig. 6G). The down-regulated genes associated
with aging and AD pathogenesis, such as Kcne2,56,57

Cdkn1c,58 Ace,59 andMadcam1,60 as well as genes related to
the down-regulation of the BMP signaling pathway,61 high-
lighting the therapeutic effects of local BDNF overexpression
(Fig. 6H).

Gene expression was further confirmed in 3 3 Tg
hippocampus after AAVT42-BDNF administration

Finally, we confirmed the expression of BDNF in 3 � Tg
hippocampus, as well as the up-regulated genes such as
Npy, Tac1, and Crh, as shown in Figure 7A. Interestingly,
Npy is a secreted neurotransmitter or neuromodulator that
performs a variety of roles in neurodegenerative diseases,
including neuroprotection, increased trophic support,
decreased excitotoxicity, calcium homeostasis regulation,
and neuroinflammation attenuation.62 Crh protects neurons
against AD pathogenesis,63 and Tac1 serves as a potential
vasodilator and increases blood flow based on neural im-
pulses. Tac1 was recently identified as a hub gene con-
nected to synaptic function and inflammation. All of these
genes can be regulated by BDNF overexpression.64e66

Previous studies have found that Bmp4 and Bmp6 are
abnormally elevated in AD mice and AD patients.67,68 In
contrast, antidepressants can down-regulate BMP signaling,
stimulate local neurogenesis, and improve learning ability
and memory in AD patients,69 besides, enhancing neuro-
genesis can elicit anti-stress or anti-depression effects.70

These studies suggested a negative effect of neurogenesis on
62.93% � 2.93%. **PZ 2.2 � 10
�3

for WT littermate vs. AAVT42-GFP,
WT littermate vs. AAVT42-BDNF (D) Analysis of Morris water maze.
training. WT littermate, nZ 14; AAVT42-GFP, nZ 9; AAVT42-BDNF,
GFP: 39.39 � 5.11 s; AAVT42-BDNF: 33.18 � 5.78 s ***PZ 5.0 � 10

�4

AAVT42-BDNF, **P Z 4.7 � 10
�3

for WT littermate vs. AAVT42-BDN
quadrant zone (WT littermate: 24.73 � 1.70 s; AAVT42-GFP: 9.66 �
littermate vs. AAVT42-GFP, PZ 0.066 for AAVT42-GFP vs. AAVT42-B
quadrant visit frequency (WT littermate: 26.50 � 2.82; AAVT42-GFP
freezing time during three consecutive stimuli. At 3rd stimulus, free
GFP Z 26.744% � 11.528%, n Z 8; AAVT42-BDNF Z 33.092% � 10.0
P Z 0.69 for AAVT42-GFP vs. AAVT42-BDNF, *P Z 0.017 for WT litt
test: WT littermate, 48.02% � 8.57%; AAVT42-GFP, 14.75% � 4.38%;
vs. AAVT42-GFP, *P Z 0.018 for AAVT42-GFP vs. AAVT42-BDNF, P Z
during the conditioned-cue test: WT littermate, 65.46% � 6.43%; A
G) Representative images of NeuN and MAP-2 immunostaining in the
Quantification of the thickness of SPy layer of NeuN fluoresce
65.40 � 1.15 mm; AAVT42-GFP, 27.70 � 3.12 mm; AAVT42-BDNF, 49.
***PZ 3.0 � 10

�4

AAVT42-GFP vs. AAVT42-BDNF, **PZ 5.1 � 10
�3

for
of the coronal hippocampus (IeK) Immunofluorescence of GFAP for
intensity in Figure 4J. WT littermate: 47.47 � 0.87, n Z 3; AAVT42
**P Z 4.1 � 10

�3

for WT littermate vs. AAVT42-GFP, P Z 0.62 for AA
vs. AAVT42-BDNF), and Iba1 for microglia in CA1 region (quantificat
41.56 � 0.36, n Z 3; AAVT42-GFP: 62.59 � 0.79, n Z 3; AAVT42-BD
AAVT42-GFP, P Z 0.27 for AAVT42-GFP vs. AAVT42-BDNF, **P Z 7.8
images of phosphorylated Tau (AT8) DAB staining in the hippocampu
mice age of 9e12 months. AAVT42-GFP: 0.45 � 0.023, n Z 5; AAV
dentate gyrus and CA3 regions. SO, stratum oriens; SR, stratum ra
BMP signaling. Our RNA sequencing data revealed the
decreased expression of genes mediating the TGF-b/BMP
signaling pathway in 3 � Tg mice, indicating the inhibitory
effect of BDNF overexpression on BMP signaling (Fig. 7B). The
down-regulated Bmp4, Bmp6, and Bmp7 were further
confirmed by qPCR test (Fig. 7C). Consistently, Grem1, a
negative regulator of TGF-b/BMP signaling71 was up-regu-
lated, while Grem2 expression had no significant change
(Fig. 7C).

Our findings confirmed that owing to multi-downstream
targets of BDNF, its overexpression will activate multiple
downstream signaling pathways, eventually resulting in
synergistic neuroprotective functions against neuron
degeneration in AD.

Discussion

In this study, we utilized rAAV vectors to increase local
BDNF levels in hippocampal neurons through direct intra-
parenchymal injection in the early adult stages of three
strains of transgenic AD mice, and the approach improved
learning and memory behaviors across all strains, further
supporting the hypothesis that gene therapy via local AAV
delivery at the early stages of pathology offers long-term
protective effects, preventing disease progression.

We applied AAVT42, a serotype screened in our lab for
its high tropism to skeletal muscle. In this study, we first
characterized its tropism for neurons in adult WT and AD
model mice, as well as aged non-human primates. In
contrast, the neuronal transduction efficiency of AAV9 and
its variants appears to be model-dependent72 and declines
with age.73 Although systematic AAV9 delivery methods,
such as intravenous or intracerebroventricular injections,
**PZ 2.6 � 10
�3

for AAVT42-GFP vs. AAVT42-BDNF, PZ 0.93 for
Escape latency of cohorts each day during Morris water maze
nZ 10. On the 5th day, WT littermate: 11.70 � 1.53 s; AAVT42-
for WT littermate vs. AAVT42-GFP, PZ 0.43 for AAVT42-GFP vs.
F. For probe tests, quantification of time spent in the target
2.09 s; AAVT42-BDNF: 19.51 � 3.42 s ****P < 1.0 � 10

�4

for WT
DNF, *PZ 0.033 for WT littermate vs. AAVT42-BDNF) and target
: 17.56 � 6.62; AAVT42-BDNF: 31.60 � 6.94) (E) Percentage of
zing ratio of WT littermate: 67.674 � 6.397 %, n Z 11; AAVT42-
68%, n Z 6. **P Z 9.0 � 10

�3

for WT littermate vs. AAVT42-GFP,
ermate vs. AAVT42-BDNF. The freezing ratio during contextual
AAVT42-BDNF, 50.64% � 13.71%. *P Z 0.011 for WT littermate
0.84 for WT littermate vs. AAVT42-BDNF. The freezing ratio

AVT42-GFP, 61.67% � 7.56%; AAVT42-BDNF, 64.53% � 7.03% (F,

CA1 region of the hippocampus, age was around 12 months (H)
nce in CA1 region. n Z 3 for each group. WT littermate:
40 � 4.36 mm ****P < 1.0 � 10

�4

WT littermate vs. AAVT42-GFP,
WT littermate vs. AAVT42-BDNF. Each point represents one half
astrocytes in CA1 region (quantification of mean fluorescence

-GFP: 57.61 � 3.86, n Z 3; AAVT42-BDNF: 59.05 � 1.19, n Z 4.
VT42-GFP vs. AAVT42-BDNF, ***P Z 6.0 � 10

�4

for WT littermate
ion of mean fluorescence intensity in Figure 4K. WT littermate:
NF: 60.69 � 0.59, n Z 4. ***P Z 4.0 � 10

�4

for WT littermate vs.
� 10

�3

for WT littermate vs. AAVT42-BDNF) (L) Representative
s (M) Quantification of phosphorylated Tau in the hippocampus,
T42-BDNF: 0.48 � 0.014, n Z 7. Each mouse was quantified in
diatum; SPy, stratum pyramidale.



Figure 5 BDNF high expression in hippocampus ameliorated memory impairment in 3 � Tg mice. (A) Timeline for experiments in
3 � Tg mice. (B) Analysis of Morris water maze. On the 5th day, AAVT42-GFP: 38.17 � 6.95 s, n Z 7; AAVT42-BDNF:
21.69� 3.82 s, nZ 9. *PZ 0.044; On the 3rd day, *PZ 0.017. A test on the 6th daywas analyzed, AAVT42-GFP: 34.72� 8.50 s; AAVT42-
BDNF: 15.43 � 4.16 s *PZ 0.046. (C) Analysis of Barnes maze. On the 4th day, AAVT42-GFP: 142.07 � 12.84 s, nZ 7; AAVT42-BDNF:
52.75 � 12.98 s, n Z 8. ***P < 0.0001; On the 3rd day, *PZ 0.03; On the 2nd day, **PZ 0.008. A test on the 11th day was analyzed.
AAVT42-GFP: 133.70 � 29.88 s; AAVT42-BDNF: 33.38 � 9.01 s *PZ 0.046. (D) Representative images of MAP-2 immunostaining in the
CA1 region of the hippocampus, age Z 12 months. (E) Quantification of mean MAP-2 fluorescence intensity in the CA1 region of the
hippocampus. AAVT42-GFP: 1170 � 60.29, n Z 5; AAVT42-BDNF: 1452 � 94.48, n Z 6. AAVT42-GFP vs. AAVT42-BDNF, *P Z 0.0252.
Eachmousewas quantified one to two CA1 regions. (F, G) Representative images ofmicroglia (Iba1) and astrocyte (GFAP) DAB staining
in the CA1 region. (H, I) Quantification of microglia (AAVT42-GFP: 53.4� 1.20, nZ 4; AAVT42-BDNF: 52.02� 3.02, nZ 4. PZ 0.687)
and astrocytes (AAVT42-GFP: 107.9� 4.79, nZ 4; AAVT42-BDNF: 108.9� 4.41, nZ 4. PZ 0.884). Each point represents the average
cell count in the CA1 region of each mouse based on three to four slide quantifications.
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have been reported to effectively penetrate the
bloodebrain barrier and achieve widespread distribution
throughout the CNS,74,75 and these delivery approaches
require higher doses and present safety concerns due to
potential toxicity in periphery organs.76 Therefore, the
intrabrain injection remains the primary AAV delivery
method for treating CNS disorders, and AAVT42 showed an
advantage for further application in clinical trials targeting
neurons.

When comparing the therapeutic effects across three AD
mouse models, BDNF overexpression improved performance
in the Y-maze test for both APP/PS1 and rTg4510 mice,
indicating a restoration of short-term spatial working
memory.77 Consistently, improved performance was



Figure 6 AAVT42-BDNF treatment mainly regulated pathways mediating neuronal structure organization and synaptic trans-
mission in 3 � Tg mice. (A) The volcano plot illustrating differentially expressed genes (DEGs) in the AAVT42-BDNF treatment and
AAVT42-GFP hippocampus. Dotted lines highlighting the P-value Z 0.05 (y-axis) and fold change Z 2 (x-axis), blue dots showed
genes expressed at higher levels in AAVT42-GFP hippocampus, and red dots showed genes expressed at higher levels in AAVT42-
BDNF hippocampus. (B) The expression heat map of TOP 30 up-regulated genes and down-regulated genes of AAVT42-BDNF vs.
AAVT42-GFP. (C) STRING proteineprotein interaction work. Network of top 30 up-regulated proteins in the hippocampus after
AAVT42-BDNF administration. Different colors reflected different kinds of connection evidence between proteins. (D) Gene
ontology enrichment analysis of the up-regulated DEGs for biological process. (E) The expression heat map of DEGs enriched in the
modulation of synaptic transmission and dendrite morphogenesis. (F) STRING proteineprotein interaction work. Network of top 30
down-regulated proteins in the hippocampus after AAVT42-BDNF administration. Different colors reflected different kinds of
connection evidence between proteins. (G) Gene ontology enrichment analysis of the down-regulated DEGs for biological process.
(H) The expression heat map of DEGs enriched in the Aging and Regulation of BMP signaling.
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observed in the Morris water maze and Barnes maze tests in
3 � Tg mice, further confirming that the therapeutic effect
of BDNF overexpression is independent of Ab and/or p-tau
features in all the tested AD model mice. During the water
maze test, the treated APP/PS1 mice performed better,
while rTg4510 mice showed a trend toward improved
learning ability during training, although this improvement
did not reach statistical significance, which might be
caused by significant neuronal loss and hippocampal atro-
phy in rTg4510 mice at early adulthood, with BDNF
administration could only partially improve spatial memory.
In the conditioning fear test, the treated rTg4510 mice
exhibited better context memory, underscoring the critical
role of BDNF in contextual fear conditioning.78 All groups
showed strong freezing responses to auditory stimuli in the
cued test as all mice could associate the noise with the



Figure 7 Regulated gene expression levels after AAVT42-BDNF administration were further confirmed in 3 � Tg mice. (A)

Confirmation of the up-regulated BDNF, Npy, Tac1, and Crh expression in the hippocampus by real-time qPCR. All gene expressions
in AAVT42-GFP were normalized to one. BDNF: AAVT42-GFP Z 1.00 � 0.11, n Z 3; AAVT42-BDNF Z 47.79 � 18.01, n Z 5. Npy:
AAVT42-GFP Z 1.00 � 0.025; AAVT42-BDNF Z 4.42 � 0.52. Tac1:AAVT42-GFP Z 1.00 � 0.054; AAVT42-BDNF Z 2.30 � 0.25. Crh:
AAVT42-GFP Z 0.52 � 0.068; AAVT42-BDNF Z 1.47 � 0.18. *P Z 0.036. (B) The heat map of DEGs in the TGFb/BMP signaling
pathway in 3 � Tg hippocampus after BDNF administration. (C) Genes involved in the BMP signaling pathway were detected by real-
time qPCR. AAVT42-GFP vs. AAVT42-BDNF, Bmp4: AAVT42-GFP Z 1.00 � 0.05; AAVT42-BDNF Z 0.30 � 0.02. ****P < 1.0 � 10

�4

;
Bmp6: AAVT42-GFP Z 1.00 � 0.17; AAVT42-BDNF Z 0.31 � 0.021. ***P Z 0.0004; Bmp7: AAVT42-GFP Z 1.00 � 0.044; AAVT42-
BDNF Z 0.42 � 0.049. ***P Z 0.0002; Grem1: AAVT42-GFP Z 1.00 � 0.23; AAVT42-BDNF Z 3.33 � 0.24. *P Z 0.021; Grem2:
AAVT42-GFP Z 1.00 � 0.055; AAVT42-BDNF Z 1.06 � 0.049. *P Z 0.55. Npy, Neuropeptide Y; Crh, Corticotropin-releasing hor-
mone; Tac1, Tachykinin precursor 1; Bmps, Bone morphogenetic proteins, Grem1, Gremlin 1.
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electronic shock finally, suggesting that rTg4510 mice did
not show obvious deficits in processing emotional and stress
responses, which involve multiple brain regions, including
amygdala, hypothalamus, and prefrontal cortex.

Additionally, we observed increased locomotor activities
in APP/PS1 mice following AAVT42-BDNF administration, as
evidenced by increased total travel distance and velocity in
the open field test as well as increased entry frequency in
the Y-maze. These findings strongly suggest reduced anxi-
ety after BDNF overexpression, aligning with previous
studies that BDNF overexpression improves stress resil-
ience, which is positively correlated with enhanced hippo-
campal neurogenesis.79 In rTg4510 mice, however, BDNF
administration did not significantly alter locomotor activ-
ities, likely due to the pronounced hyperactivity inherent in
these bi-transgenic mice,46 which involves multiple brain
regions beyond the hippocampus.46 Taken together, the
impact of enhanced locomotor activities on AD rodents,
particularly in the context of neurodegenerative disease,
requires further evaluation.
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BDNF treatment in 3 � Tg mice down-regulated
expression of Bmps, indicating that enhanced neurogenesis
may inhibit downstream BMP signaling or require the inhi-
bition of BMP signaling. However, BMP expression did not
change in APP/PS1 mice, and there was no significant
reduction after BDNF treatment in rTg4510 mice even
though rTg4510 mice had higher levels of Bmps compared to
wild type littermates. This inconsistency reflects the
complexity of BMP signaling in AD mouse models and the
progression of the disease. For example, BMP4 over-
expression in transgenic mice impairs memory and in-
creases Ab and tau accumulation,67 whereas lower levels of
BMP6 in AD patients are associated with cognitive impair-
ment.80 BMP7 exhibits neuroprotective effects against Ab-
induced neurotoxicity in vitro.81 These findings suggest that
BMP signaling is intricately involved in the pathology and
potential treatment of AD, with its regulation by BDNF
potentially differing based on Ab or p-tau accumulation.

BDNF’s neuronal effects are mediated through in-
teractions with its receptors, TrkB and p75, which are dis-
rupted by Ab or tau pathology.82 Our study further proved the
primary functions of BDNF in neuroprotection and synaptic
plasticity against Ab and tau-induced neurotoxicity, while
they had no direct impact on amyloidosis or tau accumula-
tion. The possible explanation is that BDNF administration
specifically in the hippocampus interacts with various
signaling ways involved in synaptic plasticity, which are not
directly involved in amyloid metabolism83 or tau phosphor-
ylation.47 Besides, neuroinflammation plays a critical role in
amyloid clearance, and our results showed that BDNF did not
modulate neuroinflammation effectively. In our ongoing
work, we are creating vectors carrying BDNF and the pro-
inflammatory inhibitor interleukin-1 receptor antagonist (IL-
1RA) to explore the combined therapy effect.

In clinical trials for AD, the delivery of the nerve growth
factor via AAV2 to the nucleus basalis of Meynert has
demonstrated long-term safety, however, challenges include
inefficient delivery to target neurons and potential side ef-
fects like nociceptive responses.30,84 Similarly, BDNF gene
therapy has been investigated for various neurodegenerative
diseases, including Parkinson’s, Alzheimer’s, and Hunting-
ton’s diseases.85,86 Currently, BDNF administration for AD in
clinical trials is ongoing, with a focus on the regulation of
BDNF expression and the delivery: precise regulation of BDNF
expression is essential, as both overload and insufficiency
can cause adverse effects.87,88 Additionally, effective de-
livery of BDNF across the bloodebrain barrier remains a sig-
nificant challenge. Our results support the use of AAV-based
gene therapy for AD through the local delivery of BDNF to the
hippocampus, which has the highest level of BDNF mRNA in
the CNS and is also assumed to have a critical role in the early
clinical manifestations of AD.89,90 We believe that the novel
rAAV vectors, exhibiting high transduction efficiency and
safer profiles, along with optimized delivery routines and
surgical management, will facilitate the application of AAVs
in treating neurological disorders in the future.
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