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Introduction: Recombinant adeno-associated viruses (rAAVs) are widely used in

genetic therapeutics. AAV5 has shown superior transduction e�ciency, targeting

neurons and glial cells in primate brains. Nonetheless, the comprehensive

impact of AAV5 transduction on molecular and behavioral alterations remains

unexplored. This study focuses on evaluating the e�ects of AAV5 transduction

in the hippocampus, a critical region for memory formation and emotional

processes.

Methods: In this experiment, fluorescence-activated cell sorting (FACS) was

utilized to isolate the mCherry-labeled pyramidal neurons in the hippocampus

of CaMkIIα-cre mice following three di�erent doses rAAV5-mCherry infusion

after 3 weeks, which were then subjected to RNA sequencing (RNA-seq) to

assess gene expression profiles. The cytokines concentration, mRNA expression,

and glial response in hippocampi were confirmed by ELASA, digital droplet PCR

and immunohistochemistry respectively. Locomotion and anxiety-like behaviors

were elevated by Open Field Test and Elevated Plus Maze Test, while the Y-

Maze were used to assessed spatial working memory. Recognition memory and

fear responses were examined by the Novel Object Recognition Test and Fear

Conditioning Test, respectively.

Results: We found that 2.88 × 1010 v.g rAAV5 transduction significantly

upregulated genes related to the immune response and apoptosis, and

downregulated genes associated with mitochondrial function and synaptic

plasticity in hippocampal pyramidal neurons, while did not induce neuronal loss

and gliosis compared with 2.88 × 109 v.g and 2.88 × 108 v.g. Furthermore, the

same doses impaired working memory and contextual fear memory, without

e�ects on locomotion and anxiety-related behaviors.

Discussion: Our findings highlight the detrimental impact of high-dose

administration compared to median-dose or low-dose, resulting in increased

neural vulnerability and impaired memory. Therefore, when considering the

expression e�ectiveness of exogenous genes, it is crucial to also take potential

side e�ects into account in clinical settings. However, the precise molecular

mechanisms underlying these drawbacks of high-dose rAAV5-mCherry still

require further investigation in future studies.
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Introduction

In preclinical and clinical studies involving in vivo genetic

therapeutics and genetic modification, recombinant adeno-

associated viruses (rAAVs) are currently the most commonly

employed vehicles. During neurosurgical procedures involving

the delivery of viral vectors to the brain, the objective is to

minimize perturbation of the brain tissue while achieving efficient

gene delivery for the desired duration. Using viral vectors with

high tropism for the target cell type and wide transduction

area can enable the delivery of the lowest possible vector dose,

which reduces tissue damage, undesired spread, and the risk of

genomic integration.

The adeno-associated virus 2 (AAV2) was the first AAV to be

cloned at the molecular level and transformed into a replication-

deficient vector, and it has been widely studied for its potential in

gene transfer applications. Clinical trials for gene therapy aimed

at treating brain diseases, such as Alzheimer’s disease, Canavan’s

disease, and Parkinson’s disease, are either underway or in progress,

utilizing the well-researched rAAV2 (Hudry and Vandenberghe,

2019). However, its modest transduction levels and insufficient

non-neuronal transduction have also been perceived as limitations

(Burger et al., 2004; Taymans et al., 2007; Aschauer et al., 2013).

In the primate brain, rAAV5 outperformed all other serotypes

by transducing significantly more cells in terms of transduction

efficiency (Markakis et al., 2010). Furthermore, rAAV5 effectively

transduced neurons as well as glial cells, whereas rAAV2 had a

greater tropism for neurons (Davidson et al., 2000; Markakis et al.,

2010). However, a comprehensive investigation of the impact of

rAAV5 transduction on molecular and behavioral alterations has

not been conducted yet.

The hippocampus is critical for memory formation, particularly

declarative memories, and an impairment of the hippocampus

can result in amnesia (Fanselow and Dong, 2010; Bannerman

et al., 2014). In addition, the hippocampus has been traditionally

linked to various emotional processes and, in particular, to

anxiety (Fanselow and Dong, 2010; Bannerman et al., 2014). In

this study, we generated three different doses of rAAV5 with

a mChenry reporter gene and injected those vectors into the

mouse hippocampus. mChenry+ cells were sorted for unbiased

transcriptomic analysis. We further investigated glial responses and

assessed the behavioral outcomes following rAAV5 transduction

using three different doses, ultimately determining the optimal

dosages of rAAV5 for preclinical trials targeting the hippocampus.

Materials and methods

Animals

Male CaMkIIα-cre mice (Jax lab, stock number 028867) were

housed in standard laboratory cages with four to five mice per cage.

The mice were kept on a 12-h light/dark cycle with lights on at

8:00 a.m. and in a temperature-controlled room with a range of 21–

25◦C. At the time of rAAV infusion, the mice were between 7 and 8

weeks old. Ad libitum food and water were provided. All animal

procedures were approved by the Southern Medical University

Animal Ethics Committee and conducted in compliance with the

guidelines of the Chinese Council on Animal Care to minimize

animal suffering and reduce the number of animals used.

AAV vector production

The rAAV vector AAV5-EF1α-DIO-mCherry-WPRE

(hereinafter referred to as rAAV5-mCherry) was packaged,

purified, and tittered by Sunbio Medical Biotechnology (Shanghai,

China). The double floxed inverted open-reading-frame (DIO)

strategy makes mCherry expression in a Cre-responsive manner

(Atasoy et al., 2008). The titter of rAAV5-mCherry was determined

by real-time PCR as previously described (Rohr et al., 2002).

Briefly, primers were designed to amplify the WPRE. The forward

and reverse primers were 5′-CCTTTCCGGGACTTTCGCTTT-

3′ and 5′-GACTAATACGTAGATGTACTGCCAAGTAGG-3′,

respectively. Real-time PCR was carried out using an ABI 7500

Real Time PCR System (Applied Biosystems, USA). The PCR

program was as follows: 95◦C for 10min followed by 40 cycles of

95◦C for 10 s and 60◦C for 35 s. AAV genome equivalents ranging

from 104 to 107 were used to set up a DNA plasmid standard

curve. The average titter of rAAV5-mCherry was 5.77 × 1013

vector genomes (v.g.)/ml. Serial dilutions were made to obtain the

following doses: 2.88 × 108, 2.88 × 109, and 2.88 × 1010 v.g. per

0.5-µl (Ortinski et al., 2010).

Virus injection

Mice were anesthetized with 1% pentobarbital sodium for

all surgeries and placed in a stereotaxic frame (RWD, CN),

which was conducted under aseptic conditions and guided by

stereotaxic techniques. The skull was exposed, and four holes

were drilled using a small steel burr at the following coordinates:

−2mm anteroposterior (AP), ± 1.6mm mediolateral (ML), and

−1.5mm dorsoventral (DV) (dorsal hippocampus), and −2.9mm

AP, ±3.7mm ML, and −3.8mm DV (ventral hippocampus). All

coordinates were relative to bregma. A 5 µl Hamilton syringe with

a microinjector pump (KDS, Stoelting, USA) was used to inject the

virus into the bilateral dorsal and ventral hippocampi at a rate of

0.05 µl/min, and the total volume of the 4 injections was 2 µl,

with 0.5 µl being injected into each site. Once the injection was

finished, the needle was lifted by 0.1mm and left in position for

an additional 10min to facilitate virus diffusion at the injection

site before being gradually removed. There were 15 mice in each

group. Immunofluorescent staining, cell sorting experiments, and

behavioral tests were conducted 3 weeks after virus injections when

transgene expression reached asymptotic levels (Klein et al., 2006).

Fluorescence-activated cell sorting

To isolate mCherry-labeled pyramidal neurons, we employed

a modified version of a previously reported procedure (Brewer

and Torricelli, 2007; Hempel et al., 2007; Zeisel et al., 2018). Mice

were anesthetized with 1% pentobarbital sodium and then perfused

through the left ventricle with ice-cold artificial cerebrospinal
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fluid (ACSF). ACSF consisting of 20mM glucose, 75mM sucrose,

1.25mM NaH2PO4, 2.5mM KCl, 26mM NaHCO3, 87mM NaCl,

7mM MgSO4, 1mM CaCl2, and 0.1µM tetrodotoxin was

equilibrated in 95% O2/5% CO2 before use. Tetrodotoxin (0.1µM)

was added to ACSF to inhibit neuronal action potentials and

improve cell viability. The brain was removed, and 300µm sections

were collected in ice-cold ACSF using a Vibroslice microtome

(VT 1000S; Leica). The hippocampus was microdissected and

transferred to a 100-mm dish containing 7ml digestion solution

(2 mg/ml papain (Worthington, LS003119), 0.5mM EDTA-2Na,

and 2.5 ml/L Glutamax 100X (ThermoFisher) in Hibernate A

(ThermoFisher, A1247501) and incubated for 30–40min for

enzymatic digestion at 30◦C. The pH of the digestion solution

was adjusted to 7.4 using neurobasal A (ThermoFisher, 10888022).

After incubation, the tissue was delicately moved to a 15ml tube

filled with 5ml ice-cold HABG [60ml Hibernate A; 20 ml/L B27
50X, (ThermoFisher), and 2.5 ml/L Glutamax 100X]. The tissue

pieces were gently triturated through Pasteur pipettes with polished

tip openings of 600, 300, and 150µm diameter. The supernatant

was collected in a 15ml tube after settling. The sediment was

resuspended in 2ml HABG, and the supernatant after settling was

transferred. These procedures were repeated until the sediment

was dissociated. The cells were enriched by centrifugation (800 ×

g, 5min, 4◦C), resuspended in 1ml HABG containing 1 mg/ml

DNase I (Roche, 11284932001), and filtered with a 40µm cell

strainer (Falcon). To label dead cells, 0.1µg/ml DAPI (Invitrogen)

was added to the single-cell suspension. Then, the cells were

immediately loaded into the Beckman MoFlo XDP Cell Sorter

system for fluorescence-activated cell sorting (FACS). Cells with

high mCherry and low DAPI fluorescence were isolated in 1.5ml

tubes containing 5.4 µl sample buffer, 0.6 µl RNase inhibitor, and

4 µl RNase-free water (Discover-sc WTA Kit V2, N711, Vazyme).

For cell-sorting experiments, individual biological samples were

produced by isolating 500–1,000 cells from 2 to 3 mice. For

each group, 3–5 biological replicates were analyzed according to

previous reports (Cahoy et al., 2008; Farmer et al., 2016; Wheeler

et al., 2023).

cDNA amplification and library
construction

We used the Discover-scTM WTA Kit V2 for full-length

poly(A)-RNA reverse transcription and cDNA amplification. All

steps were carried out according to the manufacturer’s instructions.

Two controls were used: 1 ng standard total RNA was used as a

positive control, and sheath fluid was used as a negative control

to monitor the specificity of amplification and the possibility of

contamination. The cDNA concentration was quantified by a Qubit

2.0 Fluorometer (Invitrogen, Carlsbad, CA, USA) and Agilent 2100

Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Samples

with a fragment distribution between 400 and 10,000 bp, a peak

location of ∼2,000 bp, and a total content of more than 2 ng were

used for sequencing. After generating cDNA (1 ng), sequencing

libraries were constructed using the TruePrepTM DNA Library

Prep Kit V2 for Illumina
R©
(Vazyme, #TD503).

RNA sequence

RNA sequencing was conducted by GENEWIZ (Suzhou,

China), and the libraries were constructed and sequenced on an

Illumina HiSeq X Ten instrument, following the manufacturer’s

instructions for 2 × 150 bp paired-end sequencing (Illumina, San

Diego, CA, USA).

Immunofluorescent staining

The procedures were modified from the previous reports

(Chen et al., 2021). Mice were anesthetized with 1% pentobarbital

sodium and intracardially perfused with saline followed by 4%

polyformaldehyde. The brains were removed, postfixed in 4%

polyformaldehyde for 12 h, and then equilibrated in 30% sucrose.

Coronal sections of 40-µm thickness containing the hippocampus

were collected. Brain slices were blocked for 1 h with 5% bovine

serum albumin and 1%Triton X-100 at room temperature and then

incubated with primary antibodies (rabbit anti-NeuN 1:300, Cell

Signaling Technology, Cat# 12943; mouse anti-GFAP 1:500, Cell

Signaling Technology, Cat# 3670 and rabbit anti-Iba1 1:500, Cat#

01919741) overnight at 4◦C. The next day, the slices were incubated

with secondary antibodies (Alexa 488-conjugated goat anti-rabbit

and Alexa 647-conjugated goat anti-mouse, 1:500, Invitrogen) for

2 h at room temperature after washing three times with PBS and

then incubated with DAPI (Invitrogen) for 10min and washed for

another three times. The slices were mounted onmicroscope slides.

Fluorescence images were captured using a confocal microscope

(A1R, Nikon). Cell counting and fluorescent area calculation were

performed by ImageJ.

Droplet digital PCR

Droplet digital PCR was conducted using the QX200 ddPCR

EvaGreen Supermix kit (Bio-Rad, Pleasanton, CA). The sample

concentrations were adjusted to 0.2 ng/µl. The total reaction

volume was 20 µl, including 100 nM forward primer and 100 nM

reverse primer for the target gene (Table 1), 10µl ddPCR EvaGreen

Supermix, cDNA template, and double distilled water. Three

biological replicates were analyzed for each group. The 20-µl

reaction mixture was loaded with 70 µl droplet generation oil (Bio-

Rad, USA) into the wells in the middle row of a DG8TM cartridge

to generate the droplet using the QX200 Droplet Generator. After

processing, the droplets were transferred to the top wells of a

96-well PCR plate. PCR amplification was conducted on a T100

thermal cycler (Bio-Rad, USA) using a protocol as follows:① 1 cycle

of 95◦C for 5min, ② 40 cycles of 95◦C for 30 s and 60◦C for 60 s, ③

1 cycle of 4◦C for 5min, ④ 1 cycle of 90◦C for 5min, and ⑤ a hold

at 4◦C. The ddPCR data were analyzed with QuantaSoftTM analysis

software. Positive droplets containing amplification products were

discriminated from negative droplets by applying a fluorescence

amplitude threshold, which was set to the highest value of the no

template control (NTC) in QuantaSoft software.
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TABLE 1 Primer sequences used for ddPCR analysis.

Gene name Forward primer Reverse primer

mCherry CACTACGACGCTGAGGTCAA GTAGTCCTCGTTGTGGGAGG

Gap43 ACCACCATGCTGTGCTGTAT CTTCCGGCTTGACACCATCT

Camkv GGTTATCGCTTCCTGCCTGT GGCCCGGAAGATTTCACAGA

B2m TTCTGGTGCTTGTCTCACTGA CAGTATGTTCGGCTTCCCATTC

Cpne6 CGCATCCATGTGTGCTACTCAAAC CAAAGGCTGCTTCTCTTCAAAAAAGT

Cplx1 ATTCAGAATGCCCTCTGCCC CCCAGGTGAGCAAGGTACTG

Fos TACTACCATTCCCCAGCCGA GCTGTCACCGTGGGGATAAA

RNA sequence data analysis

To ensure high-quality data and eliminate technical artifacts,

such as adapters, PCR primers, fragments, and low-quality reads

(with a Phred score < 20), raw data in fastq format were subjected

to processing with Trimmomatic (v 0.30, RRID: SCR_011848)

(Bolger et al., 2014). FastQC (v 0.11.8, RRID: SCR_014583) was

used to determine sequencing quality. All libraries were aligned

to UCSC mm10 using Hisat2 (v 2.0.1, RRID:SCR_015530) (Kim

et al., 2015). The clean data were monitored based on quality

control (QC) criteria. QC-qualified samples from each group were

included (Q30 > 85%, total mapped > 70%). Aligned reads were

used for quantification by HTSeq (v0.6.1, RRID:SCR_005514).

Fragments per kilobase of exon model per million reads mapped

(FPKM) is used for the estimation of gene expression based

on the read count. The analysis procedure is described below.

To reduce noise, genes obeying read counts above 10 in each

biological sample were included in the analysis. Differential gene

expression was analyzed across all three groups by the likelihood

ratio test (LRT) in the DESeq2 (RRID:SCR_015687) Bioconductor

package in the R (3.6.0) environment (RRID:SCR_001905) and

an adjusted p-value of <0.05 was used to indicate differential

expression among the three groups (Love et al., 2014). Short time-

series expression miner (STEM, v1.3.11, RRID:SCR_005016), a

clustering method, was used to define a set of genes with similar

expression patterns (Ernst and Bar-Joseph, 2006). We used this

method to cluster differentially expressed genes (DEGs). DEG

subsets with the same expression pattern, as determined by the

STEM method, were subjected to functional enrichment analysis

using the R package clusterProfiler (v 3.10.1, RRID:SCR_016884)

(Yu et al., 2012), and a p-value of <0.05 was considered to indicate

significant enrichments. Heatmaps were constructed by using the

complexHeatmap R package (RRID:SCR_017270) (Gu et al., 2016).

Principal component analysis was conducted by using the plotPCA

function in the R (3.6.0) environment.

Mouse behavioral tests

A 3-day acclimation period was provided for all mice before

conducting the behavioral assays, with each mouse handled for

5min per day to minimize stress due to contact with the

experimenter. In addition, mice were allowed to adjust to the

testing room for 1 h before the experiments. All the experiments

were performed from 13:00 to 18:00 unless otherwise indicated.

Two different batches ofmice were used for the experiment with the

following sequence: OFT, EPM, fear conditioning test; Y maze test,

NOR. Experiments were separated by at least 4 days when the same

groups of mice were used in different behavioral tests. Behavioral

tests were conducted as per the previous reports (Tian et al., 2017;

Chen et al., 2021). There were 11–12 mice for each group.

The open field test
A plastic open-field chamber measuring 50 × 50 cm was used

for the experiment, divided into a central field (25 × 25 cm) and

an outer field (periphery). Individual mice were initially placed in

the periphery of the field at the beginning of the 5min test session,

during which various parameters were measured, including average

speed, the time spent in the center zone, and travel distance. The

arena was cleaned with 70% ethanol between trials.

The elevated plus maze test
The elevated plus maze (EPM) comprises two open arms (10

× 50 cm) and two enclosed arms (10 × 50 × 40 cm) arranged in a

plus-shaped configuration around a central platform (10× 10 cm).

The maze was elevated 40 cm above the ground, with arms of the

same type facing each other. During the 5min session of the EPM

test, individual mice were placed in the center of the maze with

their head facing a closed arm. The time spent in the open and

closed arms, as well as the number of entries into the open arms,

were quantified. The maze was wiped clean between trials with

70% ethanol.

Both the EPM and OFT sessions were recorded using a

video camera, and the EthoVision XT video tracking system from

Noldus inWageningen, Netherlands, was employed to monitor the

location, velocity, and movement of the mouse’s head, body, and

tail. All measurements were normalized to the mouse’s body size

and displayed accordingly.

Y-maze test
The Y-maze apparatus utilized in this experiment was

composed of three gray acrylic arms (7.5 × 30 cm) joined together

by a triangular neutral zone (7.5 × 7.5 × 7.5 cm) and enclosed

by transparent acrylic walls (15 cm in height). Mice were initially

placed in the central zone of the Y-maze, and their arm entries were
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observed and recorded over a period of 5min. Alternation behavior,

defined as consecutive entries into all three arms without repeating

any, was calculated as a percentage of the total arm entries. To

maintain cleanliness, the Y-maze was cleaned with a 70% ethanol

solution between trials.

Novel object recognition test
On day 1, the mice were given 10min to explore two identical

objects that were placed in a 30× 50 cm arena. After the exploration

period, they were returned to their home cage. The next day,

the mice were tested again in the same arena, but one of the

previously seen objects was replaced with a new one, and they were

given 5min to explore. The discrimination index was calculated as

(time spent exploring the novel object—time spent exploring the

familiar object)/(total exploration time of both objects). To avoid

discrimination of the objects based on odor, both the arena and the

objects were thoroughly cleaned with 70% ethanol before and after

each trial.

Fear conditioning test
Mice were trained and tested using the FreezeFrame system

(Coulbourn Instruments). For fear conditioning, mice were

habituated for 2min on a shock grid (cage setup A: metal fence

floor, gray metal wall) and then subjected to four fear conditioning

pairs of a 30 s conditioned stimulus (CS) (tone at 75 dB, 2,800Hz)

and foot shock (1 s, 0.75mA) at the end of the CS. Inter-

tone intervals were randomly set between 60 and 120 s. For the

contextual recall test, mice were placed in the training context

for 3min. For the tone-cued recall test, mice were placed in a

different context (cage setup B: white Plexiglas floor, white Plexiglas

wall) for an initial 2-min period, and this was followed by tone

presentation for 3min. The freezing behavior of mice was recorded

by an infrared camera and subsequently analyzed using Coulborn-

PC software. The chambers were wiped clean between trials with 70

% ethanol.

Measurement of Il-1β and Csf1

The hippocampal tissue samples were collected from

the animals 3 weeks after virus injection, homogenized, and

centrifuged to obtain the supernatant. The protein concentration

in the supernatant was determined using a BCA protein assay kit.

The concentrations of Il-1β and Csf1 were determined using

ELISA kits obtained from Elabscience Biotechnology Co., Ltd.

(E-EL-M0037c and E-EL-M2445c). The manufacturers’ protocols

were followed carefully to ensure that accurate measurements were

obtained for each of the proteins of interest.

Statistics

The experimental groups were not randomly assigned,

and the ideal sample size was not predetermined. The

normality of data distribution was assessed by the Shapiro–

Wilk test. Statistical analysis of normally distributed data

was performed using one-way ANOVA, followed by either

the post-hoc Tukey’s multiple comparison test or post-hoc

Bonferroni analysis. Data were presented as mean ± SEM.

Significance levels were denoted as ∗P < 0.05, ∗∗P < 0.01,

and ∗∗∗P < 0.001. The statistical software used for analysis

was SPSS.

Results

Transduction e�ciency of the three doses
of rAAV5-mCherry

To specifically express mCherry in pyramidal neurons, we

infused the Cre-dependent rAAV vector rAAV5-EF1α-DIO-

mCherry (abbreviated as rAAV5-mCherry) into the bilateral

hippocampus of CamkIIα-Cre mice, which expressed the Cre

recombinase under the pyramidal neuronal specific promoter

CamkIIα. Three different doses were employed, among which 2.88

× 108 genome copies per injection were defined as low dose, 2.88

× 109 as medium dose, and 2.88 × 1010 as high dose according

to previous reports (Ortinski et al., 2010). The morphology of

the cell bodies expressing mCherry looked like neurons, and

the colocalization of mCherry with the neuronal marker NeuN

(Figures 1A–C) suggested specific expression of neurons by the

virus. Consistent with previous research (Shemiakina et al., 2012),

our data showed that pyramidal neurons expressing mCherry

expressed apparent fluorescent puncta (Supplementary Figure 1),

which are thought to be FP aggregates and precipitates in the

cell (Yanushevich et al., 2002). The transduced volumes were

dose-dependent, as the dose increased, neurons were efficiently

transduced in CA3 and DG with rAAV5- mCherry in addition

to CA1 (Figure 1A). We also evaluated mCherry expression levels

by FACS-ddPCR. First, the hippocampal slices were sectioned 3

weeks after rAAV5-mCherry injection, and single-cell suspension

was generated. Subsequently, mCherry-positive cells were isolated

by FACS (Supplementary Figure 2A). Then, full-length poly(A)-

RNA was reverse transcribed into cDNA and amplified with high

quality cDNA (Supplementary Figure 2B). ddPCR results showed

that the expression of mCherry increased with increasing dose

of rAAV5- mCherry [Figures 1D, E; one-way ANOVA followed

by post-hoc Tukey’s multiple comparisons test, F(2,10) = 728.9, p

< 0.0001; L vs. M, p < 0.0001; L vs. H, p < 0.0001; M vs. H,

p < 0.0001].

Transcriptomes of the three doses of
rAAV5-mCherry

To explore the effects of rAAV5-mCherry expression on

neurons without bias, we generated RNA sequencing (NA-seq) data

of the three different doses of rAAV5-mCherry. The low dose of

rAAV5- mCherry was used as a default control. mCherry-positive

cells were isolated by FACS followed by reverse transcription. High-

quality samples were selected for fragment and library construction

and sequenced by HiSeq X Ten. The analysis process is shown

in Supplementary Figure 3. The reference genome (UCSC mm10)
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FIGURE 1

Transduction e�ciency of three doses of rAAV5-mCherry in the hippocampi of CamkIIα-cre mice. (A) Representative image showed the transduction

of the three doses of rAAV5-mCherry in hippocampal neurons. Scale bar, 500µm. (B) Representative image showed most mCherry-positive cells

colocalized with NeuN-positive cells. Scale bar, 100µm. (C) Calculation data from (B). (D) Representative fluorescence amplitude plot of mRNA

expression in hippocampal pyramidal neurons among groups treated with the three di�erent doses. Blue dots indicate the presence of the target

gene sequence in the droplet, and gray dots indicate the absence of the sequence. (E) Calculation data from (D). NTC, no template control; C,

negative control; L, 2.88 × 108 v.g.; M, 2.88 × 109 v.g.; H, 2.88 × 1010 v.g. The data are presented as the mean ± S.E.M. ***P < 0.001.

Frontiers inMolecularNeuroscience 06 frontiersin.org

https://doi.org/10.3389/fnmol.2023.1195327
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org


Liu et al. 10.3389/fnmol.2023.1195327

was used to map the clean data. Data accessibility and 12,345

genes with read counts above 10 in each sample were selected

for follow-up analysis. Principal component analysis (PCA) and

Pearson correlation matrix, both of which were based on FPKM

values, demonstrated good reproducibility of samples within the

groups (Figures 2A, B).

We analyzed the differentially expressed genes (DEGs) among

the three groups by the likelihood rate test (LRT) using DESeq2.

A total of 4,598 genes were found to be significantly different (p

< 0.05) between groups, as shown in Supplementary Table 1. The

software short time-series expression miner (STEM) was utilized to

group genes exhibiting similar expression patterns based on their

temporal changes, and a summary plot was generated to visualize

the trends in gene expression. Using STEM analysis, we found that

2,102, 1,608, 450, 171, 108, and 21 DEGs were assigned to profile

9 (Pro 9), profile 8 (Pro 8), profile 7 (Pro 7), profile 5 (Pro 5),

profile 6 (Pro 6), and profile 4 (Pro 4) (similarity ≥ 0.7 and p <

0.05), respectively, according to their expression patterns in the

three groups (Figure 2C; Supplementary Table 2).

As the profile with the most genetic changes, the Pro 9 module

was mainly mapped to the biological processes related to neuronal

death and immune response (Figure 2D; Supplementary Table 3)

and enriched in the following cellular components: the lysosome,

the Golgi apparatus, the endoplasmic reticulummembrane, and the

endosome according to the major gene ontology (GO) pathways

analysis (Figure 2E; Supplementary Table 3). Notably, as the dose

of rAAV5-mCherry increased, the expression of the genes related

to neuron death, oxidative stress, antigen presentation and process,

and positive regulation cytokine produce parallelly increased

(Figures 2F–I). For example, genes involved in apoptotic programs,

such as Caspases 2, 6, and 9 (Figure 2F); the antioxidative response-

related gene Hmox1, Tnfaip3, and Ucp2 (Richard et al., 2001; Su

et al., 2017) (Figure 2G); the proinflammatory cytokines Il-1β, Il-

18 (Julien and Wells, 2017; Man et al., 2017), colony-stimulating

factor 1 (Csf1) (Guan et al., 2016), and Ccl2 (Liu et al., 2013)

(Figure 2F); the immune response-related gene C1qa (Yasuda et al.,

2014) (Figure 2F); genes encoding proteins with MHC for antigen

presentation and processing, such as H2-DMa, H2-T22, B2m, H2-

K1, H2-T23, H2-M3, and H2-D1 (Figure 2H); genes involved in

inflammatory and infection processes or apoptosis, such as Lgals9,

Ccl4, Fcer1g, Stat1, andCd83 (Kashio et al., 2003; Huang et al., 2005;

Bellac et al., 2007; Szczucinski and Losy, 2007; Glezer et al., 2009)

(Figure 2I), were significantly upregulated in high-dose groups.

The DEGs in Pro 8 were determined to be mainly involved in

ATP metabolic processes and neurotransmitter transport and to be

enriched in several cellular components, such as the mitochondrial

protein complex, synaptic vesicles, distal axons, and the synaptic

membrane (Figures 2J, K; Supplementary Table 3). In addition,

the DEGs in Pro 7 were determined to be mainly involved in

the postsynaptic membrane potential, neuronal projections,

and apoptosis and to be enriched in actin filaments (Figures 2J,

K; Supplementary Table 3). The enrichment analyses suggested

that mitochondrial function, synaptic plasticity, and transmitter

release are likely to be dampened in a dose-dependent manner

(Figures 2L–Q). Specifically, genes encoding mitochondrial

ribosome proteins (e.g.,Mrpl28,Mrpl37,Mrps11, andMrps12) and

involved in ATP synthase (e.g., Atp5a1, Atp5b, Atp5d, and Atp5g1)

were downregulated. Mitochondria are critical for ATP generation,

programmed cell death, and signal transduction (Friedman and

Nunnari, 2014), and mitochondrial DNA (mt-DNA) released from

impaired mitochondria would trigger proinflammatory and type

I interferon responses (West et al., 2015; West and Shadel, 2017).

Our data also showed that mt-DNAs, such as mt-Rnr2, mt-Nd1,

mt-Nd2, mt-Co1, mt-Co2, and mt-Co3 in Pro9, were upregulated

dose-dependently (Supplementary Figure 4). Taken together, these

results suggest high-dose rAAV5-mCherry induced diminished

mitochondrial function characterized by reduced ATP supply and

proinflammation response.

Genes involved in synaptic plasticity, such as Cplx1, Camkv,

Cpne6, and Cap43, were decreased (Figures 2O–Q) in a high-

dose group. Among them, postsynaptic Cplx1 regulates AMPA

receptor delivery to synapses during long-term potentiation (LTP)

(Ahmad et al., 2012), and LTP is widely considered one of the

major cellular mechanisms that underlie learning and memory

(Bliss and Collingridge, 1993). Mice with Camkv knockdown

from the CA1 pyramidal neurons exhibited marked synaptic

transmission and plasticity impairments (Liang et al., 2016). Cpne6,

an isoform of copine that is expressed at extremely high levels in

mouse hippocampal pyramidal neurons, is required for memory

and synaptic plasticity as well as LTP (Reinhard et al., 2016).

Gap43, a neuronal-specific protein in the postsynaptic density gene

set, is required for proper learning and memory formation and

neuronal repair after injury (Hulo et al., 2002; Rekart et al., 2005;

Holahan and Routtenberg, 2008). Altogether, these findings suggest

high-dose rAAV5-mCherry induced altered synaptic plasticity

underlying learning and memory.

Last but not least, the genes in the Pro 6 module were

enriched in the biological processes of protein acylation,

postsynaptic organization, and regulation of the apoptotic

signaling pathway. The genes in the Pro 5 module were

mapped to the GO biological processes of the ERK1 and

ERK2 cascade and negative regulation of proteolysis. The genes

in the Pro 4 module were enriched in the negative regulation

of immune system processes and regulation of myeloid cell

differentiation (Supplementary Table 3).

Neuronal and glial response to
hippocampal transduction

As genes involved in neuronal death and oxidative stress

upregulated parallelly with a dose of rAAV5 increased, we

then performed immunohistochemistry staining neuronal marker

NeuN to compare the cellular alterations in the hippocampus

of mice transduced with the three different doses of rAAV5-

mCherry. We did not observe any significant distortions in

the distribution of hippocampal neurons or the structure of

the hippocampus among the three groups (Figure 1A). NeuN+

quantification revealed that there is no neuronal loss as NeuN+

counting was comparable among groups [Figure 3A; one-way

ANOVA, F(3,33) = 0.8890, p = 0.4570]. Both astrocytes and

microglia respond to, and contribute to, neuroinflammatory cues

in the CNS (Sofroniew, 2015; Wolf et al., 2017). To explore
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FIGURE 2

Comparison of neuronal transcriptomes among three di�erent doses of rAAV5 transduction. (A, B) PCA plot and Pearson’s correlation matrix of the

groups treated with the three di�erent doses based on gene read counts above 10. (C) STEM analysis of the profiles of genes with di�erent

expression patterns. (D, E) GO analysis of profile nine genes in hippocampal pyramidal neurons. The size of the circle corresponds to the number of

significant genes whereas the color indicates the significance of the regional enrichment based on the normalized enrichment score. (F–I) FPKM

heatmaps of core enrichment genes in profile 9. Blue, relatively low expression; red, relatively high expression. (J, K) GO analysis of profile 8 and

profile 7 in hippocampal pyramidal neurons. (L–Q) FPKM heatmaps of core enrichment genes in profile 8 and profile 7. L, 2.88 × 108 v.g.; M, 2.88 ×

109 v.g.; H, 2.88 × 1010 v.g.
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whether astrocytes and microglia were upregulated after virus

injection, sections were stained for astrocytic marker glia fibrillary

acidic protein (GFAP) and microglia marker Iba1 (Figure 3B).

Quantification of GFAP+ cell number and GFAP+ area revealed

that the medial and high- doses rAAV5-mCherry did not induce

astrogliosis when compared with the low-dose rAAV5-mCherry

[Figure 3C, one-way ANOVA, F(3,35) = 1.2890, p = 0.2935;

Figure 3D, one-way ANOVA, F(3,35) = 1.7000, p = 0.1848].

Similarly, the quantification of Iba1+ cell number and Iba1+ area

also revealed that the medial and high-doses of rAAV5-mCherry

did not induce microgliosis when compared with the low-dose

rAAV5-mCherry [Figure 3E, one-way ANOVA, F(3,35) = 2.4820,

p = 0.0770; Figure 3F, one-way ANOVA, F(3,35) = 2.5760, p =

0.0649]. In a similar study, we found that more reactive astrocytes

were induced by targeting transgene expression to astrocytes

with high-dose rAAV5-mCherry in Aldh1l1-creERT2 mice than

by targeting transgene expression to astrocytes with a low-dose

group (Supplementary Figure 5). In addition, the proinflammatory

cytokines, Il-1β and CSF, whose genes showed upregulation in

GO analysis (Figure 2F) were tested. We found that a high

dose of rAAV5-mCherry significantly increased the concentrations

of Il-1β when compared with the buffer (PBS)-injected group

[Figure 4A, one-way ANOVA, F(8,27) = 2.969, P = 0.0161, H

vs. PBS: P = 0.0158], while had no effect on CSF [Figure 4B,

one-way ANOVA, F(8,27) = 1.612, P = 0.1680], suggesting

that high-dose of rAAV5-mCherry expression may induce an

immune response.

We next validated six DEGs (Cplx1, Camkv, Cpne6, Gap43,

Fos, and B2m) that are involved in synaptic plasticity underlying

learning and memory (Figure 2). mCherry+ cells from three

different doses of rAAV5-mCherry were sorted by FACS and

proceeded for ddPCR. The expression of B2m and Fos were

decreased specifically in the high-dose group, while Camkv, Cplx,

1Cpne6, and Gap43 were upregulated in both medium-dose and

high-dose groups compared with the low-dose group [Figures 4C,

D, one-way ANOVA, Tukey’s post-hoc multiple comparisons test;

Camkv, F(2,6) = 103.0, p < 0.0001, M vs. L: P < 0.0001, H vs. L: p <

0.0001, H vs. M: P= 0.1800; Cplx1, F(2,6) = 464.7, p< 0.0001, M vs.

L: p= 0.0001, H vs. L: p< 0.0001, H vs. M: p= 0.0970; Cpne6, F(2,6)
= 279.4, p< 0.0001, M vs. L: p< 0.0001, H vs. L:< 0.0001, H vs. M:

p = 0.1075; Gap43, F(2,6) = 1231, p < 0.0001, M v.s L: p < 0.0001,

H vs. L: p < 0.0001, H vs. M: p = 0.4425; B2m, F(2,6) = 18005, p

< 0.0001, M vs. L: p = 0.8557, H vs. L: p < 0.0001, H vs. M: p <

0.0001; Fos, F(2,6) = 625.5, p < 0.0001, M vs. L: p = 0.6148, H vs.

L: p < 0.0001, H vs. M: p < 0.0001], suggesting that medium-dose

and high-dose of rAAV5-mCherry expression may alter neuronal

synaptic plasticity.

High-dose rAAV5-mCherry injection
impaired spatial working memory and
contextual fear memory

Recent studies have indicated that the hippocampus may

play a role in emotional behavior, as both human and animal

research has linked hippocampal dysfunction to mood and anxiety

disorders (Fanselow and Dong, 2010; Bannerman et al., 2014). To

investigate whether different doses of rAAV5- mCherry anxiety-

related behaviors, we employed two well-validated anxiety assays,

the open field test (OFT) and the elevated plus maze test (EPM)

(Carola et al., 2002). We first evaluated the effects of efficient gene

transduction by rAAV5- mCherry on anxiety-related behaviors and

locomotor activity in the OFT. Mice that were subjected to the

OFT 3 weeks after rAAV5-mCherry injection with different doses

spent similar time in the central area [Figure 5A, one-way ANOVA;

F(3,44) = 0.1828, p = 0.9075]. Meanwhile, the rAAV5-mCherry

expression did not affect the overall activity of the mice as indicated

by total path length [Figure 5B, one-way ANOVA; F(3,44) = 0.2709,

p = 0.8460] and speed [Figure 5C, one-way ANOVA; F(3,44) =

0.8349, p= 0.4819] in the OFT. Additionally, the rAAV5-mCherry

expression had no effect on anxiety-related behaviors in the EPM

either [Figures 5D–F, one-way ANOVA; D, F(3,44) = 0.9396, p =

0.4297; E, F(3,44) = 0.4489, p = 0.7124; F, F(3,44) = 0.0546, p

= 0.9830].

Numerous studies have demonstrated an essential role for the

hippocampus in several forms of memory formation (e.g., spatial

learning, working memory, recognition memory, or contextual

fear) (Fanselow and Dong, 2010; Bannerman et al., 2014). Our

transcriptomes and ddPCR results showed that synaptic plasticity

underlying learning and memory may get altered after medium-

dose or high-dose of rAAV5-mCherry transduction, raising the

question that whether medium-dose or high-dose of rAAV5-

mCherry transduction would affect learning and memory. To this

end, we employed a battery of learning and memory paradigms:

the novel object recognition test, the contextual fear conditioning

test, and the Y-maze spontaneous alternation test. In the Y-

maze spontaneous alternation test, a decrease in the percentage

of alternation was observed following high-dose rAAV5-mCherry

transduction, while no change was found by medium- or low-

dose rAAV5-mCherry transduction compared with the control

group [Figure 5G, one-way ANOVA, Tukey’s post-hoc multiple

comparisons test; F(3,44) = 7.7960, p = 0.0003, C vs. L: P =

0.8656; C vs. M: P = 0.7313; C vs. H: P = 0.0115; L vs. M:

P = 0.9939, L vs. H: p = 0.0012, M vs. H: P = 0.0006]. No

significant difference was observed in the number of entries

among the groups in the Y-maze spontaneous alternation test.

[Figure 5H, one-way ANOVA; F(3,44) = 0.9231, p = 0.4376].

In contrast, in the object recognition test, medium- and high-

dose rAAV5-mCherry transduction showed similar performance

with the low-dose group [Figure 5I, one-way ANOVA; F(3,44) =

0.9615, p = 0.4194]. However, in the contextual fear conditioning

test, high-dose rAAV5-mCherry transduction exhibited impaired

contextual memory retrieval, while no impairment was found

in the medium- or low-dose group compared with the control

group [Figure 5J, one-way ANOVA, Tukey’s post-hoc multiple

comparisons test; F(3,43) = 8.0990, p = 0.0002, C vs. L: P

= 0.7604; C vs. M: P = 0.9078; C vs. H: P = 0.0003; L

vs. M: P = 0.9893, L vs. H: p = 0.0049, M vs. H: P =

0.0020], with similar fear learning [Figure 5K, two-way ANOVA;

Ftime×group(9,129) = 0.1575, p = 0.9975] and tone-cued retrieval

[Figure 5L, one-way ANOVA; F(3,43) = 0.8156, p = 0.4923]

among groups.
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FIGURE 3

Immunohistochemical staining showed no hippocampal neuronal loss and gliosis after three di�erent doses of rAAV5 transduction. (A) Statistics of

NeuN+ cell count in the hippocampus. (B) Representative staining for astrocytes (GFAP+) and microglia (Iba1+) of low, medial, and high virus vector

transduction. Scale bar, 100µm. (C) Statistics of GFAP+ cell count in the hippocampus. (D) Statistics of the percentage of GFAP+ area in the

hippocampus. (E) Statistics of Iba1+ cell count in the hippocampus. (F) Statistics of the percentage of Iba1+ area in the hippocampus. C, negative

control; L, 2.88 × 108 v.g.; M, 2.88 × 109 v.g.; H, 2.88 × 1010 v.g. The data are presented as the mean ± S.E.M.

Discussion

In this study, we comprehensively analyzed the transcriptome,

glial response, and behavior outcome of rAAV5-mCherry injection

with three different doses in the mouse hippocampus to provide

a detailed dataset that allows direct dose-comparisons and thus

can be used to choose an optimal dose for gene delivery in

preclinical trails.

For the first time, we performed the unbiased RNA sequence

and include an in-depth analysis. High-dose rAAV5-mCherry

(2.88 × 1010) significantly upregulated genes related to the

immune response and apoptosis; meanwhile, downregulated genes

associated with mitochondrial function and synaptic plasticity

in hippocampal pyramidal neurons, suggesting that high-dose

rAAV5-mCherry may enhance the fragility of hippocampal

pyramidal neurons and impair synaptic plasticity. These findings

agree with previous reports showing that high-dose rAAV5-gfa104-

eGFP (3 × 1010) injection into the hippocampus generates deficits

in neuronal inhibition (Ortinski et al., 2010). Of note, high-dose

rAAV5-mCherry did not affect the distribution of hippocampal
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FIGURE 4

Validation of some DEG involved in immune response and synaptic plasticity. (A) The concentration of IL-1β. (B) The concentration of CSF1. (C)

Representative fluorescence amplitude plot of Camkv, Cplx1, Cpne6, Gap43, B2m, and Fos mRNA expression in hippocampal pyramidal neurons.

The blue dots indicate the presence of the target gene sequence in the droplet, and the gray dots indicate the absence of the sequence. (D) The

expression of Camkv, Cplx1, Cpne6, and Gap43 was significantly increased in medium-dose and high-dose treated mice compared with the

low-dose group, while the expression of B2m and Fos was specifically upregulated in the high-dose group. N = 4 for each group in (A, B), N = 3 for

each group in (C, D). NTC, no template control; C, negative control; Sham, non-injected group; Empty-L, 2.88 × 108 v.g. non-coding AAV-injected

group; Empty-M, 2.88 × 109 v.g. non-coding AAV-injected group; Empty-H, 2.88 × 1010 v.g. non-coding AAV-injected group; L, 2.88 × 108 v.g.; M,

2.88 × 109 v.g.; H, 2.88 × 1010 v.g. The data are presented as the mean ± S.E.M. *P < 0.05, and ***P < 0.001.
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FIGURE 5

High-dose rAAV5-mCherry transduction impaired spatial working memory and contextual fear memory. (A–F) rAAV5-mCherry transduction had no

e�ect on anxiety-related behaviors (A, D, E, F) and locomotion (B, C) in the OFT and EPM. (G, H) High-dose rAAV5-mCherry transduction impaired

spatial working memory in the Y-maze task. (I) rAAV5-mCherry transduction had no e�ect on novel object recognition memory in the NOR. (J–L)

High-dose rAAV5-mCherry transduction exhibited impaired contextual fear memory retrieval (K) without alteration in fear learning (J) and tone-cued

memory retrieval (L). C, negative control; L, 2.88 × 108 v.g.; M, 2.88 × 109 v.g.; H, 2.88 × 1010 v.g. The data are presented as the mean ± S.E.M. *P <

0.05, **P < 0.01, and ***P < 0.001.

neurons and the structure of the hippocampus. In contrast, high-

dose rAAV8-GFP (1 × 1010) transduction led to dopaminergic

neuronal toxicity in the substantial nigra, resulting in a significant

loss of dopamine neurons (Klein et al., 2006). In addition,

subretinal injection of high-dose rAAV8-CMV-GFP (2 × 109)

caused almost complete renal pigment epithelium cell loss (Xiong

et al., 2019). Different serotypes (rAAV5 vs. rAAV8), promoter

(EF1α vs. CMV), transgene (mCherry vs. GFP), different cell types

(pyramidal neurons vs. dopamine neurons vs. pigment epithelium

cells) and regions (hippocampus vs. substantial nigra vs. retina)

transduced may account for the differences in these studies.

While our results convincingly demonstrate that deleterious

transcriptome changes are observed, the study lacks proper

controls to understand what is driving the changes. An important

question is whether this is inherent to AAV as a vector system.

It is not clear which of the following is driving the transcriptome

changes (or a combination of these, or something else):①mCherry,

either due to an immune response or mCherry protein itself;

② AAV (transgene independent); ③ TLR9 response; ④ injection

trauma; ⑤ transduction of astrocytes (without gene expression)

causing secondary effects to neurons; and ⑥ impurities in the AAV

preparation. It is, therefore, critical to employ proper controls to

elucidate the issue. For example, injections in wild-type mice of the

same vector doses which would exclude Cre-dependent expression

and empty vector would tease apart the effect of the viral elements

on inflammation compared to the effect of expression of fluorescent

protein. The problem is that it is technically difficult to implement

as the transduced cells in these control groups are not tagged, and

we cannot sort these cells for RNA-seq. Our ELISA experiments

(Figures 4A, B) provided some implications: (1) the non-injected

group (Sham), buffer-injected group (PBS), and low/medial/high-

dose of the non-coding AAV-injected group (Empty-L, Empty-M,

Empty-H) did not show any immune response compared with

the naïve control group (C), suggesting that the injection trauma,

buffer, and AAV vector itself did not contribute to the upregulated

proinflammatory cytokines; (2) IL-1β increased in the high-dose

of AAV-mCherry group (H) compared with PBS treatment but

not between the high-dose of AAV-mCherry group and high-dose

of the non-coding AAV-injected group, suggesting that the AAV

vector itself and the transgene expression together contributed the

changes of IL-1β. State-of-art technology, such as spatially resolved

transcriptomics (Crosetto et al., 2015), can be used to solve this

problem, which needs to be explored further.

Transduction of high-dose rAAV5-mCherry in hippocampal

neurons did not induce gliosis in our study. While it has been

reported that high-dose rAAV5-gfa104-eGFP (3 × 1010) injection

into the hippocampal astrocytes significantly increased GFAP and

vimentin expression in astrocytes, indicating astrocyte reactivity

(Ortinski et al., 2010). Consistently, we found that astrocytic

transduction of high-dose rAAV5-mCherry in the hippocampus

induced reactive astrogliosis. Intracranial transduction of high-

dose rAAV1 and rAAV9 (1010) elevated neutralizing antibody

titers in the blood sera in rhesus monkeys (Mendoza et al.,

2017).
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Notably, hippocampal neuronal transduction of high-dose

rAAV5-mCherry impaired working memory and contextual fear,

without effects on locomotion and anxiety-related behaviors. As

the hippocampus is primarily involved in the cognitive process of

learning and memory and the core pathological brain region of

AD (Lane et al., 2016), caution should be made when gene therapy

strategies are employed for AD treatment.

In summary, by comparisons of the transcriptome, glial

response, and behavior outcome of neuronal transduction

with three different doses of virus vectors in the mouse

hippocampus, our data reveal a maladaptive effect of high-

dose vs. median-dose or low-dose with increased neural fragility

and impaired memory. Therefore, in addition to considering

the effective expression of exogenous genes, the possible side

effects should be taken into account in clinics. However,

the molecular mechanisms underlying these disadvantages

of high-dose rAAV5-mCherry are yet to be studied in

the future.

Data availability statement

The datasets presented in this study can be found in

online repositories. The names of the repository/repositories

and accession number(s) can be found in the article/

Supplementary material.

Ethics statement

The animal study was reviewed and approved by Southern

Medical University Animal Ethics Committee.

Author contributions

Y-HC and T-MG designed and supervised the studies and

wrote the manuscript. Y-SL and M-LW performed the experiments

with the help of N-YH, Z-ML, J-LW, and HL. Y-HC and Y-SL

analyzed the data and generated the figures. X-WL provided

critical consumables. Y-HC and T-MG interpreted the results

with critical input from J-MY. All authors read and approved

the manuscript.

Funding

This work was supported by grants from the National

Key R&D Program of China (2022ZD0214300 to Y-HC and

2021ZD0202704 to T-MG); the National Natural Science

Foundation of China (32271014 to Y-HC; 82090032 and 31830033

to T-MG); the Key Area Research and Development Program of

Guangdong Province (2018B030334001 and 2018B030340001

to T-MG); and the Science and Technology Program of

Guangzhou (202007030013 to T-MG and 2023A04J0122

to Y-HC).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fnmol.2023.

1195327/full#supplementary-material

References

Ahmad, M., Polepalli, J. S., Goswami, D., Yang, X., Kaeser-Woo, Y. J., Südhof, T. C.,
et al. (2012). Postsynaptic complexin controls AMPA receptor exocytosis during LTP.
Neuron 73, 260–267. doi: 10.1016/j.neuron.2011.11.020

Aschauer, D. F., Kreuz, S., and Rumpel, S. (2013). Analysis of transduction
efficiency, tropism and axonal transport of AAV serotypes 1, 2, 5, 6, 8 and 9 in the
mouse brain. PLoS ONE 8, e76310. doi: 10.1371/journal.pone.0076310

Atasoy, D., Aponte, Y., Su, H. H., and Sternson, S. M. (2008). A FLEX switch targets
Channelrhodopsin-2 tomultiple cell types for imaging and long-range circuit mapping.
J. Neurosci. 28, 7025–7030. doi: 10.1523/JNEUROSCI.1954-08.2008

Bannerman, D. M., Sprengel, R., Sanderson, D. J., McHugh, S. B., Rawlins, J. N. P.,
Monyer, H., et al. (2014). Hippocampal synaptic plasticity, spatial memory and anxiety.
Nat. Rev. Neurosci. 15, 181–192. doi: 10.1038/nrn3677

Bellac, C. L., Coimbra, R. S., Simon, F., Imboden, H., and Leib, S. L.
(2007). Gene and protein expression of galectin-3 and galectin-9 in experimental
pneumococcal meningitis. Neurobiol. Dis. 28, 175–183. doi: 10.1016/j.nbd.2007.
07.005

Bliss, T. V., and Collingridge, G. L. (1993). A synaptic model of memory: long-term
potentiation in the hippocampus. Nature 361, 31–39. doi: 10.1038/361031a0

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a
flexible trimmer for Illumina sequence data. Bioinformatics 30, 2114–2120.
doi: 10.1093/bioinformatics/btu170

Brewer, G. J., and Torricelli, J. R. (2007). Isolation and culture of adult neurons and
neurospheres. Nat. Protoc. 2, 1490–1498. doi: 10.1038/nprot.2007.207

Burger, C., Gorbatyuk, O. S., Velardo, M. J., Peden, C. S., Williams, P., Zolotukhin,
S., et al. (2004). Recombinant AAV viral vectors pseudotyped with viral capsids
from serotypes 1, 2, and 5 display differential efficiency and cell tropism after
delivery to different regions of the central nervous system. Mol. Ther. 10, 302–317.
doi: 10.1016/j.ymthe.2004.05.024

Cahoy, J. D., Emery, B., Kaushal, A., Foo, L. C., Zamanian, J. L., Christopherson,
K. S., et al. (2008). A transcriptome database for astrocytes, neurons, and
oligodendrocytes: a new resource for understanding brain development and function.
J. Neurosci. 28, 264–278. doi: 10.1523/JNEUROSCI.4178-07.2008

Frontiers inMolecularNeuroscience 13 frontiersin.org

https://doi.org/10.3389/fnmol.2023.1195327
https://www.frontiersin.org/articles/10.3389/fnmol.2023.1195327/full#supplementary-material
https://doi.org/10.1016/j.neuron.2011.11.020
https://doi.org/10.1371/journal.pone.0076310
https://doi.org/10.1523/JNEUROSCI.1954-08.2008
https://doi.org/10.1038/nrn3677
https://doi.org/10.1016/j.nbd.2007.07.005
https://doi.org/10.1038/361031a0
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1038/nprot.2007.207
https://doi.org/10.1016/j.ymthe.2004.05.024
https://doi.org/10.1523/JNEUROSCI.4178-07.2008
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org


Liu et al. 10.3389/fnmol.2023.1195327

Carola, V., D’Olimpio, F., Brunamonti, E., Mangia, F., and Renzi, P. (2002).
Evaluation of the elevated plus-maze and open-field tests for the assessment
of anxiety-related behaviour in inbred mice. Behav. Brain Res. 134, 49–57
doi: 10.1016/S0166-4328(01)00452-1

Chen, Y.H., Wu, J.L., Hu, N.Y., Zhuang, J.P., Li, W.P., Zhang, S.R., et al. (2021).
Distinct projections from the infralimbic cortex exert opposing effects in modulating
anxiety and fear. J. Clin. Investig. 131, e145692. doi: 10.1172/JCI145692

Crosetto, N., Bienko, M., and van Oudenaarden, A. (2015). Spatially resolved
transcriptomics and beyond. Nat. Rev. Genet. 16, 57–66. doi: 10.1038/nrg3832

Davidson, B. L., Stein, C. S., Heth, J. A., Martins, I., Kotin, R. M., Derksen, T. A.,
et al. (2000). Recombinant adeno-associated virus type 2, 4, and 5 vectors: transduction
of variant cell types and regions in the mammalian central nervous system. Proc. Natl.
Acad. Sci. U. S. A. 97, 3428–3432. doi: 10.1073/pnas.97.7.3428

Ernst, J., and Bar-Joseph, Z. (2006). STEM: a tool for the analysis of short time series
gene expression data. BMC Bioinformatics 7, 191. doi: 10.1186/1471-2105-7-191

Fanselow, M. S., and Dong, H. W. (2010). Are the dorsal and ventral hippocampus
functionally distinct structures? Neuron 65, 7–19. doi: 10.1016/j.neuron.2009.11.031

Farmer, W. T., Abrahamsson, T., Chierzi, S., Lui, C., Zaelzer, C., Jones, E. V.,
et al. (2016). Neurons diversify astrocytes in the adult brain through sonic hedgehog
signaling. Science 351, 849–854. doi: 10.1126/science.aab3103

Friedman, J. R., and Nunnari, J. (2014). Mitochondrial form and function. Nature
505, 335–343. doi: 10.1038/nature12985

Glezer, I., Bittencourt, J. C., and Rivest, S. (2009). Neuronal expression of Cd36,
Cd44, and Cd83 antigen transcripts maps to distinct and specific murine brain circuits.
J. Comp. Neurol. 517, 906–924. doi: 10.1002/cne.22185

Gu, Z., Eils, R., and Schlesner, M. (2016). Complex heatmaps reveal patterns
and correlations in multidimensional genomic data. Bioinformatics 32, 2847–2849.
doi: 10.1093/bioinformatics/btw313

Guan, Z., Kuhn, J. A., Wang, X., Colquitt, B., Solorzano, C., Vaman, S., et al.
(2016). Injured sensory neuron-derived CSF1 induces microglial proliferation and
DAP12-dependent pain. Nat. Neurosci. 19, 94–101. doi: 10.1038/nn.4189

Hempel, C. M., Sugino, K., and Nelson, S. B. (2007). A manual method for the
purification of fluorescently labeled neurons from the mammalian brain. Nat. Protoc.
2, 2924–2929. doi: 10.1038/nprot.2007.416

Holahan,M., and Routtenberg, A. (2008). The protein kinase C phosphorylation site
on GAP-43 differentially regulates information storage. Hippocampus 18, 1099–1102.
doi: 10.1002/hipo.20486

Huang, H., Hara, A., Homma, T., Yonekawa, Y., and Ohgaki, H. (2005). Altered
expression of immune defense genes in pilocytic astrocytomas. J. Neuropathol. Exp.
Neurol. 64, 891–901. doi: 10.1097/01.jnen.0000183345.19447.8e

Hudry, E., and Vandenberghe, L. H. (2019). Therapeutic AAV gene
transfer to the nervous system: a clinical reality. Neuron 101, 839–862.
doi: 10.1016/j.neuron.2019.02.017

Hulo, S., Alberi, S., Laux, T., Muller, D., and Caroni, P. (2002). A point mutant of
GAP-43 induces enhanced short-term and long-term hippocampal plasticity. Eur. J.
Neurosci. 15, 1976–1982. doi: 10.1046/j.1460-9568.2002.02026.x

Julien, O., and Wells, J. A. (2017). Caspases and their substrates. Cell Death Differ.
24, 1380–1389. doi: 10.1038/cdd.2017.44

Kashio, Y., Nakamura, K., Abedin, M. J., Seki, M., Nishi, N., Yoshida, N., et al.
(2003). Galectin-9 induces apoptosis through the calcium-calpain-caspase-1 pathway.
J. Immunol. 170, 3631–3636. doi: 10.4049/jimmunol.170.7.3631

Kim, D., Langmead, B., and Salzberg, S. L. (2015). HISAT: a fast spliced aligner with
low memory requirements. Nat. Methods 12, 357–360. doi: 10.1038/nmeth.3317

Klein, R. L., Dayton, R. D., Leidenheimer, N. J., Jansen, K., Golde, T. E.,
and Zweig, R. M. (2006). Efficient neuronal gene transfer with AAV8 leads to
neurotoxic levels of tau or green fluorescent proteins. Mol. Ther. 13, 517–527.
doi: 10.1016/j.ymthe.2005.10.008

Lane, C.A., Hardy, J., and Schott, J.M. (2016). Alzheimer’s disease. Lancet 388,
505–517. doi: 10.1016/S0140-6736(15)01124-1

Liang, Z., Zhan, Y., Shen, Y., Wong, C. C. L., Yates, J. R. III, Plattner, F., et al.
(2016). The pseudokinase CaMKv is required for the activity-dependent maintenance
of dendritic spines. Nat. Commun. 7, 13282. doi: 10.1038/ncomms13282

Liu, S., Zhang, L., Wu, Q., Wu, Q., and Wang, T. (2013). Chemokine CCL2 induces
apoptosis in cortex following traumatic brain injury. J. Mol. Neurosci. 51, 1021–1029.
doi: 10.1007/s12031-013-0091-8

Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550.
doi: 10.1186/s13059-014-0550-8

Man, S. M., Karki, R., and Kanneganti, T. D. (2017). Molecular mechanisms
and functions of pyroptosis, inflammatory caspases and inflammasomes

in infectious diseases. Immunol. Rev. 277, 61–75. doi: 10.1111/imr.
12534

Markakis, E. A., Vives, K. P., Bober, J., Leichtle, S., Leranth, C., Beecham, J.,
et al. (2010). Comparative transduction efficiency of AAV vector serotypes 1-6 in
the substantia nigra and striatum of the primate brain. Mol. Ther. 18, 588–593.
doi: 10.1038/mt.2009.286

Mendoza, S. D., El-Shamayleh, Y., and Horwitz, G. D. (2017). AAV-mediated
delivery of optogenetic constructs to the macaque brain triggers humoral immune
responses. J. Neurophysiol. 117, 2004–2013. doi: 10.1152/jn.00780.2016

Ortinski, P. I., Dong, J., Mungenast, A., Yue, C., Takano, H., Watson, D. J., et al.
(2010). Selective induction of astrocytic gliosis generates deficits in neuronal inhibition.
Nat. Neurosci. 13, 584–591. doi: 10.1038/nn.2535

Reinhard, J. R., Kriz, A., Galic, M., Angliker, N., Rajalu, M., Vogt, K. E., et al. (2016).
The calcium sensor Copine-6 regulates spine structural plasticity and learning and
memory. Nat. Commun. 7, 11613. doi: 10.1038/ncomms11613

Rekart, J. L., Meiri, K., and Routtenberg, A. (2005). Hippocampal-dependent
memory is impaired in heterozygous GAP-43 knockout mice. Hippocampus 15, 1–7.
doi: 10.1002/hipo.20045

Richard, D., Clavel, S., Huang, Q., Sanchis, D., and Ricquier, D. (2001). Uncoupling
protein 2 in the brain: distribution and function. Biochem. Soc. Trans. 29, 812–817.
doi: 10.1042/bst0290812

Rohr, U.P.,Wulf,M.A., Stahn, S., Steidl, U., Haas, R., andKronenwett, R. (2002).Fast
and reliable titration of recombinant adeno-associated virus type-2 using quantitative
real-time PCR. J. Virol. Methods 106, 81–88. doi: 10.1016/S0166-0934(02)00138-6

Shemiakina, I. I., Ermakova, G. V., Cranfill, P. J., Baird,M. A., Evans, R. A., Souslova,
E. A., et al. (2012). A monomeric red fluorescent protein with low cytotoxicity. Nat.
Commun. 3, 1204. doi: 10.1038/ncomms2208

Sofroniew, M. V. (2015). Astrocyte barriers to neurotoxic inflammation. Nat. Rev.
Neurosci. 16, 249–263. doi: 10.1038/nrn3898

Su, J., Liu, J., Yan, X.Y., Zhang, Y., Zhang, J.J., Zhang, L.C., et al. (2017).
Cytoprotective effect of the UCP2-SIRT3 signaling pathway by decreasing
mitochondrial oxidative stress on cerebral ischemia-reperfusion injury. Int. J.
Mol. Sci. 18, 1599. doi: 10.3390/ijms18071599

Szczucinski, A., and Losy, J. (2007). Chemokines and chemokine receptors in
multiple sclerosis. Potential targets for new therapies. Acta Neurol. Scand. 115,
137–146. doi: 10.1111/j.1600-0404.2006.00749.x

Taymans, J.M., Vandenberghe, L. H., Van Den Haute, C., Thiry, I., Deroose, C.
M., Mortelmans, L., et al. (2007). Comparative analysis of adeno-associated viral
vector serotypes 1, 2, 5, 7, and 8 in mouse brain. Hum. Gene Ther. 18, 195–206.
doi: 10.1089/hum.2006.178

Tian, J., Geng, F., Gao, F., Chen, Y.H., Liu, J.H., Wu, J.L., et al. (2017). Down-
regulation of neuregulin1/ErbB4 signaling in the hippocampus is critical for learning
and memory.Mol. Neurobiol. 54, 3976–3987. doi: 10.1007/s12035-016-9956-5

West, A. P., Khoury-Hanold, W., Staron, M., Tal, M. C., Pineda, C. M., Lang, S. M.,
et al. (2015). Mitochondrial DNA stress primes the antiviral innate immune response.
Nature 520, 553–557. doi: 10.1038/nature14156

West, A. P., and Shadel, G. S. (2017). Mitochondrial DNA in innate
immune responses and inflammatory pathology. Nat. Rev. Immunol. 17, 363–375.
doi: 10.1038/nri.2017.21

Wheeler, M. A., Clark, I. C., Lee, H-G., Li, Z., Linnerbauer, M., Rone, J. M.,
et al. (2023). Droplet-based forward genetic screening of astrocyte-microglia cross-talk.
Science 379, 1023–1030. doi: 10.1126/science.abq4822

Wolf, S. A., Boddeke, H. W., and Kettenmann, H. (2017).
Microglia in physiology and disease. Annu. Rev. Physiol. 79, 619–643.
doi: 10.1146/annurev-physiol-022516-034406

Xiong, W., Wu, D. M., Xue, Y., Wang, S. K., Chung, M. J., Ji, X., et al. (2019). AAV
cis-regulatory sequences are correlated with ocular toxicity. Proc. Natl. Acad. Sci. U. S.
A. 116, 5785–5794. doi: 10.1073/pnas.1821000116

Yanushevich, Y. G., Staroverov, D. B., Savitsky, A. P., Fradkov, A. F., Gurskaya,
N. G., Bulina, M. E., et al. (2002). A strategy for the generation of non-
aggregating mutants of Anthozoa fluorescent proteins. FEBS Lett. 511, 11–14.
doi: 10.1016/S0014-5793(01)03263-X

Yasuda, M., Tanaka, Y., Ryu, M., Tsuda, S., and Nakazawa, T. (2014). RNA sequence
reveals mouse retinal transcriptome changes early after axonal injury. PLoS ONE 9,
e93258. doi: 10.1371/journal.pone.0093258

Yu, G., Wang, L. G., Han, Y., and He, Q. Y. (2012). clusterProfiler: an R
package for comparing biological themes among gene clusters. OMICS 16, 284–287.
doi: 10.1089/omi.2011.0118

Zeisel, A., Hochgerner, H., Lönnerberg, P., Johnsson, A., Memic, F., van der
Zwan, J., et al. (2018). Molecular architecture of the mouse nervous system. Cell 174,
999–1014.e1022. doi: 10.1016/j.cell.2018.06.021

Frontiers inMolecularNeuroscience 14 frontiersin.org

https://doi.org/10.3389/fnmol.2023.1195327
https://doi.org/10.1016/S0166-4328(01)00452-1
https://doi.org/10.1172/JCI145692
https://doi.org/10.1038/nrg3832
https://doi.org/10.1073/pnas.97.7.3428
https://doi.org/10.1186/1471-2105-7-191
https://doi.org/10.1016/j.neuron.2009.11.031
https://doi.org/10.1126/science.aab3103
https://doi.org/10.1038/nature12985
https://doi.org/10.1002/cne.22185
https://doi.org/10.1093/bioinformatics/btw313
https://doi.org/10.1038/nn.4189
https://doi.org/10.1038/nprot.2007.416
https://doi.org/10.1002/hipo.20486
https://doi.org/10.1097/01.jnen.0000183345.19447.8e
https://doi.org/10.1016/j.neuron.2019.02.017
https://doi.org/10.1046/j.1460-9568.2002.02026.x
https://doi.org/10.1038/cdd.2017.44
https://doi.org/10.4049/jimmunol.170.7.3631
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1016/j.ymthe.2005.10.008
https://doi.org/10.1016/S0140-6736(15)01124-1
https://doi.org/10.1038/ncomms13282
https://doi.org/10.1007/s12031-013-0091-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1111/imr.12534
https://doi.org/10.1038/mt.2009.286
https://doi.org/10.1152/jn.00780.2016
https://doi.org/10.1038/nn.2535
https://doi.org/10.1038/ncomms11613
https://doi.org/10.1002/hipo.20045
https://doi.org/10.1042/bst0290812
https://doi.org/10.1016/S0166-0934(02)00138-6
https://doi.org/10.1038/ncomms2208
https://doi.org/10.1038/nrn3898
https://doi.org/10.3390/ijms18071599
https://doi.org/10.1111/j.1600-0404.2006.00749.x
https://doi.org/10.1089/hum.2006.178
https://doi.org/10.1007/s12035-016-9956-5
https://doi.org/10.1038/nature14156
https://doi.org/10.1038/nri.2017.21
https://doi.org/10.1126/science.abq4822
https://doi.org/10.1146/annurev-physiol-022516-034406
https://doi.org/10.1073/pnas.1821000116
https://doi.org/10.1016/S0014-5793(01)03263-X
https://doi.org/10.1371/journal.pone.0093258
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1016/j.cell.2018.06.021
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org

	A comparison of the impact on neuronal transcriptome and cognition of rAAV5 transduction with three different doses in the mouse hippocampus
	Introduction
	Materials and methods
	Animals
	AAV vector production
	Virus injection
	Fluorescence-activated cell sorting
	cDNA amplification and library construction
	RNA sequence
	Immunofluorescent staining
	Droplet digital PCR
	RNA sequence data analysis
	Mouse behavioral tests
	The open field test
	The elevated plus maze test
	Y-maze test
	Novel object recognition test
	Fear conditioning test

	Measurement of Il-1β and Csf1
	Statistics

	Results
	Transduction efficiency of the three doses of rAAV5-mCherry
	Transcriptomes of the three doses of rAAV5-mCherry
	Neuronal and glial response to hippocampal transduction
	High-dose rAAV5-mCherry injection impaired spatial working memory and contextual fear memory

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


