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Abstract

Background/Aims: Borna disease virus 1 (BoDV-1) infection induces cognitive impairment
in rodents. Emerging evidence has demonstrated that Chromatin remodeling through
histone acetylation can regulate cognitive function. In the present study, we investigated the
epigenetic regulation of chromatin that underlies BoDV-1-induced cognitive changes in the
hippocampus. Methods: Immunofluorescence assay was applied to detect BoDV-1 infection
in hippocampal neurons and Sprague-Dawley rats models. The histone acetylation levels
both in vivo and vitro were assessed by western blots. The acetylation-regulated genes were
identified by ChIP-seq and verified by RT-gqPCR. Cognitive functions were evaluated with
Morris Water Maze test. In addition, Golgi staining, and electrophysiology were used to study
changes in synaptic structure and function. Results: BoDV-1 infection of hippocampal neurons
significantly decreased H3K9 histone acetylation level and inhibited transcription of several
synaptic genes, including postsynaptic density 95 (PSD95) and brain-derived neurotrophic
factor (BDNF). Furthermore, BoDV-1 infection of Sprague Dawley rats disrupted synaptic
plasticity and caused spatial memory impairment. These rats also exhibited dysregulated
hippocampal H3K9 acetylation and decreased PSD95 and BDNF protein expression. Treatment
with the HDAC inhibitor, suberanilohydroxamic acid (SAHA), attenuated the negative effects
of BoDV-1. Conclusion: Our results demonstrate that regulation of H3K9 histone acetylation
may play an important role in BoDV-1-induced memory impairment, whereas SAHA may
confer protection against BoDV-1-induced cognitive impairments. This study finds important
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mechanism of BoDV-1 infection disturbing neuronal synaptic plasticity and inducing cognitive
dysfunction from the perspective of histone modification.

© 2018 The Author(s)

Published by S. Karger AG, Basel

Introduction

Bornaviruses (Order Mononegavirales Family Bornaviridae) are phylogenetically
diverse, nonsegmented, negative single-stranded RNA viruses [1-3]. Borna disease
virus 1 (BoDV-1), as part of the species Mammalian 1 bornavirus, is a highly neurotropic
prototype of Bornaviruses and infects a wide variety of mammal species [4, 5]. BoDV-1 was
recently identified as the cause of human death after organ transplantation - the first hard
evidence that BoDV-1 can actually infect humans and cause disease [6]. BoDV-1-infection
may induce a large spectrum of neurological disorders ranging from immune-mediated
acute encephalitis to non-inflammatory behavioral alterations [7, 8]. Previous studies
demonstrated that BoDV-1 establishes a persistent infection in the hippocampus and limbic
lobe of rodents in the neonatal period, which induced cognitive deficits and mental disorders
[4, 9]. Notwithstanding abundant discussion of BoDV-1-driven pathophysiology, the precise
mechanism underlying how BoDV-1 disrupts memory is poorly understood.

Chromatinremodeling, especially viahistone acetylation, playsakeyroleinhippocampus-
dependent cognitive function [10-12]. Memory formation and synaptic plasticity have been
shown to be associated with changes in histone acetylation [13]. Aberrant activity of histone
acetyl transferases (HATSs) or histone deacetylases (HDACs) can alter the levels of acetylated
histones and cause abnormal gene expression [14, 15]. Suberanilohydroxamic acid (SAHA)
is an HDAC inhibitor that targets Class I and Class IIb HDACs, causing increased acetylation
[16]. Treatment with SAHA can enhance memory formation in rats and mice [17], and
improves memory deficits in animal models of neurodegenerative disorders [18, 19].
Infection with a laboratory BoDV-1 strain affects site-specific histone acetylation in cortical
[20] and hippocampal neurons [21]. Moreover, our previous study showed that infection
with a human BoDV-1 strain epigenetically impacts the human oligodendroglial (OL) cell
proteome through histone acetylation [22]. However, the epigenetic regulation of chromatin
that underlies BoDV-1-induced cognitive changes in the hippocampus remains unknown.

In this study we tested the hypothesis that BoDV-1 infection disturbs synaptic plasticity
and induces cognitive dysfunction via histone acetylation. Here, we show that infection
with a human BoDV-1 strain caused a dramatic decline in the level of H3K9 acetylation, and
consequently reduced postsynaptic density 95 (PSD95) and brain-derived neurotrophic
factor (BDNF) expression and impaired synaptic plasticity in hippocampal neurons. These
changes contributed to BoDV-1-induced cognitive deficits, which were attenuated by the
HDAC inhibitor, SAHA.

Materials and Methods

Primary neuronal cultures and viral infection

All animal experiments were approved by the Research Ethics Committee of ChongQing Medical
University. Primary hippocampal neurons were prepared from Sprague Dawley rat embryos at gestational
day 17 by the 0.125% trypsin (Thermo Fisher Scientific, Waltham, USA) dissociation method, as described
previously [23]. At the end of this procedure, neurons were directly plated in six-well culture plates.
Before seeding, supports were coated with 500 pg/ml poly-L-lysine (Sigma, St. Louis, USA). Neurons were
maintained in Neurobasal medium supplemented with 100 pg/ml penicillin-streptomycin (Sigma), 0.5
mM glutamine, and 2% B-27 supplement (Thermo Fisher Scientific). Half of each culture was infected with
human BoDV-1 strain Hu-H1 [24] (kindly provided by Professor Hanns Ludwig, Free University of Berlin,
Germany) 5 h after plating. Cultured primary neurons were supplemented with 1 uM SAHA [25] (Sigma) for
48 h or 200 pM favipiravir (T-705) [26] (Selleckchem, Houston, USA) for 7 days for follow-up experiments.
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Immunofluorescence assay

Cells were fixed for 30 min at room temperature with 4% paraformaldehyde followed by
permeabilization for 5 min in 0.25% Triton X-100. After permeabilization, cells were rinsed with phosphate-
buffered saline (PBS, Hyclone, Logan, USA) and blocked with 5% bovine serum albumin for 30 min. Cells
were then incubated for 12h with anti-BoDV-1-specific p24 and p40 protein primary monoclonal antibody
(1:200; GenScript, Nanjing, China) or anti-MAP2 antibody (1:2000; Abcam, Cambridge, UK) at 4°C, followed
by incubation with secondary antibodies for 2 h at room temperature. After several washes with PBS, the
cells were counterstained with DAPI. Immunofluorescence was detected using an inverted fluorescence
microscope (Nikon, Tokyo, Japan).

Protein extraction and western blot analysis

Proteins were extracted and western blots performed. For each sample, 30 ug total protein was
separated on a 10% SDS-polyacrylamide gel and transferred electrophoretically to a PVDF membrane.
Membranes were blocked with 5% nonfat dried milk in TBST and were incubated overnight with the
following antibodies: anti-GAPDH (Abcam) at 1:10, 000, anti-acetyl histone H2B (Lys-5, K5, CST, Boston,
USA) at 1:1000, anti-acetyl histone H2B (Lys-20, K20, CST) at 1:1000, anti-acetyl histone H3 (Lys-9,
CST) at 1:1000, anti-acetyl histone H3 (Lys-14, CST) at 1:500, anti-acetyl histone H4 (Lys-16, K16, CST)
at 1:1000, anti-PSD95 (CST) at 1:1000, anti-BDNF (Beyotime, China) at 1:500, anti-PUM2 (CST) at 1:800,
anti-VAMP-2 (CST) at 1:1000, anti-SYN1 (CST) at 1:1000, and anti-DRD1 (Sigma) at 1:2000. Horse radish
peroxidase-conjugated secondary antibodies were used and detected using Western Lighting Western Blot
Chemiluminescence (NEL 104001EA; Perkin Elmer).

ChIP-seq analysis

Chromatin immunoprecipitation (ChIP) experiments were performed as described previously [27].
Briefly, two hippocampal samples for each group were individually cross-linked with 1% formaldehyde,
quenched with 0.125 M glycine, and spun down at 1000 g for 5 min at 4°C. To isolate chromatin, samples
were washed and homogenized with a Dounce homogenizer in 0.5 ml cell lysis buffer containing proteinase
and phosphatase inhibitors. Samples were centrifuged at 1000 g for 5 min and homogenized again in 0.5 ml
nuclear lysis buffer with inhibitors. DNA was sheared using a sonication instrument (Scientz, Ningbo, China)
to a fragment length of 200-500 bp. Total genomic DNA (input) was quantified and 20 pg of chromatin
from each sample was immunoprecipitated overnight at 4°C with 10 pl anti-acetyl-H3K9 (CST), 1 pl normal
mouse IgG (12-371B; Millipore, MA, USA) as a negative control, or 1 ul anti-RNA polymerase Il (05-623B;
Millipore) as a positive control. After incubation, nucleosome complexes were isolated with 30 ul Magnetic
Protein A/G Beads (CS204457; Millipore) for 2 h at 4°C. The complexes were washed and dissociated
from the beads by incubation in nuclear lysis buffer containing 1%SDS at 65°C for 2 h. Histones were then
digested with proteinase K for 2 h at 65°C, after which the DNA was finally extracted and purified using
spin columns. DNA concentrations were measured on a Nanodrop spectrophotometer (Thermo Fisher
Scientific). The uniformity of fragment size was validated and quality control was performed on a 2100
BioAnalyzer (Agilent Technologies, CA, USA).

Different combinations of library preparation kits and barcodes were used for library preparation,
and libraries were prepared in accordance with the manufacturer’s instructions. ChIP-seq libraries were
prepared from 5-15 ng ChIP DNA or 100 ng input DNA and sequenced using the Illumina HiSeq 2500 system.

Cell RNA extraction and real-time polymerase chain reaction (RT-qPCR)

RNA from hippocampal neurons was extracted with TRIzol, after which reverse transcription with
a PrimeScriptTM RT Reagent Kit (Takara, Tokyo, Japan) was performed. RT-qPCR was carried out using
SYBR-Green-based reagents (Invitrogen, California, USA) with a LightCycler® 96 Real-Time qPCR Detection
system (Roche, Basel, Switzerland). Thermocycling conditions consisted of an initial denaturation step for
10 min at 95°C, followed by 40 cycles of 95°C for 30s and 58°C for 45s. The relative quantities of amplified
product were calculated using the comparative cycle threshold (Ct) method. Data were derived from three
independent amplifications. The primer sequences used for real-time PCR are listed in Table 1. GAPDH was
used as a reference gene.
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Animal model and treatments Table 1. The primer sequence details
All behavioral experiments were
performed under light conditions

Primer Forward/Reverse .
Primer sequence

name Primer
between 9:00 h and 16:30 h. All efforts PSDOS F CCCGGAAAGCCTTCGACA
were made to minimize the number of R AGAGGTCTTCAATGACACGTT
animals used and their suffering. Within BDNF F GCAATGCCGAACTACCCAA
12 h after birth 30 ul (10* FFU/ml) of R CCCCTTTTAATGGTCAGTGT
after birth, 30 ul ( /ml) o UM F CACAGTGCCTTATACACCA
BoDV-1 (Hu-H1) or PBS was inoculated R CCCATATGTGTATTTGCGAAG
into the right cerebral hemisphere of  yamp2 F GCACCTCCTCCAAATCTTACCA
R ATCATCCAGTTCCGATAGCTT
S Dawl t .S d
prague Lawley rat pups. oeven days SyN1 F TTTGCCCAGATGGTTCGACT
later, half of the BoDV-1-infected rats R GGCCCATCTTCACAACTACAGG
were intraperitoneally injected with SAHA DRD1 F GCGAATTCTTCCCTGAACCC
(25 mg/kg) for a week. After weaning, R TGTTGTTAATGCTCACCGTCT
control (n=14), SAHA (n=14), and mock- BoDV- F GATCAAAGCAGGAGCCGAGCAG
) B ! B ! 1-P40 R GCTGGGTTTCCTTGACACTTG
infected (n=14) rats were separated and GAPDH F TGACTCTACCCACGGCAAG
housed individually. The ratio of males R TACTCAGCACCAGCATCACC

and females was identical among the three

groups. Behavioral testing was performed

from postnatal day 42 (P42) to P49 and then rats were euthanized at P50 for dissection and subsequent
analysis.

Behavioral testing

The Morris water maze (MWM) test was conducted in a circular tank (diameter 1.8 m) filled with
opaque water. A platform (11 x 11 cm) was submerged below the water surface in the center of the target
quadrant. The whole test consists of a visible platform test (day 1), a hidden platform test (days 2-5) and a
probe test 24 hours after the last hidden platform test (day 6). The swimming path of each rat was recorded
using a video camera and analyzed using Smart software (v2.5.21). For each training session, the rats were
placed into the maze at four random points in the tank. The rats were allowed to search for the platform for
90 s. If they did not find it within this period, they were gently guided towards it and then allowed to remain
on it for 15 s. The latency to find the platform for each trial was recorded. During the memory test (probe
test), the platform was removed from the tank and the rats were allowed to swim in the maze for 60s.

Golgi staining and analysis

For Golgi staining, we used the FD Rapid Golgi Stain Kit (FD NeuroTechnologies, Ellicott City, MD,
USA). Dissected rat brains were immersed in Solutions A and B for 2 weeks at room temperature and then
transferred into Solution C for 72h. Brains were sectioned at 100 um thickness using a VT1000S Vibratome
(Leica). These sections were then placed in a mixture of 1 part Solution D, 1 part Solution E, and 2 parts
double-distilled water for 10 min, after which the sections were dehydrated and cleared in xylene. Images of
dendrites were then acquired using an optical microscope (Nikon). Dendrite branches were reconstructed
using Image | software and subjected to Sholl analysis. Spine density was also measured using Image ]J.
All morphological analyses were performed by individuals blinded to the genotypes and experimental
conditions.

Electrophysiology

Rats were deeply anesthetized with urethane (1.5 g/kg, i.p.) and transcardially perfused with N-methyl-
D-glucamine (NMDG) artificial cerebral spinal fluid (ACSF) prior to decapitation as described previously
[28]. The hippocampus was rapidly dissected and acute coronal hippocampal slices 400 pm thick were cut
using a vibratome (VT1000 S, Leica Microsystems) in ice-cold cutting solution (NMDG ACSF) bubbled with
5% CO, and 95% O,. The slices were then incubated in oxygenated ACSF for 2 h at 30°C. Next, the slices
were transferred into a recording chamber filled with normal ACSF. Field excitatory postsynaptic potentials
(fEPSPs) evoked by stimulation of the Schaffer collateral/commissural pathway were recorded in the
hippocampus with pipettes filled with ACSF (1-2 MQ). Test fEPSPs were evoked at a frequency of 0.033 Hz
and at a stimulus intensity that was adjusted to approximately 50% of the intensity that elicited the maximal
response. After a stable 30 min baseline recording of fEPSPs, long-term potentiation (LTP) was induced
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by high-frequency stimulation (100 Hz for 1s). After a 30 min stable baseline, all data acquisition (filtered
at 3 kHz and digitized at 10 kHz) was performed using PatchMaster v2.73 software (HEKA Electronic,
Lambrecht/Pfalz, Germany).

Statistical analysis

All data were analyzed using SPSS version 21.0 for Windows (SPSS Inc., USA). Data are expressed
as the mean * SEM. Comparisons among experimental groups were performed using the unpaired t-test
and behavioral data were analyzed using one-way ANOVA, followed by Bonferroni’s test and Dunnett’s
T3 test when necessary. In all comparisons, P-values less than 0.05 were considered to indicate statistical
significance.

Results

BoDV-1 infection decreases histone acetylation of H3K9

To assess the impact of BoDV-1 infection on histone acetylation, primary neuronal
cultures were infected with BoDV-1 and then cultured for 9 days to allow all neurons to be
infected with BoDV-1 (Fig. 1A). Acetylation of H2, H3, and H4 was assessed by western blots
using antibodies targeting lysine residues that are known to be acetylated (Fig. 1B). BoDV-
1 infection led to a significant reduction of H3K9 acetylation (58.19% of control, P<0.01).
There was no difference in the acetylation of H2BK5, H2BK20, H3K14, and H4K16 between
the BoDV-1-infected neurons and controls (Fig. 1C).

BoDV-1 infection inhibited the expression of H3K9 acetylation-mediated synaptic plasticity-

related genes

The hippocampus is an important
target of BoDV-1 infection [29, 30].
Neuronal plasticity plays an important
role in cognition. To investigate whether
deregulated H3K9 acetylation affects
memory  formation and  synaptic
plasticity, we applied ChIP-seq technology
to analyze H3K9 acetylation within gene
promoter regions that were defined as 1
Kb upstream and 1 Kb downstream of the
transcriptionstartsite (TSS). Theresulting
reads were mapped to a reference rat
genome. Compared with the control
group, 808 genes showed reduction of
H3K9 acetylation after BoDV-1 infection.
The genes with remarkable loss of
H3K9ac are shown in Table 2 (log2FC<-1,

P<0.05). Of these, we found a number of  Fig. 1. BoDV-1 infection decreases histone acetylation
memory formation or synaptic plasticity-  jevels of H3K9 in primary hippocampal neurons. (A)
associated genes, including PSD95, BDNF,  Bopv-1 infection was measured by IFA. BoDV-1 P24
PUMz, VAMPZ, SYN1 and DRD1. Chip-Seq  detected with a primary monoclonal antibody (green),
analysis  confirmed BoDV-1-mediated  Neyrons marked with chicken polyclonal MAP-2 (red),
loss of H3K9 acetylation in the promoters  nyclej stained with DAPI (blue), merged image (scale
of these genes (Fig. 2A). Acetylation of  pars: 50 um). (B) Levels of histone acetylation were
H3K9 indicates an open chromatin state,  eyajuated by Western blots for H2, H3, and H4. (C)
and the enrichment of H3K9ac near a TSS  qyantification of histone acetylation levels. All data
is closely related to the transcriptional e presented as mean + SEM. Statistical analysis was

activity of the gene [31]. In BoDV-1- performed by unpaired t-test. *P<0.05, **P<0.01 vs.
infected neurons, RT-qPCR and western . gntrols.
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Table 2. CHIP-seq shows genes with H3K9 hypoacetylation on TSS

Differential Gene Symbol

log2 foldchange

Differential Gene Symbol

log2 foldchange

Differential Gene Symbol

log2 foldchange

Hils1
Hbz
Hbel
Collal
Lbh
Hba-a2
Hnrnpal
Collal
Hbb
Mettl10
Ube2d4
Slc4al
Mpped2
Mlycd
Pten
Etve
Dnajc11
Rps4y2
Synl
Atp2b4
Alg12
Mapre3
Tpd5212
Sim2
Collal
KIf9
DIx5
Colec12
Collal
Ppih
Adgrf5
Depdc7
Adam28
Collal
Pum2
Dennd3
Collal
Casp12
Gnb2l1
Ttc27
Mapklipl
Calcr
Adamts14
Collal
Crif3
Klb

Klb
Dpysl2
Heatr5a
Bdnf
Srrm1
Psd95
Plcxd3
Cep83
Dach1l
Dph5
Faim2
Foxo6
Zfhx3
Pudp
Rps6kcl
Foxp3
Cnrl
Pefl
Collal
Pithd1
Ccdc59
Ppm1lk
Slco4al
Avprla
Collal
Helz
Syne2
Ctnna2
Dyrk2
Sparc
Camk1d
Stam2
Ccni
Hils1
Nans
Cox18
Ash1l
Eml6
Pax7
Tmem70
Cxcr4
Collal
Erg
Ddx3y
Ddah1
Iqcg
Iqcg
Kife
Nup93
Speccll
Ptpn3
Nceh1
Prri6

-8.33387374
-8.06351021
-7.16350372
-6.95705386
-6.76214334
-6.71030587
-6.5260746
-6.45712776
-6.32700314
-6.25822489
-6.20414838
-6.05659044
-6.0115033
-5.87971326
-5.87720048
-5.84157563
-5.84157563
-5.84157563
-5.64893215
-5.64893055
-5.64893055
-5.61918681
-5.52607647
-5.49365364
-5.45301034
-5.39177365
-5.35615072
-5.30100856
-5.24367745
-5.20414838
-5.194095
-5.16350372
-5.12168468
-5.03422221
-5.03422221
-4.99769779
-4.9602224
-4.90869114
-4.78911088
-4.71604475
-4.70664718
-4.67807882
-4.66358
-4.49365313
-4.42654005
-4.42653813
-4.42653813
-4.40054484
-4.35615072
-4.26304132
-4.25661553
-4.25661313
-4.22009021
-4.19409335
-4.16350372
-4.16350372
-4.07861614
-4.06396805
-4.05214528
-4.03422221
-4.0115033
-3.94111397
-3.94111322
-3.94111322
-3.90869114
-3.90869114
-3.84157563
-3.84157563
-3.84157563
-3.84157297
-3.81558173
-3.73466338
-3.73466338
-3.64893055
-3.61918681
-3.61918588
-3.61918588
-3.61918588
-3.61918401
-3.61918401
-3.60913085
-3.57854122
-3.57854122
-3.57854122
-3.56671846
-3.52607573
-3.49365364
-3.49365364
-3.42653813
-3.42653813
-3.42653813
-3.42653813
-3.42653813
-3.41273529
-3.32372598
-3.25919237
-3.20414838
-3.20414838
-3.20414838

Sox11
Hmgb4
Suzl2
Rpl391
Syt13
Fam98b
Gucy1b2
Rassf9
Havcr2
Nme4
Pdzrn3
Tiam2
Abil
Cdx1
Khdrbs2
Ralgps2
Scyll
115
Izumolr
Wrn
Tfpi
Ptp4al
Sgms1
Nekl
Ppp4r3a
Elavl4
Scrn3
Pax7
Clec3a
Fchsd2
Noxal
Tnk2
Gabral
Efemp1
NrOb1
Dnaja3
Serpini2
Ctbs
Ampd3
Frmd8
Kidins220
Drd1
Gceat
Fezfl
Grin2a
Ctnnbl1
Claspl
Kcnc2
Lurap1l
Mir678
Lats2
Ubrl
Pfn1
Ubatac
Lpp
Nsmcel
Enl
Tnr
Mir568
0lr468
Slc39a12
Armc9
Prtn3
Prtn3
Mn1
Mycbp2
Slc4al
Ntrk3
Tmem74
Emc2
Zbtb44
Aldh1a3
Nkain3
Tpst2
Tmcc2
Fam71d
Aasdh
Banf2
Gba3
Chptl
Pafah2
Foxgl
Tab2
Ulk4
Grm7
Tubb2b
Sytl5
Zfp39
Hivep2
Slc6al6
Metap1
Polr3a
Lhfpl2
Mitf
Mir344g
Marveld3
Fam103al
Aifm1
Mir297

-3.20414838
-3.20414838
-3.20414838
-3.1862253
-3.13375944
-3.10461004
-3.10461004
-3.10461004
-3.09835355
-3.06396805
-3.06396805
-3.05975807
-3.03422431
-3.03422263
-3.03422057
-3.00822681
-2.99769779
-2.99357799
-2.99357799
-2.94111397
-2.94111322
-2.94111057
-2.91651236
-2.90869114
-2.90868797
-2.89047731
-2.88222028
-2.88222028
-2.867113
-2.84157803
-2.84157564
-2.84157563
-2.84157563
-2.84157563
-2.84157563
-2.84157563
-2.84157563
-2.84157563
-2.84157563
-2.84157563
-2.84157563
-2.84157563
-2.81558234
-2.78911088
-2.78911088
-2.77118822
-2.77118778
-2.71872194
-2.71872155
-2.71229411
-2.67807882
-2.67164797
-2.61918588
-2.58676304
-2.58266029
-2.57854429
-2.57853857
-2.53672395
-2.52607473
-2.51964753
-2.49365364
-2.47900555
-2.46718278
-2.46718278
-2.45568754
-2.42653813
-2.42653813
-2.38674122
-2.35615072
-2.35615072
-2.35615072
-2.35615072
-2.33539389
-2.32951329
-2.27523241
-2.25661313
-2.23014416
-2.22687053
-2.20415211
-2.18949893
-2.18622917
-2.1745437
-2.1568397
-2.14969822
-2.14756349
-2.14315686
-2.10461004
-2.10461004
-2.05129847
-2.03422431
-2.03422338
-2.03422121
-2.03421885
-2.01629849
-1.99358064
-1.99357607
-1.98175596
-1.95622544
-1.9517581

Ppplr36
Mpp7
Enpp6

Eml4
Clp1
Fstl1l
Adamts17
Grik2
Tbc1d30
Eptl
Pdgfc
Ntm
Sergef
Nat8l
Antxr2
Tram1l1
Ybx1-ps3
Rps27a-ps1
Rps27a-psl
KIf10
Tsen2
Slc4a4
Kcenvl
Tslp
Commd10
Tenm2
Amelx
Nful
Chdé
Epha6
Sox11
Svil
Tcf25
Samt3
Adgrl3
Mir297
Pigy
Gnb2I1
Dmd
Arhgap28
Tsc22d3
Actb

Rapgefl
Lekrl
Dhx35
Kat6b

Slc35f4
Rps4x-ps9
Ssrl
Sox5
Impg2
Rfx3
Btbd3
Vamp2
Rcorl
Shox2
Srbd1
Prkag2

Rpl3114
Atp5sl

C1qtnf3

Ccdc138
Gpri2
Atg10
Igbplb

Tmsb10
Pmch
GIrx3

Hnrnph1l
Rgs18
Cdh19

Ugdh
St3gal4
Sun2
Fbx17
Arhgap19
Tab2
Pde6h
Thrb
Bfsp2
Nxnl2
Mir153
uc_338
Ctnna2
wdr26
Cfap54
Prune2
Vash2
Lrp5
Trim45
Tshz1
Chchd2
Rpgrip1l
Tox
Cecdc91
Stab2
Ndufb4
Klhi25

-1.9411121
-1.9411113
-1.9346824
-1.922926
-1.9086911
-1.9086885
-1.9086885
-1.8822203
-1.8822203
-1.8822203
-1.8548987
-1.8497974
-1.8415827
-1.841578
-1.8415756
-1.8415756
-1.8415756
-1.8256378
-1.8256378
-1.8256361
-1.8042083
-1.7997577
-1.7997566
-1.7891109
-1.7767225
-1.7346674
-1.6780788
-1.671648
-1.6642752
-1.6191908
-1.619188
-1.6191859
-1.6191848
-1.6191843
-1.6191832
-1.6191814
-1.5785446
-1.5487969
-1.5461171
-1.5367228
-1.5367195
-1.5196546
-1.5196511
-1.5196475
-1.5136881
-1.4816802
-1.4492618
-1.4418817
-1.4408481
-1.4341558
-1.4265389
-1.4265381
-1.4127353
-1.4127336
-1.4086142
-1.3967946
-1.3967946
-1.3967946
-1.3967935
-1.3821442
-1.3726319
-1.3561552
-1.3561525
-1.3561507
-1.3017057
-1.2972571
-1.2890348
-1.256615
-1.2566141
-1.2566131
-1.2566131
-1.2566105
-1.2566105
-1.2566105
-1.2566105
-1.2306182
-1.2268692
-1.2268673
-1.2041511
-1.1717273
-1.163506
-1.1597528
-1.1530557
-1.1507693
-1.1496991
-1.1496982
-1.1496964
-1.1216865
-1.1216837
-1.1046164
-1.10461
-1.0931137
-1.0892592
-1.0886712
-1.0571823
-1.0342261
-1.0342215
-1.0342215
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blot analysis confirmed
that the expression of these
genes was also reduced
both at mRNA (PSD95:
48.62% of control, BDNF:
63.74% of control, P<0.01)
and protein levels (PSD95:
62.37% of control, BDNF:
57.25% of control, P<0.01)
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to normal. Although the
expression levels of other
genes were upregulated
after the use of SAHA,
they were significantly
lower than their normal
levels, indicating that their
expression was affected
by histone acetylation to
some extent and that other
mechanisms were involved
in their regulation. These findings demonstrated that BoDV-1-mediated hypoacetylation of
H3K9 may be the main mechanism by which BoDV-1 suppressed the transcription of PSD95
and BDNF.

PSD95 BDNF PUM2 VAMP2 SYN1 DRD1

Fig. 2. BoDV-1 infection inhibited the expression of H3K9 acetylation-
mediated synaptic plasticity-related genes. (A) ChIP-Seq analysis of
H3K9ac at PSD95, BDNF, PUM2, VAMP2, SYN1 and DRD1 promoters
in primary hippocampal neurons. (B-D) RT-qPCR and Western blot
analysis of differential expression of PSD95, BDNE, PUM2, VAMP2, SYN1
and DRD1 during BoDV-1 and SAHA treatment. All data are presented
as mean = SEM. Statistical analysis was performed by unpaired t-test.
*P<0.05, **P<0.01 vs. controls.

SAHA does not inhibit the proliferation of BoDV-1 and rescues the BoDV-1-induced

reduction of H3K9 acetylation

To explore whether SAHA could affect the replication of BoDV-1, we used T-705, a
virus-inhibiting drug, as a positive control and observed the effect of SAHA on BoDV-1 by
immunofluorescence and RT-qPCR experiments (Fig. 3A-B). The results showed that the
number of virus copies in neurons treated with T-705 was significantly reduced (55.45% of
BoDV-1 group, P<0.01), whereas the virus numbers in the control and SAHA-treated neurons
were normal. This shows that SAHA does not interfere with the replication of BoDV-1 and
that T-705 can significantly inhibit viral replication. In addition, we also observed the effects
of SAHA and T-705 on H3K9 acetylation levels in BoDV-1-infected neurons (Fig. 3C). Western
blots showed that SAHA significantly increased H3K9 acetylation levels (181.76% of BoDV-1
group, P<0.01) compared to the T-705-treated group (154.88% of BoDV-1 group, P<0.01).
These results suggest that SAHA counteracts the damaging effects of BoDV-1 on synaptic
plasticity by altering the level of H3K9 acetylation, rather than by inhibiting viral replication.

BoDV-1 infection impairs spatial learning in rats

To determine the effects of BoDV-1 and SAHA on spatial learning and memory, rats
were subjected to a Morris water maze test (Fig. 4A-B). In the visible platform test, the three
groups had similar escape latency (CON: 70.57 + 4.94, BoDV-1: 73.14 + 4.81 and SAHA: 69.29
+4.14s, P>0.05) (Fig. 4C), indicating that there was no motor or vision dysfunction in BoDV-
1 or SAHA rats.

In the hidden platform test from day 2 to day 5, the escape latency was significantly
longer for the BoDV-1 rats compared with the control group (71.45 + 3.00 vs. 50.84 * 4.49s
onday 2,63.41 + 4.06 vs. 31.63 + 3.52s on day 3 and 55.79 + 4.03 vs. 26.61 * 2.42s on day 4,
50.16 £ 4.19vs.22.34 £ 2.70s on day 5, P<0.01), and SAHA treatment significantly shortened
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Fig. 3. SAHA does not inhibit the
proliferation of BoDV-1 and rescues
BoDV-1-reduced H3K9 acetylation. (A)
BoDV-1 infection was measured by IFA.
BoDV-1 P40 was detected with a primary
monoclonal antibody (red), nuclei were
stained with DAPI (blue), merged image
(scale bars: 50 um). (B) RT-qPCR detection
of P40 gene expression. (C) Western blot
detection of acetylated H3K9. GAPDH
was used as a loading control. All data are
presented as the mean * SEM. Statistical
significance was determined using the
unpaired t-test. **P<0.01 vs. controls.
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Fig. 4. BoDV-1 infection impairs spatial
learning in rats and SAHA treatment
recovers cognitive ability. (A) Animal
experiment process design. (B-F) Morris
water maze test. (C) In the visible platform
tests, the latency of escape onto the
platform. (D) In the hidden platform test,
the escape latency on the 2", 31, 4* and
5% day. (E) The tracking of rats activity
during the 90 s trial on the 5" day. (F) In
the probe trial, the crossing times of the
target quadrant. All data are presented as
mean + SEM (14 rats per group). Statistical
analysis was performed by one-way
ANOVA. *P<0.05, **P<0.01 vs. controls.

the escape latency induced by BoDV-1 (54.75+3.10 vs. 71.45 + 3.00s on day 2, 42.51 + 4.33
vs.63.41 + 4.06s on day 3 and 34.89 +4.78vs. 55.79 + 4.03son day 4, 29.79 + 2.76 vs. 50.16 *
4.19s on day 5, P<0.05) (Fig. 4D). Traces of the movement of rats during the hidden platform
test are presented in Fig. 4E. In the probe trial on the last day of testing, BoDV-1 infection
resulted in fewer crosses of the target quadrant (4.14 £ 0.38 vs.6.50 + 0.62s,P<0.05). However,
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SAHA treatment improved the
performance (6.79 * 0.65 vs. 4.14
+ 0.38s, P<0.05) (Fig. 4F).

These results demonstrated
that BoDV-1 infection significantly
impaired cognitive function but
SAHA rescued this impaired
cognitive ability.

BoDV-1 infection decreases

histone acetylation of H3K9

and affects synaptic protein

expression in rats

Inordertoconfirmtheinfection
of BoDV-1 in the rat hippocampus,
immunofluorescence assay was
used for detection (Fig. 5A). Then,
to confirm the effect of BoDV-1
infection on acetylation in vivo,
we extracted proteins of rat
hippocampus for Western blot
analysis. BoDV-1 infection led to
a significant decrease of H3K9ac
(44.61% of control, P<0.01)
(Fig. 5B-C), consistent with our
previous findings in vitro. In
addition, SAHA treatment induced
anincrease of acetylation on H3K9.
We next examined the expression
of key proteins related to synaptic
plasticity. BoDV-1 infection
significantly decreased PSD95
(78.49% of control, P<0.01) and
BDNF (67.23% of control, P<0.01)
expressioninrats. SAHA treatment
effectively restored the expression
in the BoDV-1-infected rats (Fig.
5D-E). These results suggest that
BoDV-1-induced H3K9 acetylation
defect led to synaptic plasticity
damage in vivo.

BoDV-1  infection  caused
abnormalities of synaptic
plasticity in rats
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Fig. 5. BoDV-1 infection decreases H3K9ac and affects synaptic
protein expression in rats hippocampus. SAHA treatment
restores BoDV-1-induced changes. (A) BoDV-1 infection
was measured by IFA. BoDV-1 P24 detected with a primary
monoclonal antibody (green), BoDV-1 P40 detected with
a primary monoclonal antibody (red), Nuclei stained with
DAPI (blue), merged image. (B) Levels of histone acetylation
were evaluated by Western blots for H2, H3, and H4. (C)
Quantification of histone acetylation levels. (D) Western blot
analysis of differential expression of PSD95, BDNF PUM2,
VAMP2, SYN1 and DRD1. (E) Quantification of synaptic protein
expression levels. GAPDH was used as a loading control. All
data are presented as mean * SEM. Statistical analysis was
performed by unpaired t-test. *P<0.05, **P<0.01 vs. controls.

To examine the effect of BoDV-1 on synaptic plasticity, the number of dendritic
branches and neuronal spine density were examined by using Golgi staining. As shown in
Fig. 6, the mean number of dendritic branches and neuronal dendritic spine density were
sharply decreased in the hippocampus of the BoDV-1 group rats compared with those in
normal control rats (P<0.05, P<0.01). SAHA treatment significantly increased the number
of dendritic branches and the neuronal spine density compared with those in the BoDV-1
group (P<0.05, P<0.01). These findings suggest that BoDV-1 infection caused the structural
damage of synaptic plasticity and the effect can be reversed by HDAC inhibition.
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Fig. 6. BoDV-1 infection caused [&
abnormalities of synaptic plasticity £
in rats and SAHA treatment make it
back to normal. (A) Representative
Golgi-impregnated images of the
hippocampal region (scale bar:
500 pum). (B, C) Sholl analysis and
quantification of the number of
dendritic branches (scale bar: 50
um). (D, E) Representative Golgi
staining image (scale bar: 10 pm)
and quantification of the dendritic
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Fig. 7. SAHA rescues the BoDV-1-induced impairment of LTP in CAlof the hippocampus. Representative
fEPSP traces (A) and plots of the normalized slopes (B) of the fEPSP 5 min before and 55 min after HFS
delivery. (C) The bar graphs of the average percentage changes in the fEPSP slope 50-60 min after HFS
delivery. All data are presented as mean + SEM. Statistical analysis was performed by One-way ANOVA. **P
<0.01 vs. controls (n = 6-8 slices from 5 different rats).

BoDV-1 infection impaired hippocampal CA1 LTP and SAHA rescued the impairment in

rats

Hippocampal Long-term potentiation (LTP) is a well-characterized form of synaptic
plasticity, and plays a critical role in learning and memory [32]. We detected the influence of
BoDV-1 and SAHA on LTP in rats. As shown in Fig. 7, HFS induced a reliable LTP in the control
rats (CON: n=8, 159.1+7.6%), whereas the LTP was significantly impaired in the slices from
BoDV-1 treated mice (BoDV-1: n=6, 133.9+6.4%, P<0.01). As expected, SAHA treatment
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rescued BoDV-1-induced LTP impairment (SAHA: n=7, 155.2+7.3%, P<0.01). These results
indicate that BoDV-1 treatment impaired hippocampal CA1 LTP, and SAHA significantly
rescued the impairment.

Discussion

Neonatal BoDV-1 infection results in hippocampal alterations and memory dysfunction.
Modification of histone acetylation has been implicated in various cognitive processes and
multiple neurological disorders [33]. Histone acetylation at lysine residues by HATs causes
the remodeling of chromatin structure to an “open” state that promotes gene expression; in
contrast, histone deacetylation by HDACs is often associated with transcriptional repression
[34, 35]. Although there have been extensive studies on BoDV-1-driven pathophysiology,
the effect of BoDV-1 infection on chromosome plasticity and histone modification remains
elusive.

In this study, we found that BoDV-1 infection significantly reduced the level of H3K9
acetylation in primary cultures of hippocampal neurons and in BoDV-1-infected rats. A
previous study revealed that environmental enrichment significantly increased the levels of
acetyl-H3K9 in the hippocampus and cortex of CK-p25 rats, and caused enhanced learning
and memory [36]. In addition, in a model of iron-induced memory impairment, levels of
H3K9 acetylation were significantly reduced in the hippocampus of rats with neonatal iron
overload, but there were no changes in the acetylation levels of H3K14ac, H4K5ac, and
H4K12ac [37]. A recent study has also shown that suppressed gene expression and impaired
memory are related to the downregulation of histone acetylation of H3K9 and H3K14 [38].
H3KO is likely to be a target of HDAC1 or 3, which play crucial roles as negative regulators
of long-term memory [39]. Our study shows that BoDV-1 infection causes abnormal H3K9
acetylation and memory impairment.

Using ChIP-seq analysis, we found a causative link between H3K9 acetylation deficits and
the downregulation of BDNF and PSD95 in BoDV-1-infected neurons. The mRNA and protein
levels of BDNF and PSD95 were down-regulated in BoDV-1-infected SD rats. Inhibition of
HADC by SAHA treatment rescued the BoDV-1-induced abnormalities in H3K9 acetylation
and gene expression. SAHA didn’t inhibit the replication of the virus. This also indicates that
BoDV-1 causes synaptic plasticity-related damage through abnormal acetylation.

It is well known that BDNF and PSD95 are closely related to memory formation and
synaptic plasticity. BDNF is a member of a family of neurotrophic factors critically involved
in regulating the survival and differentiation of neurons [40], and in increasing dendritic
spine density in an ERK-dependent manner [41]. Moreover, hippocampal-specific deletion
of the BDNF gene impairs novel object recognition and spatial learning in the water maze
[42]. PSD95 is expressed in the hippocampus and prefrontal cortex and plays a key role in
controlling both synaptic strength [43, 44] and synaptic plasticity at excitatory synapses
[45]. Decreased levels of PSD95 can lead to the disruption of synaptic structures [46] and
neuronal apoptosis [47]. BDNF and PSD95 are regulated by H3K9ac. In rat hippocampal
cultures, the HDAC-inhibitor, TSA, increases H3K9 histone acetylation, promotes BDNF exon
[ transcription, and rescues age-dependent decline in hippocampal LTP and BDNF gene
expression [48].

Finally, Morris water maze testing showed that BoDV-1 caused spatial memory
impairment. We discovered that the mean dendritic spine density and the number of
dendritic branches were sharply decreased in the hippocampus of BoDV-1 group rats. In
addition, electrophysiological tests showed that BoDV-1 infection reduced the induction of
LTP in the hippocampus and impaired synaptic plasticity. However, treatment with SAHA
attenuated these negative effects of BoDV-1. These findings further demonstrate that the
regulation of H3K9 histone acetylation may play important roles in BoDV-1-induced spatial
memory impairment, whereas an HDAC inhibitor may confer protection against BoDV-1-
induced impairments in spatial memory and hippocampal functions (Fig. 8). An abnormal
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BoDV-1-induced H3K9 acetylation level
may impair synaptic plasticity through
PSD95 and BDNE thereby damaging
memory formation.

In conclusion, abnormal BoDV-1-
induced H3K9 acetylation levels may
impair synaptic plasticity through PSD95
and BDNF, thereby damaging memory
formation. Our study reveals a novel
mechanism by which BoDV-1 infection
causes cognitive impairments from the
perspective of histone modification.
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