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Microglial histone deacetylase 2
is dispensable for functional and
histological outcomes in a mouse
model of traumatic brain injury
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Abstract

The Class-| histone deacetylases (HDACs) mediate microglial inflammation and neurological dysfunction after traumatic
brain injury (TBI). However, whether the individual Class-l HDACs play an indispensable role in TBI pathogenesis
remains elusive. HDAC2 has been shown to upregulate pro-inflammatory genes in myeloid cells under brain injuries
such as intracerebral hemorrhage, thereby worsening outcomes. Thus, we hypothesized that HDAC2 drives microglia
toward a pro-inflammatory neurotoxic phenotype in a murine model of controlled cortical impact (CCl). Our results
revealed that HDAC2 expression was highly induced in CD16/CD32" pro-inflammatory microglia 3 and 7d after TBI.
Surprisingly, microglia-targeted HDAC2 knockout (HDAC2 miKO) mice failed to demonstrate a beneficial phenotype
after CCI/TBI compared to their wild-type (WT) littermates. HDAC2 miKO mice exhibited comparable levels of grey
and white matter injury, efferocytosis, and sensorimotor and cognitive deficits after CCI/TBl as WT mice. RNA
sequencing of isolated microglia 3d after CCI/TBI indicated the elevation of a panel of pro-inflammatory cytokines/
chemokines in HDAC2 miKO mice over WT mice, and flow cytometry showed further elevated brain infiltration of
neutrophils and B cells in HDAC2 miKO mice. Together, this study does not support a detrimental role for HDAC2 in
microglial responses after TBI and calls for investigation into alternative mechanisms.
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Introduction

Traumatic brain injury (TBI) is a leading cause of

death and disability among young adults, posing a
global common public health challenge." However,
effective therapy for reducing brain injury and improv-
ing neurological recovery after TBI does not exist.
Histone deacetylases (HDACs) are transcriptional
cofactors that suppress gene transcription by reducing
histone deacetylation, thereby regulating various phys-
iological and pathological cellular processes in the
central nervous system (CNS).? In recent years, accu-
mulated data have demonstrated the potential neuro-
protective effects of HDAC inhibitors, identifying them
as a potential therapeutic approach for treating
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traumatic CNS injuries. Class I inhibitors, including
valproic acid and scriptaid, attenuate neuroinflamma-
tion and improve neurological functions post-TBIL.**
However, the specific HDAC isoform(s) and cell
type(s) responsible for the negative outcomes remain
unknown because of the systemic administration and
pan-target nature of HDAC inhibitors. This knowl-
edge gap has hindered the progress in developing pre-
cise and effective therapeutic strategies for TBI.
Acute primary mechanical brain injury triggers a
cascade of secondary responses that expand the brain
lesion size during the sub-acute and late stages of
TBL.>® Additionally, neuroinflammation drives the
progression of secondary brain injury.”® Microglia,
the brain-resident immune cells, are essential mediators
in post-TBI neuroinflammation.® They exhibit high
heterogeneity and play diverse roles in injury response.
They can adopt a pro-inflammation phenotype, releas-
ing pro-inflammatory cytokines that exacerbate brain
destruction or transform into anti-inflammatory phe-
notypes, releasing inflammation-resolving cytokines,
and increasing phagocytic activity for brain reconstruc-
tion. Unlike pro-inflammatory microglia that are con-
tinuously activated, anti-inflammatory microglia are
transiently activated and gradually diminish a few
days after TBL.*’ Thus, prolonging the accumulation
of the beneficial microglial phenotypes may represent a
novel potential therapeutic approach for limiting brain
injury.'® Within the class I HDAC family, HDAC1 and
HDAC?2 demonstrate the highest similarity, sharing up
to 83% amino acid identity.!" Both HDACI and
HDAC2 are the most abundant Class I HDACs
expressed in microglia and are upregulated in pro-
inflammatory responses induced by lipopolysaccharide
(LPS).'? Inhibition of HDACI leads to increased levels
of ROS and inflammatory cytokines in ischemic
stroke.'® Recently, HDAC2 was identified as a poten-
tial regulator of immune cell phenotypes. In a mouse
model of intracerebral hemorrhage, HDAC2 knock-
out, selectively in myeloid cells, alleviated pro-
inflammatory response by shifting them towards the
anti-inflammatory phenotype.'* In in vitro culture of
macrophages, HDAC2 knockdown attenuated LPS-
induced production of pro-inflammatory cytokines by
creating a nuclear receptor corepressor through an
enhanced c-Jun signaling network.'> However, the
role of HDAC2 in modulating the inflammatory
response appears to be multifaceted and contentious.
An alternative study has shown that HDAC2 knock-
down increased plasminogen activator inhibitor-1
(PAI-1) gene transcription in the RAW264.7 macro-
phage «cell line by promoting deoxyribonucleic
acid-binding of c-Jun to the PAI-1promotor, leading
to elevated pro-inflammatory cytokines expression.'®
Increased HDAC?2 expression has been reported in

the brain post-TBI.'”"' However, our understanding
of the precise role of HDAC2 in the neuroinflamma-
tory response to TBI and the specific cell type(s)
responsible for TBI outcomes remains limited. The
relative contributions of microglia and blood
monocyte-derived macrophages in TBI-induced neuro-
inflammation pathology have not been fully elucidated,
partly because of the lake of cell-specific tools to dis-
tinguish between active microglia and monocyte-
derived macrophages, which share common markers
and are both present in the post-TBI brain.?* >

This study aimed to explore the relationship between
HDAC?2 and the microglial responses after TBI. Our
data demonstrated elevated HDAC2 expression in
pro-inflammatory microglia in the post-TBI brain.
Utilizing a novel HDAC2 knockout mouse model
that exclusively ablated HDAC2 in microglia, we
observed a pro-inflammatory milieu in the HDAC2
knockout brain after TBI instead of an improved
inflammation resolution. The short-term aggravated
neuroinflammation in HDAC2 knockout mice was
insufficient to exacerbate long-term gray or white
matter injury and sensorimotor dysfunction after TBI.

Material and methods

For further methodological details on the CCI
model, neurobehavioral tests, immunohistochemistry,
Real-time polymerase chain reaction, and compound
action potentials (CAPs) measurements, please consult
the Additional file 1: Supplementary Methods. Key
resources that are essential to reproduce the results
are provided in Additional file 1: Table S1.

Animals

All animal procedures were approved by the Animal
Care and Use Committee of Shanghai Medical College,
Fudan University (approval number: 2018-JS-003),
and performed following the National Institutes of
Health Guide for Care and Use of Laboratory
Animals.*® Animal data are reported in accordance
with ARRIVE guidelines.* All mice were housed in a
specific pathogen-free facility with a 12-h light/dark
cycle. Food and water were available ad libitum.
HDAC2"*F mice were generated by the Shanghai
Model Organisms Center, Inc. Targeting of Hdac2 was
achieved by introducing LoxP sites upstream and
downstream of exon 3 through homologous recombi-
nation (Figure 2(a)). Microglia-specific HDAC2
knockout (HDAC2 miKO) mice were obtained by
crossing the CX3CRIC™ER mijce?® and HDAC2M*F
mice for two generations. To induce gene deletion,
HDAC2 miKO mice (genotype: Cx3crl<eERM
Hdac2"*70%) received intraperitoneal injections of
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tamoxifen (75mg/kg daily for Sdays). Homozygous
HDAC2"*" mice served as age- and sex-matched
wild-type (WT) control mice for the HDAC2 miKO
mice and received the same tamoxifen treatments.
Mice were subjected to TBI 30days after tamoxifen
treatments. Both the homozygous HDAC2"*" mice
and HDAC2 miKO mice were viable, fertile, and did
not exhibit any gross physical or behavioral abnormal-
ities. Adult male mice at 12-16 weeks of age (20-30 g
body weight) were used in this study. Experimental
group assignments were randomized with a lottery-
drawing box. Surgeries and all outcome assessments
were performed by investigators blinded to mouse
genotype and experimental group assignment whenever
possible. A total of 130 WT and 111 HDAC2 miKO
mice were used in this study. Only those animals that
died during or shortly after the controlled cortical
impact surgery (4 WT and 2 HDAC2 miKO mice)
were excluded from subsequent analyses. Detailed
information on animals for timepoint and outcomes
measurements are listed in Additional file 1: Table S2.

Traumatic brain injury model

TBI was induced in mice by controlled cortical impact
(CCI) to the right brain hemisphere as previously
described.” Details and procedures are described in
the Additional file 1.

Neurobehavioral tests

The body curl, hanging wire, adhesive removal, foot
fault, and Morris water maze test were performed as
previously described.** 27 to assess neurological func-
tions before and up to 28 days after TBI.

Flow cytometry and
fluorescence-activated single—cell
sorting (FACS)

Mice were deeply anesthetized and transcardially per-
fused with ice-cold Hank’s balanced salt solution, and
the ipsilesional and non-injured contralesional cerebral
hemispheres were harvested. Single-cell suspensions
were prepared from the mouse brain using a Miltenyi
Neural Tissue Dissociation Kit and gentleMACS Octo
Dissociator with Heaters according to the manufac-
turer’s instructions and as we described previously.?®
Suspensions were passed through a 70 um cell strainer
and fractionated on a 30% and 70% Percoll gradient at
800 x g for 30 min to remove myelin and cell debris.
Mononuclear cells at the interface were collected,
resuspended at 1 x 107 cells per mL, and stained with
fluorophore-conjugated antibodies for 30 min at 4°C in
the dark. Flow cytometry was performed using a BD

LSRFortessaCell Analyzer driven by the FACSDiva
software. FACS was performed using a BD
FACSAria sorter driven by the FACSDiva software.
Fluorescence compensation was performed using
single-stained OneComp eBeads according to the man-
ufacturer’s instructions. Data were analyzed using the
FlowJo software to quantify positively stained cells.

RNA sequencing and data analysis

FACS-sorted microglia were sent to Shanghai Megiddo
Biological Pharmaceutical Co., Ltd. For RNA
sequencing. Quality control assessment was performed
on the Fastq files using FastQC and low-quality
sequences were removed using Trim-Galore!. Readers
were aligned to the to the UCSC mm10 mouse refer-
ence genome using HISAT2.?’ Samtools was used to
sort and index the aligned reads. After that, HTseq>"
was used to quantify the annotate reads in each sample.
The R package DESeq2?' was used to transform and
normalize the counts. Counts were then processed
using the function removeBatchEffect in the R package
limma.* Principal component analysis was visualized on
these processed normalized counts. All heatmaps were
generated using the R package ComplexHeatmap®>.
Differentially expressed genes (DEGs) were defined as
genes with a [logy(fold change)| >0.58 and Benjamini-
Hochberg adjusted p-value <0.05. Volcano plots of
DEGs were generated wusing the R package
EnhancedVolcano. Additional gene ontology (GO)
enrichment analysis was performed using R package
clusterProfiler.** “MI-like genes” or “M2-like genes”
sets were identified based on the upregulated or down-
regulated genes in WT TBI versus WT sham that over-
lapped with respective DEGs that were acquired using
GEO2R from either LPS&IFN-y-stimulated bone
marrow-derived macrophages (BMDMs) versus control
or IL-4-stimulated BMDMSs vs. control in a public data-
set (GSE69607).

Statistical analysis

Data are presented as mean =+ standard deviation (SD).
Individual data points are plotted where applicable.
The Kolmogorov-Smirnov normality test was initially
performed on all datasets. Statistical comparisons
between two groups were accomplished by the
Student’s t-test (for normally distributed data) or
Mann—Whitney U test (for non-normally distributed
data). Differences in means among multiple groups
were analyzed by one or two-way ANOVA followed
by the Bonferroni/Dunn post hoc correction. Pearson
product linear regression analysis was employed to
establish correlations between histological parameters
and neurobehavioral functions. A p-value less than
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0.05 was deemed statistically significant, and all testing  Our results were consistent with those of previous stud-
was two-tailed. ies, demonstrating that HDAC2 is predominantly
observed in the cerebrum and brain stem, with minimal
expression in fiber tracts in homeostatic and post-TBI
brains (Figure 1(a)). However, the specific cell types

HDAC2 is widely distributed in CNS cells and responsible for the upregulation of HDAC2 expression

elevated in pro-inflammatory microglia after TBI in the post-TBI brain e mi‘lms.unknown' To examine
the temporal cellular distribution of HDAC2 expres-

Previous studies have broadly reported TBI-induced sion, we performed dual immunostaining for HDAC2
HDAC?2 protein upregulation in the brain tissue.'” ' and markers for various cell types, including NeuN

Results
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Figure 1. HDAC2 was elevated in pro-inflammatory microglia 3 and 7 days after TBI. (a) HDAC2 immunostaining in the ipsilesional
brain hemisphere. The dashed line represents the TBI boundary, and white rectangles indicate the perilesional cortex and thalamus
where (b) and (c) were captured. (b—f) Triple immunostaining of HDAC2 with Ibal and CD16/32 was performed on sham and |, 3, and
7 days post-TBI brain. (b) Representative images were captured from the peri-lesion cortex, illustrating triple immunostaining of
Ibal *CD16/32"HDAC2" cells. The fourth column shows 3 D-rendered images using Imaris. (c) Representative images captured from
the peri-lesion cortex and thalamus on sham and |, 3, and 7 days after TBI. Arrowhead: HDAC2 co-localized with CD16/32 and Ibal.
(d—e) The number of Ibal TCD16/32"HDAC2™" cells was counted in the cortex (d) and thalamus (e). (f) Dot plots illustrated HDAC2 and
CD16/32 intensity in each Ibal™ cell in the peri-lesion cortex. n = 5-6 mice per group. (g) FACS gating strategy of brain microglia
(CDI1b"CD45™) and (h) Quantitative PCR was performed 3 days after TBI on FACS-sorted microglia to assess the Hdac2 mRNA level
in the contralesional and ipsilesional microglia. n=>5 mice per group. Shown are the mean £ SD. *p < 0.05, *p < 0.01, **p < 0.001.
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(a neuronal marker), CD31 (an endothelial cell
marker), GFAP (an astrocyte marker), and Ibal (a
microglial marker). We discovered that HDAC?2 is
highly expressed in NeuN™ neurons before and after
TBI. In the homeostasis brain, over 95% of neurons
expressed HDAC2 (95.72+£2.94% in the cortex and
98.68 £1.46% in the thalamus). The percentages of
NeuN*HDAC2" cells remained unchanged in the
perilesional cortex and thalamus after TBI
(Supplementary Figure 1). However, the number of
NeuN*HDAC2" neurons significantly decreased
(Supplementary Figure 1(c)), which can be attributed
to TBI-induced neuronal loss. In contrast, HDAC2
expression was relatively low in CD31" endothelial
cells (approximately 18.3%), both the number and per-
centage of CD31"THDAC2" endothelial cells remained
unchanged before and after TBI (Supplementary
Figure 2). Unlike the sham group, TBI triggered dra-
matic activation of astrocytes and microglia in the TBI
group (Supplementary Figures 3 and 4). The percent-
age of GFAPTHDAC2" astrocytes or Ibal "THDAC2"
microglia increased on day 3 but decreased on day 7
after TBI. However, the absolute number of
GFAPTHDAC2" astrocytes and IbatHDAC2" micro-
glia significantly increased and remained highly
expressed (Supplementary Figures 3 and 4). Overall,
these findings indicated that TBI upregulates HDAC2
expression in neuroglial cells during the early stages of
injury.

Microglia, known for their high functional hetero-
geneity, play a crucial role in neuroinflammation fol-
lowing TBI. We then assessed the phenotype of the
HDAC2" microglia using triple-immunostaining of
HDAC2, Ibal, and a pro-inflammatory marker
CD16/32 (Figure 1(b)).*> In the non-injured sham
brain hemisphere, Ibal* microglia displayed a ramified
morphology with no detectable CDI16/32"  cells.
However, in the ipsilesional hemisphere, Ibal™ microglia
exhibited an amoebic morphology, and a significant
increase in Ibal "CD16/32" microglia was observed from
3 days post-TBI, persisting up to 7 days (Figure 1(c)). The
perilesional cortex, the most vulnerable region to TBI
damage, showed a substantial elevation in Ibal"CD16/
327 /HDAC2" pro-inflammatory microglia from day 3
to day 7 (Figure 1(d)). A similar pattern was observed in
the thalamus, a brain region distant from the initial
impact site, where Ibal*CD16/32" /HDAC2" microglia
elevation was observed after 7days, albeit to a lesser
extent than that in the cortex (Figure 1(e)). We further
analyzed the mean fluorescence intensity of CD16/32
and HDAC?2 in each Ibal™ microglia before and after
TBI. This analysis revealed widespread expression of
Ibal"CD16/32" pro-inflammatory microglia from day
3 post-TBI to day 7 (Figure 1(f)). We purified microglia
(CD11b"CD45™) to further confirm HDAC2

upregulation in microglia, using fluorescence-activated
cell sorting (FACS) 3days post-TBI (Figure 1(g)) fol-
lowed by quantitative polymerase chain reaction
(PCR) analysis. The results revealed a 7.1-fold increase
in Hdac2 messenger ribonucleic acid (mRNA) expres-
sion in microglia (Figure 1(h)). These findings suggest
that the upregulation of HDAC2 expression in microglia
during the early stages post-TBI is associated with their
pro-inflammatory phenotype.

Construction and characterization of microglia-
specific HDAC2 knockout mice

To investigate the role of microglial HDAC?2 in neuro-
logical recovery after TBI, we generated conditional
HDAC?2 knockout mice (HDAC2 miKO) using the
CreER-LoxP system (Figure 2(a)). This system allows
for the selective deletion of HDAC?2 at a specific time
and a specific cell type. We employed a mating strategy
between HDAC2M*" and CX3CRI1“™FR mice that
enabled us to specifically target HDAC2 depletion
s in cells expressing CX3CR1 upon tamoxifen admin-
istration. However, CX3CRI1 is expressed in microglia
and peripheral monocytes,”>*' which are both present in
the brain after TBL.>> We took advantage of the faster
turnover of peripheral monocytes compared with micro-
glia to restrict CX3CR1-Cre-mediated HDAC?2 deletion
exclusively to microglia.?® Accordingly, tamoxifen was
administered to HDAC2 miKO mice daily for 5days,
leading to the HDAC?2 deletion in all CX3CRI1" cells.
Peripheral monocytes were replenished within 30 days
through the bone marrow precursor population, where-
as the self-renewing microglial population did not under-
go replenishment during this period (Figure 2(b)).
Successful deletion of HDAC2 in microglia was con-
firmed via quantitative PCR on FACS-purified microglia
(CD11b"CD45™) and immunofluorescence staining of
Ibal and HDAC2 3days after TBI (Figure 2(c)). The
results revealed an 87.0% and 60% reduction in Hdac2
mRNA expression in microglia in the homeostatic and
3days post-TBI brain, respectively (Figure 2(d)).
Importantly, the ablation of HDAC2 did not alter the
expression of HDAC1 and HDACS3 either before or
3days after TBI (Figure 2(d)). Furthermore, immuno-
fluorescence staining performed 3days after TBI
revealed a 3.56-fold increase in the number of
HDAC2"Ibal™ cells in the TBI-treated group compared
with the sham-treated mice group, with HDAC2"Ibal™*
cells accounting for 88.24%. Among the TBI-activated
Ibal™ cells in the HDAC2 miKO mice, 16.23%
expressed HDAC2 (Figure 2(e) and (f)), confirming
the successful deletion of HDAC2 in microglia within
the HDAC2 miKO mice.

We performed Ibal immunostaining to assess the
number of microglia in the cortex, striatum, and
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Figure 2. Construction of microglia-specific HDAC2 knockout mice. (a) Generation of microglia-specific HDAC2 knockout
(HDAC2 miKO) mice. These mice have LoxP sites that flank the third exon of the Hdac2 genome, and Cx3cr| promoter regions direct
CreER recombinase expression. The Cre recombinase translocates from the cytoplasm to the nucleus upon induction with tamoxifen,
resulting in the recombination of the LoxP sites deletion of the floxed region of Hdac2. This leads to the specific knockout of HDAC2
protein in CX3CR |-expressing cells. (b) The paradigm of the knockout strategy is to restrict HDAC2 knockout exclusively in
microglia. Five days of tamoxifen treatment induces HDAC2 knockout in microglia and peripheral CX3CRI™ monocyte. After an
additional 30 days, peripheral monocytes were replenished by a new HDAC2™" progenitor. (c) The paradigm of the knockout con-
firmation by quantitative PCR and immunostaining. (d) Quantitative PCR on FACS-sorted. n =5-6 mice per group. (e—f) HDAC2
miKO mice and WT mice were subjected to TBI induced by controlled cortical impact or sham control procedures. The knockout
efficiency was evaluated 3 days after TBI through immunostaining of HDAC?2, Ibal, and NeuN. (e) Representative images obtained
from the peri-lesion cortex. The fourth column shows Ibal ™ cells rendered in 3 D using Imaris. (f) Quantification of the percentage of
Ibal "THDAC2" cells relative to total Ibal ™ cells. n=3-5 mice per group. (g) Representative images of Ibal immunostaining were
taken from a non-injured homeostatic brain in the cortex, striatum, and thalamus. (h) The number of Ibal+ was counted in HDAC2
miKO and WT groups. n =6 mice per group. (i—k) Quantitative PCR was performed to measure the content of five anti-inflammatory
factors (i), eight pro-inflammatory factors (j), and six chemokines(k) in the cortex of HDAC2 miKO and WT mice at 30 days after
Tamoxifen administration. n =4 mice per group. Shown are the mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001 as indicated. ns, no

significant difference.
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thalamus of the homeostatic brains of HDAC2 miKO
and wild-type (WT) mice (Figure 2(g)). In the cortex,
HDAC2 miKO mice showed a 27% reduction in the
number of Ibal™ microglia compared with WT mice,
whereas no significant differences were observed in the
striatum and thalamus (Figure 2(h)). To examine
whether this reduction in the microglial number influ-
enced the baseline level of inflammation in the brain,
we performed quantitative PCR on cortical tissue to
measure the expression of anti-inflammatory factors
(Figure 2(i)), pro-inflammatory factors (Figure 2(j)),
and chemokines (Figure 2(k)). None of the 19 inflam-
matory markers showed a significant difference
between HDAC2 miKO and WT mice, suggesting
that HDAC2 miKO did not alter baseline inflamma-
tion levels in the homeostatic brain. Furthermore,
HDAC2 miKO mice exhibit no behavioral abnormali-
ties in the non-injured homeostatic state (Figure 5,
between the two sham groups). In all subsequent
experiments, TBI was induced in HDAC2 miKO
mice and age- and sex-matched control WT mice
30 days after tamoxifen treatment.

HDAC2 miKO mice exhibit a more active microglia
response after TBI

Microglia are innate immune cells in the brain paren-
chyma that become activated shortly after TBI and
persist for weeks.*®*” In our study, we observed a sig-
nificant increase in the number of Ibal™ cells in the
peri-lesion cortex, striatum, and thalamus than that
in the non-injured sham brain, indicating robust
activation and proliferation of microglia after TBI
(Figure 3(c)). Activated microglia can exhibit dual phe-
notypes, either pro-inflammatory or inflammation-
resolving, which can have differential effects on brain
repair.>> To investigate whether HDAC2 modulates
microglial phenotypes after TBI, we performed immu-
nofluorescence staining for Ibal with pro-inflammatory
marker CDI16/32 and the inflammation-resolving
marker CD206 on 3 and 7days after TBI in HDAC2
miKO and WT mice (Figure 3(a) to (d)). Compared
with the non-injured sham brain, TBI induced a
robust elevation in CD16/32" and CD206" expression
in the Ibal™ microglia in the injured brain (Figure 3(b)
and (c)). We further classified the Ibal™ microglia into
four phenotypes based on the expression the of CD16/32
and CD206 (Figure 3(b)): (1) resting (Rest, Ibal"CD16/
327CD2067); (2) pro-inflammatory (Pro, IbalTCD16/
327CD2067); (3) intermediate (Int, IbalTCDI16/
32°CD206"); (4) Inflammation-resolving (Resolv,
Ibal*CD16/32~CD206™). Subsequently, we quantified
the percentage of microglia in each phenotypic category
as a percentage of the total Ibal™ cells (Figure 3(d)). The
phenotypic composition of Ibal™ cells was comparable

in the peri-lesion cortex and striatum of HDAC2 miKO
and WT mice (Figure 3(d), upper and middle four
panels). These data suggested that HDAC2 miKO was
inclined towards the beneficial microglial phenotype in
the vulnerable peri-lesion cortex and striatum. In the
ipsilesional thalamus, which was distant from the initial
cortical impact lesion, microglia in the HDAC2 miKO
mice exhibited a higher activation level. This was evident
from the dramatic decrease in “Rest” microglia and a
concurrent increase in “Pro” and “Int” phenotypes in
the HDAC2 miKO mice at 3 days after TBI (Figure 3
(d), lower left panel). At 7days after TBI, the “Pro”
phenotype was comparable between HDAC2 miKO
and WT mice in the thalamus, whereas more “Int”
and “Resolv” microglia were observed in HDAC2
miKO mice (Figure 3(d), lower right panel). In summa-
ry, our study demonstrated diverse microglial responses
in the proximal and distal regions of the lesion site at
3 and 7days post-TBI, with a more active microglial
response observed in the thalamus of HDAC2 miKO
mice.

TBI triggers immediate neuronal death through
mechanical injury and induces delayed neuronal
death through secondary injury.*®*° Microglial effero-
cytosis, the efficient clearance of dead or dying cells,
plays a crucial role in CNS diseases.*>*' To investigate
microglial efferocytosis after TBI and characterized the
temporal profile of HDAC2-deficient microglia, we
focused on the perilesional cortex and performed
immunofluorescence staining for Ibal and NeuN to
label microglia and neurons, respectively (Figure 3(e)
and (f)). In the non-injured sham brain hemisphere, rest-
ing microglia showed a ramified morphology, and the
co-localization of Ibal and NeuN was predominantly
observed in the microglial processes (Figure 3(f), upper
two panels). These findings are consistent with the role
of resting microglial in maintaining synaptic connections
through their process motility in a homeostatic
brain.*** Following TBI, we observed an increased
co-localization of Ibal and NeuN in enlarged Ibal™
microglia somata, indicating the presence of “engulf”
microglia. This suggests an enhanced phagocytic activity
of microglia in response to acute brain injury. However,
no statistical difference was observed in the occurrence
of “engulf” microglia between HDAC2 miKO and WT
mice at 3 and 7 days after TBI (Figure 3(f)), indicating
that HDAC2 miKO did not alter the phagocytic capac-
ity of microglia after TBI.

HDAC2 miKO failed to promote inflammation
resolution after TBI
Activated microglia can adopt classical “M1-like” phe-

notype, releasing cytokines such as IL-1f, IL-6, and
TNFoa, which can exacerbate brain injury.®*
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Figure 3. HDAC2 miKO exhibited an active microglial response in the distal areas from the lesion site 3 and 7 days after TBI.
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microglia was assessed at 3 and 7 days after TBI using triple immunostaining of Ibal with the pro-inflammatory marker CD16/32, and
inflammation-resolving marker CD206, respectively. (b) Triple immunostaining of Ibal, CD16/32, and CD206 in the peri-lesion cortex
illustrated proinflammatory, intermediated, and inflammation-resolving microglia phenotypes. (c) Representative images of Ibal,
CD16/32, and CD206 staining were obtained from the peri-lesion cortex, striatum, and thalamus 3 days after TBI. (d) Quantification
of CD16/32 and CD206 single-positive, double-positive, and double-negative cells is presented as the percentage of total Ibal * cells.
n=5-6 per group. (e—f) Microglial efferocytosis was examined at 3 and 7 days after TBI via dual immunostaining of Ibal and NeuN.
(e) Representative images taken from the peri-lesion cortex demonstrated interactions between microglia and neurons at 3 days after
TBI. Rectangle: 3 D-rendered images using Imaris represents in the fourth column. (f) Quantification of engulfed Ibal™ cells as a
percentage of total Ibal* cells at 3 and 7 days after TBI. n = 3—4 mice (sham) and 4-5 mice (TBI). Shown are the mean 4 SD. *p < 0.05,
#p < 0.01, **p < 0.001 as indicated. ns, no significant difference.
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Conversely, “M2-like” microglia can release anti-
inflammatory cytokines such as IL-13, and TGF-§,
which promote phagocytic activity and limit brain
injury.®** Previous studies have s revealed that
HDAC2 knockdown can suppress LPS-induced pro-
inflammatory gene transcription in macrophages
in vitro."> Microglia and macrophage-specific HDAC2
knockout can also reduce pro-inflammatory cytokines
in a mouse model of intracerebral hemorrhage.'
Considering that HDAC2 miKO leads to a heightened
microglial response after TBI, we performed bulk
RNA-sequencing on FACS-purified microglia to
explore transcriptomic changes in HDAC2 miKO
mice 3 days after TBI (Figure 4(a)). Principal compo-
nent analysis (PCA) demonstrated distinct clustering
and separation of samples between the sham and TBI
groups on PCl1, as well as between the HDAC2 miKO
and WT groups on PC2 (Figure 4(b)). This finding
suggests robust transcriptomic changes in HDAC?2
miKO and WT mice 3 days after TBI. When comparing
WT mice with TBI and non-injured sham controls, we
identified 1926 upregulated and 1090 downregulated
differentially expressed genes (DEGs; fold change-
> 0.58 or <—0.58, adjusted p-value <0.05) in microglia
(Figure 4(c), left panel). Furthermore, a comparison
between HDAC2 miKO and WT mice 3days post-
TBI revealed 148 DEGs, including 114 upregulated
and 34 downregulated genes in HDAC2 miKO mice
(Figure 4(c), right panel). Gene ontology (GO) enrich-
ment analysis of the 114 upregulated DEGs highlighted
their involvement in inflammation-related biological
processes, ranking among the top 20 GO terms
(Figure 4(d)). We further examined the expression of
“M1-like” genes and “M2-like” genes in microglia after
TBI in HDAC2 miKO and WT mice (Figure 4(e) and
(). A comparison between our database and M1/M2
markers in public databases (GSE69607) revealed that
HDAC2 miKO microglia exhibited increased expres-
sion of M1-like genes (Figure 4(e)), whereas the expres-
sion of M2-like genes (Figure 4(f)) remained
unchanged after TBI. These data suggested enhanced
pro-inflammatory responses in the HDAC2 miKO
brain during the subacute stage of TBI.

Furthermore, TBI triggers microglial activation and
the infiltration of peripheral immune cells through the
damaged blood-brain barrier (BBB).** HDAC2 miKO
mice exhibited a significant upregulation of Cd40,
Sifnl, Oasll, Isg20, Msdadc, and Cxcll compared
with WT mice at transcriptomic level 3 days after TBI
(Figure 4(e)). Among them, Cxcll acts as a CXCR2
ligand, which is required for neutrophil recruitment,*’
while Slfn1 is required for maintaining T cells in a qui-
escent state,*® and Cd40 plays a critical role in the sur-
vival of various cell types (including T cells, B cells, and
dendritic cells) under normal and inflammatory

conditions.* Would HDAC2 miKO affect peripheral
immune cell infiltration through modulating microglia
phenotype? Flow cytometry revealed a significant
increase in the number of various immune cells in the
post-TBI brain, including macrophages, dendritic cells,
neutrophils, and Iymphocytes (Figure 4(g) and
Supplementary Figure 5). HDAC2 miKO mice exhib-
ited significant recruitment of neutrophils 3 days after
TBI and T cells at 7days after TBI compared with WT
mice (Figure 4(g)). Microglia, the largest population of
immune cells in the brain, became smaller in HDAC2
miKO and WT mice compared with non-injured sham
mice (Figure 4(c)). This might be partly attributed to
CD45 upregulation during microglial activation,
leading to their classification as the “macrophage”
population. These findings suggest enhanced pro-
inflammatory responses in the HDAC2 miKO brain
during the subacute stage after TBI.

HDAC2 miKO plays a dispensable role in long-term
functional recovery after TBI

Evaluating long-term neurological functional outcomes
are crucial for assessing the overall effects of TBI.>*!
We assessed neurological deficits in HDAC2 miKO
mice over 28 days after TBI o understand how micro-
glial HDAC2 affects long-term functional recovery
after TBI. Four behavioral tests (including body curl
test, adhesive removal test, hanging wire test, and foot
fault tests) were used to evaluate the sensorimotor
functions of the mice (Figure 5(a) to (d)). Dramatic
sensorimotor deficits were detected in all four tests
within 28 days after TBI in injured mice compared
with the uninjured sham mice (Figure 5(a) to (d)).
HDAC2 miKO mice did not exhibit improvements in
the body curl, adhesive removal test, or foot fault test
compared with WT mice, either on a single test day or
throughout the entire testing period (Figure 5(a), (b)
and (d)). During the hanging wire test, HDAC2
miKO mice exhibited delayed recovery of neuromuscu-
lar strength recovery 14 days after TBI (Figure 5(c)).
The Morris water maze (MWM) test was conducted
for up to 28days after TBI to assess the effect of
microglial HDAC2 on TBI-induced cognitive deficits
(Figure 5(e)). Comparable swim speeds across all the
groups indicated similar motor functions and escaped
motivations. No significant difference was observed
between the sham control and TBI groups in the learn-
ing phase of finding the platform. However, the TBI
group had a significantly lower number of platform
crossings and spent less time in the target quadrant
(Figure 5(e)). HDAC2 miKO did not show a significant
difference compared with WT mice in the MWM test in
the learning or memory phase (Figure 5(¢)). These data
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Continued.
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suggest that HDAC2 miKO cannot improve long-term
functional deficits following TBI.

HDAC2 miKO mice showed a neutral role in
neuronal survival in the long-term phase after TBI

To assess the histological integrity of gray matter and
determine whether HDAC2 miKO mice exhibited any
improvement, we performed immunostaining for the
neuronal marker NeuN. Our findings indicated that
HDAC2 miKO mice did not prevent gross brain
tissue loss, as indicated by the comparable volumes of
tissue loss at 35days after TBI when compared with
WT mice (Figure 6(a) and (b)). Moreover, the quanti-
fication of NeuN™ surviving neurons under high mag-
nification revealed a neuronal loss in various brain
regions following TBI (Figure 6(c) to (e)).
Specifically, a 13%, 21%, 34%, and 38% loss of neu-
rons were observed in the cortex, striatum, thalamus,
and CA3 region of the hippocampus, respectively
(Figure 6(e)). However, no significant difference in
NeuN™ surviving neurons was observed between
HDAC2 miKO and WT mice in the perilesional
cortex, striatum, thalamus, or hippocampus (Figure 6
(e)). To further explore the relationship between neu-
ronal survival and motor behavioral performance, we
conducted a Pearson’s correlation coefficient analysis.
The results revealed a negative correlation between the
number of surviving neurons in the perilesional stria-
tum and the neurological score in the body curl test
(Supplementary Figure 6). These histological data sug-
gest that HDAC2 miKO failed to prevent long-term
neuronal loss after TBI.

HDAC2 miKO is insufficient to prevent TBl-induced
white matter loss

Accumulating evidence supports a positive association
between white matter integrity and TBI-induced neuro-
functional recovery after TBI.?***°* Previous studies
have demonstrated that administering class 1 HDAC
inhibitors, such as MS-275* or scriptaid*'* preserved
white matter structure and function after injury.
Whether microglial HDAC2 contributes to whiter
matter integrity remains unclear because administering
inhibitors targets multiple cell types and HDAC

isoforms. To address this issue, we investigated white
matter histological indicators and the physiological
functions of myelinated fibers in HDAC2 miKO mice
35days after TBI. Immunostaining for myelin basic
protein (MBP), a major myelin protein, and NF200,
a neuronal axon marker, was performed on brain sec-
tions from the perilesional cortex, corpus callosum
(CC), and striatum (Figure 7(a) to (d)). Our results
demonstrated that TBI induced myelin loss and
axonal damage in the cortex, CC, and striatum, as evi-
denced by reduced areas of MBP or NF200™ staining.
HDAC2 miKO mice exhibited similar levels of MBP™*
or NF200™" area loss compared with WT mice (Figure 7
(b) and (d)).

The CC is the most commonly affected white matter
structure in mild TBIL.>>**® Studies have revealed signif-
icant CC atrophy at least 6 months after initial injury in
a mouse model of repeated mild closed head injury.”’
We assessed CC thickness via immunostaining of brain
sections for MBP 35days after TBI (Supplementary
Figure 7 (a) and (b)). The CC thickness was measured
between —1400 um and 1400 um from the midline, and
our findings revealed a significant decrease in CC
thickness following TBI. Further aggravation of the
CC thickness loss was observed in HDAC2 miKO
mice, although insignificant (Supplementary Figure 7
(b)). Nerve signal transmission between brain regions
relies on white matter.’®>® We measured the evoked
compound action potentials (CAPs) in the CC
35 days after TBI to evaluate the functional consequen-
ces of CC thickness loss (Figure 7(e)). CAPs traces
exhibited two types of phase peaks: the early down-
ward peak (N1), signifying fast conduction of myelin-
ated axons, and the late downward peak (N2),
signifying slow conduction of unmyelinated axons
(Figure 7(f)).%° % Consistent with the loss of CC thick-
ness, myelin protein and neurofilament fibers after
TBI, N1 and N2 segments in HDAC2 miKO mice
exhibited reduced amplitude compared with those of
non-injured sham (Figure 7(g)). However, in HDAC2
miKO mice, no significant reduction was observed in
N1 and N2 compared with WT mice, as measured from
two distances (0.75mm and 1 mm from the stimulating
point; Figure 7(g)). Furthermore, no significant corre-
lations were observed between the N1/N2 amplitudes

Figure 4. Continued.

and PC2. (c) Volcano plots showing the identification of differentially expressed genes (DEGs) in WT TBI mice compared with WT
sham mice and HDAC2 miKO TBI mice compared with WT TBI mice. (d) Gene ontology (GO) analysis highlighting the significantly
overrepresented GO biological process terms among HDAC2 knockout-induced upregulated DEGs in TBl-insulted microglia. The top
20 terms are shown. (e—f) Heatmaps illustrating the expression profiles of DEGs in microglia from the post-TBI brain that are
significantly upregulated compared with the non-injured sham brain for Ml-like genes (e) and M2-like genes (f). (g) Quantitation of
infiltrated peripheral immune cells in the ipsilesional brain hemispheres using flow cytometry. Data are shown as the number of cells
per 1000 single cells. n =4-5 mice (sham) and 6—9 mice (TBI). Shown are the mean & SD. #p < 0.05, ##p < 0.01, ###p < 0.001 TBI vs.
sham. *p < 0.05, *p < 0.01, ¥*p < 0.001, HDAC2 miKO vs. WT. ns, no significant difference.
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Figure 5. HDAC2 miKO mice did not improve long-term recovery after TBI. Adult male HDAC2 miKO mice and WT control mice
were subjected to TBI induced by controlled cortical impact or sham control procedures. (a—d) Long-term sensorimotor deficits were
evaluated using the body curl (a), adhesive removal (b), hanging wire (c), and foot fault (d) tests. n = 10—13 mice per group. (e) Spatial
learning and memory deficits were evaluated using the Morris water maze 22-27 days after TBI. Comparable swimming speeds among
all groups indicated similar gross locomotor functions. n = 7-8 mice per group. Shown are the mean 4 SD. ##p < 0.01, ####p < 0.001
TBI vs. sham. *p < 0.05, HDAC2 miKO vs. WT. ns, no significant difference.

and behavioral measurements (Supplementary Figure 7
(c) and (d)). These data indicated that HDAC2 miKO
failed to preserve the structural and functional integrity
of the white matter after TBI.

Discussion

In this study, we investigated the role of HDAC2 in
microglia and its contribution to the pro-inflammatory
response and functional recovery following TBI. Our
findings revealed that elevated HDAC?2 levels in pro-
inflammatory microglia during the early stage of TBI.
Utilizing a novel microglia-specific HDAC2 deletion
mouse model, we observed that HDAC2 knockout
led to the transcriptomic upregulation of pro-
inflammatory genes and more active microglial

responses in the post-TBI brain rather than a shift
towards an inflammatory resolution phenotype.
Conversely, excessive neutrophils and B cells infiltrated
HDAC2 miKO post-TBI brains. Regardless of the
determinate milieu, HDAC2 miKO is insufficient to
promote neurological function recovery or prevent
gray or white matter loss. These results suggest that
microglial HDAC?2 plays a dispensable role in long-
term functional recovery after TBI.

Microglial polarization critically influences neuroin-
flammation and drives TBI outcomes. Accumulating
evidence suggests that class I HDAC inhibitors atten-
uate neuroinflammation and are potential neuroprotec-
tive treatments against TBL>*® Class I HDACs
include HDACI, 2, 3, and 8.°* However, the pan-
targeting nature of class I HDAC inhibitors makes it
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shown in (c). (e) Quantification of NeuN™ cells. n =8 mice per group. #p < 0.05, ##p < 0.01, ###p < 0.001 IL vs. CL. ns, no significant

difference.

challenging to determine the specific HDAC isoform or
cluster responsible for the detrimental outcomes
observed in certain situations. Different HDAC iso-
forms play distinct roles in inflammatory responses.
HDACS is minimally expressed in the homeostatic
brain.®> HDACI suppresses LPS-induced production
of pro-inflammatory mediators in cultured macro-
phages.®® Our previous study revealed that HDAC3
deletion in microglia mitigated neuroinflammation
and improved functional recovery after TBI.*
Herein, we aimed to evaluate the role of microglial
HDAC2 in mediating the inflammatory response
after TBI. Surprisingly, HDAC2 knockout did not

exhibit neuroprotective effects in our TBI model as
we expected. This finding suggests that HDAC2 knock-
out in microglia alone may be insufficient to counteract
the deteriorating effects of HDAC?2 in other brain cells,
such as neurons and astrocytes, in the post-TBI brain.
Neurons highly express HDAC2 in healthy and post-
TBI brains (Supplementary Figure 1). In a mouse
model of spinal cord injury, HDAC2 upregulation in
the Chx10-positive neurons negatively regulates BDNF
expression, limits synapse formation, and hinders func-
tional recovery.'” Additionally, astrocytes also show
elevated HDAC?2 expression after TBI, lasting at least
7days (Supplementary Figure 3). Elevated HDAC2
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Figure 7. HDAC2 miKO is insufficient to prevent long-term white matter injury. White matter structure and function were
examined in the ipsilesional brain hemisphere 35 days after TBI. (a) Myelin integrity was assessed using MBP-immunostaining in the
peri-lesion cortex, the corpus callosum (CC), and the striatum. The dashed line represents the boundary of CC. (b) Quantification of
MBP-immunopositive areas, expressed as a percentage of the WT sham group. n =4-6 mice (sham) and 9 mice (TBI). (c) Axonal
integrity was assessed using NF200-immunostaining in the peri-lesion cortex, CC, and striatum. The dashed line represents the
boundary of CC. (d) Quantification of NF200-immunopositive areas, expressed as a percentage of the WT sham group. n =4—6 mice
(sham) and 9 mice (TBI). (e—g) Compound action potentials (CAPs) were evoked on the CC in mouse brain slices to examine the
electrical signaling transduction. (e) Diagram illustrating electrode stimulation at CC and electrode recording at the external capsule.
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elinated fibers) components at 2000 pA stimulation. (g) Quantification of evoked NI and N2 amplitude under stimulation intensities
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expression in astrocytes has been observed in other
injury models, such as spinal nerve ligation, leading
to enhanced mechanical allodynia.®” TBI also causes
blood-barrier breakdown, allowing blood-immune
cells to infiltrate the brain parenchyma. However, we
currently lack evidence regarding the expression level
of HDAC?2 in these cells and their specific involvement
in shaping the neuroinflammatory response. Our DEG
analysis showed a significant upregulation of the tran-
scription factors STAT1 and STAT2 in HDAC2 miKO
post-TBI microglia (data not shown). The negative
effect of STAT1 and STAT2 up-regulation may elimi-
nate the protective effect of HDAC2 knockout in
microglia. This observation is consistent with previous
studies suggesting that class I HDAC may modulate
inflammatory signaling pathways by directly regulating
the transcriptional activity and acetylation levels
of transcription factors, including STATI and
STAT2.%%%° Additionally, the possibility of compensa-
tory upregulation of HDACI or HDACS3 contributing
to the non-neuroprotective effects of HDAC2 deletion
could be precluded. Both quantitative-PCR data
(Figure 2(d)) and DEG analysis (data not shown) did
not reveal any significant transcriptome changes of
HDAC1 or HDAC3 in HDAC2-deficient microglia
before or 3 days post-TBI.

Microglia and peripheral bone marrow-derived
monocytes share similarities and are present in the
brain after TBI injury, making it challenging to distin-
guish them using specific markers.””> The emerging
microglia-specific marker TMEM119 labels homeostatic
microglia; however, its expression is downregulated
under disease conditions.”®’" In this study, we employed
a tamoxifen-CX3CRI1FRT strategy to specifically
ablate HDAC2 in microglia. Although the CX3CRI
promoter is expressed by both microglia and bone
marrow-derived monocytes; however, we took advan-
tage of the distinct turnover rates of these cells.?’
Progenitors replaced bone marrow-derived monocytes,
whereas microglia remained unaffected 30days after
tamoxifen treatment. This provided an opportunity to
selectively target HDAC2 ablation in microglia while
maintaining HDAC2 expression in bone marrow-derived
monocytes replaced by progenitors (Figure 2(b)).
Monocyte-derived macrophages have been reported to
hinder functional recovery in spinal cord injury and
TBI;**"> however, whether macrophages and microglia
work independently or synergistically remains unclear.
HDAC2 in macrophages may also play an important
role in neuroinflammation following TBI. However, we
did not investigate the role of HDAC2 in monocyte-
macrophages after TBI in this study, and further investi-
gation is required in future studies. In addition, activated
microglia and monocyte-derived macrophages share
common markers such as Ibal and CD11b.”® Therefore,

using common markers, such as Ibal, for characterizing
the microglial phenotype and efferocytosis cannot exclude
the possibility of labeling macrophages.

Microglial HDAC?2 ablation resulted in a reduction
in the microglial population in the homeostatic brain
(Figure 3(f) and (g)) without any significant alterations
in the brain inflammatory environment (Figure 3(h)
to (j)) or behavioral performance (Figure 5). The
exact mechanisms underlying these changes remain
unknown. A study utilizing ITF2357, an HDAC inhib-
itor, in mice with a closed head injury showed signifi-
cant caspase-3 immunoreactivity in microglia and
macrophages at 3 days post-injury. This immunoreac-
tivity subsequently decreased, and no difference was
observed at 21 days post-injury.”* This finding suggests
that microglia and macrophages may undergo apopto-
sis as part of the post-phagocytic clearance processes,
which is enhanced in the absence of HDAC2. The
enhanced clearance of these cells via apoptosis may
have contributed to the reduced microglial numbers
following HDAC2 ablation. Another possibility is
that the absence of HDAC2 may block the prolifera-
tion of these cells,”>’® although the inhibition of micro-
glial proliferation by HDAC2 knockout was abolished
under persistent inflammatory stimuli.

TBI disrupts the integrity of the BBB, allowing the
infiltration of peripheral immune cells into the brain
parenchyma.”’ In our study, we detected a significant
infiltration of macrophages, dendritic cells, neutro-
phils, and lymphocytes 3 and 7 days after TBI (Figure
4(g)). In microglial HDAC2 ablation, we observed
higher recruitment of neutrophils and B cells in
HDAC2 miKO mice at 3days and at 7days after
TBI, respectively, compared with WT brains. Recent
studies have highlighted the role of regulatory B cells
in suppressing inflammatory responses and preventing
overstimulation of the immune system through the
secretion of anti-inflammatory cytokines, such as
TGF-B and IL-10.”® Intraparenchymal injection of
peripheral B cells significantly improved long-term
TBI-induced behavioral deficits and reduced brain
atrophy after TBL.” Further research is warranted to
more comprehensively elucidate the mechanisms
through which HDAC2-deficient microglia recruit B
cell infiltration and the role of B cells in driving
TBI-induced injury.

The current study has limitations. First, only male
mice were studied. However, sexual dimorphism has
been reported in brain structural and functional prop-
erties that could influence TBI outcomes, such as the
transcriptomic and proteomic profiles of brain micro-
vessels,**#! cerebral blood flow regulation,®” and cere-
bral perfusion reduction in response to TBL** Future
studies should evaluate female mice to fully understand
the potential impact of sex differences in
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HDAC2-mediated TBI pathophysiology. Second, the
current study used an extended pulse tamoxifen injec-
tion paradigm to knock out the HDAC?2 gene in micro-
glia selectively; therefore, the negative results reported
here could not exclude the role of macrophage-
expressing HDAC2 in TBI outcomes. Many previous
studies have indicated the contributing role of
macrophage-derived pro-inflammatory cytokines and
chemokines in secondary CNS injuries.** % We
should address the role of macrophage HDAC2 in
TBI in a future study.

In summary, this study revealed that the upregula-
tion of microglial HDAC2 expression in the post-TBI
brain might benefit the microglial response, challenging
the traditionally held notion that HDAC2 exacerbates
brain inflammation in CNS injury. However, HDAC2
knockout in microglia is insufficient to improve long-
term functional recovery.
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