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Summary

Introduction: Spinal cord injury (SCI) is a severe condition that affects between 250,000 and
500,000 people each year and for which still no effective treatment is available. This study focuses
on neuroinflammation, the main secondary process of SCI, as it aggravates the initial damage and
leads to further functional loss. Therefore, investigating new methods to suppress excessive
inflammation after SCI is of major importance. Using histone deacetylase (HDAC) inhibitors is a
promising approach to improve functional recovery after SCI. Studies demonstrate beneficial effects
of valproic acid (VPA), a class-I HDAC inhibitor, in various central nervous system injury models,
including SCI. In this research project, HDAC8 was examined to test whether this specific
class-I HDAC is responsible for the beneficial effects on SCI outcome as its inhibition has been shown
to have anti-inflammatory properties.

Methods: The phenotype of pre-polarized M1 and M2 macrophages treated with the specific HDAC8
inhibitor PCI-34051 was investigated in vitro. The role of HDAC8 in macrophage polarization was
determined using the Griess assay and by western blot in which typical M1 and M2 markers were
tested; inducible nitric oxide synthase (iNOS) and arginase-1 (Arg-1). In addition, the effect of
PCI-34051 on functional recovery in a spinal cord T-cut hemisection injury model was analyzed using
the Basso Mouse Scale (BMS). Furthermore, spinal cords were evaluated on lesion size,
demyelination, astrogliosis, immune cell infiltration, and macrophage polarization by
immunohistochemistry. In all analyses, a VPA group was included to test whether this broad-acting

HDAC inhibitor is also effective in the SCI T-cut hemisection injury model applied in this study.

Results: Western blot analysis reveals no significant differences in iINOS and Arg-1 expression.
Furthermore, PCI-34051 and VPA do not affect the production of the pro-inflammatory mediator
nitric oxide by lipopolysaccharide stimulated bone marrow-derived macrophages in vitro, as
demonstrated by the Griess assay. In addition, motor function recovery after systemic PCI-34051
and VPA administration was evaluated in vivo, but no significant differences in BMS score were
observed. Immunohistochemical analysis suggests no effect on lesion size, demyelination, and
astrogliosis and reveals no difference in immune cell infiltration into the injured spinal cord after
PCI-34051 or VPA administration. However, the specific HDACS8 inhibitor PCI-34051 was shown to

regulate macrophage phenotype in vivo.

Conclusion: We show that the specific HDAC8 inhibitor PCI-34051 and broad-acting HDAC inhibitor
VPA do not affect macrophage polarization in vitro. Furthermore, we demonstrate that PCI-34051
and VPA do not improve functional recovery after SCI using the T-cut hemisection injury model.
However, immunohistochemical analysis illustrates that PCI-34051 regulates macrophage phenotype
in vivo. In conclusion, these data reject that specific HDACS inhibition improves functional recovery
after SCI. However, additional experiments are needed to further elucidate the role of HDACS8 in

macrophage polarization and functional recovery after spinal cord trauma.

Keywords: spinal cord injury, functional recovery, neuroinflammation, macrophage polarization,
HDACS8
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1 Introduction

1.1 Spinal cord injury

Spinal cord injury (SCI) is a leading cause of disability worldwide, with an annual global incidence
between 250,000 and 500,000 patients [1-4]. While the socioeconomic burden of SCI keeps on
rising, the pathophysiology is still not entirely known and no effective treatment is available.
Furthermore, traumatic insults to the spinal cord reduce the patients’ quality of life and result in
severe and sometimes fatal impairments, including paralysis, persistent pain, and progressive
neurological damage [1-3, 5, 6]. Because of the high incidence of SCI and its enormous physical,
psychological, and socioeconomic burden on both patients and their environment, research on the

mechanisms underlying the damage to the spinal cord is of major importance [1-6].
1.1.1 Pathophysiology

The pathophysiology of SCI can be divided into two phases; a primary and a secondary injury phase.
The primary injury is caused by the mechanical trauma and results in loss of integrity of the spinal
column, leading to axonal shearing, acute hemorrhages, vasospasms, ischemia, and necrotic cell
death. The secondary injury phase, on the other hand, is characterized by neuroinflammation,
glutamate excitotoxicity, ionic disturbances, oxidative stress, apoptosis, glial scar formation, edema,
axonal destruction, and demyelination (Figure 1). Moreover, the primary insult only results in axon
disruption and post-traumatic necrosis of the damaged cells (e.g. neurons, astrocytes and
oligodendrocytes) at the lesion center. On the contrary, the subsequent secondary processes cause
additional cell loss in regions initially unaffected by the traumatic insult, resulting in further

neurological dysfunction and functional impairment [3-9].

The failure of repair after SCI and poor disease outcome are mainly due to the excessive
inflammatory response, the limited regeneration capacity of the adult central nervous system (CNS),
and glial scar formation, which further complicate the replacement of lost neurons and repair of

damaged axons [3].

This research project focuses on neuroinflammation as it is the primary contributor among all
secondary processes and aggravates the initial damage, leading to further functional loss [5, 7].
Moreover, the severity of inflammation after SCI is an important determining factor of the patient’s
outcome [5, 10]. Because of the critical role of neuroinflammation in the SCI pathogenesis, targeting
this inflammatory process is a promising treatment strategy to improve functional recovery after
spinal cord trauma [3, 7, 9, 10]. Therefore, this neuroinflammatory response will be discussed in

further detail in the next section.
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Figure 1 Spinal cord injury (SCI) pathophysiology. An SCI can be divided into a primary and secondary
injury phase. The primary injury, caused by the mechanical trauma, is marked by ischemia, vasospasms, acute
hemorrhages, axonal shearing and necrotic cell death. The secondary injury phase is characterized by
neuroinflammation, glutamate excitotoxicity, oxidative stress, apoptosis, glial scar formation, central cavitation,
edema, axonal destruction, and demyelination (Modified from [8]).

1.1.2 Neuroinflammation

Neuroinflammation is defined as an inflammatory response elicited within the CNS. This inflammatory
process is mediated by the production of various pro-inflammatory agents, including cytokines
(e.g. interleukin (IL)-1B, IL-6 and tumor necrosis factor (TNF)-a), chemokines (e.g. C-C motif
chemokine ligand (CCL) 2), second messengers (e.g. nitric oxide (NO)) and reactive oxygen species
by peripherally derived immune cells, endothelial cells, and CNS resident glial cells [5, 7-10]. The
role of neuroinflammation after SCI is still under debate as multiple studies have suggested a dual
role for this inflammatory response in CNS regeneration [3, 5, 7, 9-11]. This section summarizes the

current knowledge about this complex process.

After SCI, blood-spinal cord barrier (BSCB) and blood vessel disruption result in an infiltration of
inflammatory mediators into the tissue parenchyma, an increase in the expression of leukocyte
adhesion molecules on the endothelial surface, and damage-associated molecular pattern (DAMP)
induced production of chemoattractants by tissue cells. Microglia, resident CNS macrophages, are
the first cell type to respond to traumatic injury. After a mechanical insult, microglia become activated
and migrate to the lesion site where they eliminate tissue debris and secrete inflammatory mediators

(e.g. TNF and IL-1) to activate and recruit other immune cells to the injury site [3, 5, 7, 9, 10, 12].



Neutrophils are the first leukocyte type to respond to tissue damage and are recruited to the lesion
site by both activated endothelial cell signaling and microglial mediator release [3, 5, 7, 9]. They
initiate the clearance of tissue debris by phagocytosis, a process to which macrophages also highly
contribute [9, 11, 12]. Neutrophils infiltrate into the lesion within hours to days after the mechanical
insult and are entirely cleared from the injured area within one week post-injury. Monocyte-derived
macrophages accumulate within the lesion site around day 3-7 post-injury, followed by lymphocyte
entry. Once macrophages and lymphocytes have infiltrated the injured area, they continue to reside
at the lesion site long after the acute effects of the injury have dissipated (Figure 2). Accordingly,
the acute period of inflammation is mediated by neutrophils, while the secondary phase is driven by

macrophages and lymphocytes [7, 10, 11].
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Figure 2 Immune cell infiltration into the injured spinal cord. Microglia are the first cell type to respond to
spinal cord trauma, followed by neutrophils, which invade the lesion site within hours to days after the insult.
Monocyte-derived macrophages infiltrate the damaged cord around day 3-7 post-injury, followed by lymphocyte
entry (Modified from [11]).

The infiltration of immune cells into the lesion site in turn initiates alterations in the spinal cord
microenvironment and aggravates the inflammatory response [5, 7-10]. Activated neutrophils, for
instance, release a vast amount of proteolytic enzymes, including elastase and matrix
metalloproteinases (MMPs), leading to further endothelial damage and leukocyte migration to the
injured area [9, 11]. Additionally, activated macrophages and neutrophils secrete large amounts of
cytokines, chemokines, and free radicals, thereby contributing to neuron, astrocyte and
oligodendrocyte loss [5, 7-11]. The death of oligodendrocytes causes demyelination of the spared
axons, negatively influences neuronal survival, and disrupts the transmission of action potentials [5,
8, 13]. Astrocytes, the primary support cells of the CNS, are involved in the secretion of neurotrophic
factors, including nerve growth factor (NGF), and the removal of the excitatory neurotransmitter
glutamate. Therefore, astrocyte loss may result in glutamate excitotoxicity and have a negative effect
on neuronal cell viability [13-15]. This way, macrophages and neutrophils contribute to further tissue
destruction and the additional loss of neuronal and glial cells, ultimately resulting in lesion expansion
[5, 7-11].



However, macrophages are also able to secrete neurotrophic factors and anti-inflammatory agents,
including NGF and brain-derived neurotrophic factor (BDNF). Furthermore, macrophages play an
important role in Wallerian degeneration to which they contribute by phagocytosing myelin debris
[9, 16]. Debris removal is beneficial as it contains axon regrowth-inhibitory components, including
myelin associated glycoprotein (MAG), thereby creating a permissive environment for axon
regeneration to occur [9, 10, 17]. In other words, macrophages can promote repair or aggravate the
damage dependent on the signals present at the lesion site, as described in the next section (1.1.3
Macrophages) [9, 11]. In addition, lymphocytes also play a vital role in the neuroinflammatory
response elicited after SCI. Especially T-helper (Th) cells are important as they mount the immune

response by activating macrophages [7, 9-11].

Eventually, the inflammatory response becomes chronic and the lesion stabilizes. Lesion stabilization
is characterized by central cavitation and the formation of a glial scar, composed of reactive
astrocytes and connective tissue elements. This glial scar is a physical and chemical barrier for axon
regeneration and its production is mainly mediated by reactive astrocytes. However, macrophages
and microglia also contribute to this process [3, 5, 8, 9, 18]. Microglia, for instance, form a border
around the injured area in order to prevent the lesion from further expanding [5]. Macrophages, on
the contrary, migrate mainly to the lesion center [5, 8]. They take part in a process called axonal
dieback, i.e. axon retraction from the spinal lesion, which contributes to axon regenerative failure
after SCI. In general, nerve damage results in the withdrawal of the axon terminal from the injured
area, followed by a phase of pronounced dieback [5, 8, 19-22]. This long distance axonal retraction
is mediated by pro-inflammatory macrophages, as evidenced by a study of Horn et al. illustrating
that the infiltration of pro-inflammatory macrophages into the lesion site coincides with secondary
axonal retraction [19]. Furthermore, data of Busch et al. demonstrate that macrophage-driven
axonal dieback is mediated by a MMP-9 dependent mechanism that can be inhibited by inducing a
macrophage switch towards the anti-inflammatory phenotype, further highlighting the importance of

macrophages in this process [21].

1.1.3 Macrophages

Several studies demonstrate that monocyte-derived macrophages play a crucial role in the
inflammatory response elicited after SCI [5, 9, 17]. In general, macrophages are subdivided into two
phenotypes; a pro-inflammatory M1 and an anti-inflammatory M2 phenotype [3, 5, 17]. The
induction of these two phenotypes is regulated by their microenvironment, which drives macrophage
differentiation and as a result determines macrophage function [5, 9, 17]. However, it should be
noted that the M1 and M2 phenotype represent the two extremities of a wide range of activation
states with interweaving features and that each macrophage subtype contributes to a different stage
of wound healing. Although this M1/M2 categorization oversimplifies the functional diversity of
macrophages in vivo, it provides a useful conceptual framework for studying macrophage function

[3, 5,9, 17]. Therefore, this classification will be used throughout this thesis.

As mentioned previously, both beneficial and detrimental effects have been assigned to
neuroinflammation [11]. However, this process is initially beneficial as it results in the recruitment

of immune cells to the site of injury to promote wound healing and clear tissue debris [5, 10].
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In normal wound healing, M1 macrophages infiltrate the lesion site and release inflammatory
mediators and proteases to create a sterile lesion environment. Subsequently, M2 macrophage
differentiation is triggered to promote angiogenesis, tissue remodeling, and wound healing, followed
by resolution of the inflammatory response [17]. On the contrary, chronic inflammation that persists
for years after the initial mechanical insult is a hallmark of spinal cord trauma [11, 17]. In the acute
phase after SCI, both macrophage subtypes are present at the lesion site. However, the M2 response
is short-lived and within one week post-injury, the number of M2 macrophages is drastically reduced
while perpetual pro-inflammatory signals present in the lesion environment trigger M1 differentiation.
As a result, macrophages of the M1 phenotype predominate in the injured spinal cord, exacerbating

secondary damage and impairing tissue repair [9, 17].

Inducing M1 macrophages involves the activation of Toll-like receptors (TLRs) or the presence of Thl
cell-derived cytokines (e.g. interferon (IFN)-y and TNF-a) [5, 9, 10, 17]. Once activated,
M1 macrophages produce pro-inflammatory cytokines, proteases and oxidative metabolites that are
essential for the elimination of invading micro-organisms and malignant cells. However, when
prolonged, this inflammatory response can also result in damage to the healthy cells and lead to
neuronal and glial cell loss [5, 17]. More specifically, M1 macrophages produce various
pro-inflammatory mediators and proteases, including IL-1B, IL-6, TNF-a, MMPs and collagenases,
leading to further deterioration of the extracellular matrix (ECM) and the creation of a hostile and
regeneration inhibitory environment at the lesion site [3, 5, 9, 17]. In contrast, Th2 cell-derived
cytokines (e.g. IL-4 and IL-13) drive M2 macrophages. These cells are involved in resolving the
pro-inflammatory environment produced by classically activated M1 macrophages, promote axon
regrowth, and have neuroprotective and glial scar degrading properties [3, 5, 9, 10, 17].
Furthermore, while M2 macrophages induce wound healing by enhancing phagocytosis and
promoting ECM remodeling, M1 macrophages are associated with secondary damage, neurotoxicity,
axon retraction, glial scar formation, and demyelination [3, 5, 9, 17]. Accordingly, it is suggested
that a sustained polarization towards the M2 phenotype suppresses excessive inflammatory
responses, triggers tissue repair and improves functional outcome after SCI, implying a potential
treatment method [5, 9, 17].

1.2 Histone deacetylase inhibitors

Over the last few years, the use of histone deacetylase (HDAC) inhibitors as a treatment strategy for
neurological and immunological disorders has gained great interest [23-26]. This interest is governed
by the fact that acetylation homeostasis is closely linked to cellular homeostasis [1, 23, 24, 27].
Neuronal survival, for instance, depends on the preservation of the proper global acetylation level
[24]. More specifically, data of Rouaux et al. demonstrate that the acetylated histone 3 and 4 levels
progressively decrease during neuronal apoptosis while the total amount of cellular histones is not
modified [28]. Furthermore, there is a growing body of evidence that neurodegenerative diseases
and acute CNS injuries are accompanied by a decrease in histone acetyltransferase (HAT) activity
and a shift in the HAT/HDAC balance, favoring deacetylation [1, 24, 27].



The level of histone acetylation, and therefore also the degree of gene expression, is determined by
the balance between two enzyme types; HATs and HDACs. While HATs mediate the addition of acetyl
groups, HDACs catalyze acetyl group hydrolysis from histone lysine residues of their target proteins.
Increased acetylation results in chromatin remodeling to a loosely packaged state that is accessible
for the transcriptional machinery, resulting in gene transcription. On the contrary, decreased
acetylation leads to chromatin condensation and in turn attenuates gene expression, thereby
regulating various cellular processes [1, 23, 24, 26, 27]. However, HDACs are not only epigenetic
modulators, but serve a much broader role [25, 26]. For example, these enzymes are also involved
in inflammatory and immune responses, as reviewed by Shakespear et al. [26]. More specifically,
HDACs modulate signaling pathways involved in antigen presentation, Th cell polarization and
lymphocyte development. Furthermore, they play an important role in macrophage development and
regulate macrophage activation and differentiation by modulating the production of various
inflammatory mediators. Moreover, the class-I HDAC family, which includes HDAC 1, 2, 3 and 8,

plays a key role in TLR and IFN signaling [25, 26].

Given the involvement of neurodegeneration, characterized by hypoacetylation, in the SCI
pathophysiology, and the important role of HDACs in inflammatory and immune responses, using
specific HDAC inhibitors is a new promising approach to improve functional recovery after spinal cord
trauma [23, 24, 26]. A few HDAC inhibitors are currently being used in the clinic and many more
have passed toxicity tests and are now in clinical trials for various disorders (e.g. cancer and
inflammatory diseases) [24-26]. In addition, beneficial effects of HDAC inhibitor administration in
numerous models of CNS trauma and degeneration, including SCI, stroke, and traumatic brain injury
have been reported [26, 27]. For instance, valproic acid (VPA), a pan-HDAC inhibitor used to treat
epilepsy and bipolar disorders, has been shown to exert anti-inflammatory, anti-apoptotic, and
neurotrophic effects in several pre-clinical models of CNS trauma, including SCI. Studies examining
the effect of VPA in SCI contusion rat models report a decline in MMP-9 and pro-inflammatory
mediator expression (e.g. IL-6 and IL-1B) and an increase in neurotrophic factor expression (e.g.
BDNF). The VPA-induced reduction in MMP-9, an enzyme involved in the breakdown of the ECM,
preserves the integrity of the BSCB, attenuates the infiltration of immune cells into the injured spinal
cord, and as a result, diminishes the degree of secondary damage. Altogether, these studies
demonstrate that VPA administration improves functional outcome after experimental SCI [1, 2, 27].
Furthermore, studies illustrate that VPA restores the normal cell acetylation level by binding to the
active sites of class-I HDACs, thereby inhibiting their catalytic activity and inducing a state of
hyperacetylation [2, 27].

In spite of the confirmed safety and tolerability profile of VPA, clinical research involving its use in
several CNS diseases has generated limited successes and revealed multiple side effects [1, 2, 23,
26]. These poor results compared to the preceding in vitro and in vivo studies may be caused by the
non-specificity of this broad-spectrum HDAC inhibitor. Therefore, using a specific HDAC inhibitor to
improve functional outcome after SCI is a promising approach to overcome these drawbacks [23,
24, 26]. However, it remains unclear which class-I HDAC (HDAC1/2/3/8) is responsible for the
change in SCI outcome after VPA administration [1, 2].



A role for HDAC1 and HDAC2 has been described in various essential biological processes, including
proliferation, differentiation, cell survival, apoptosis, and tumorigenesis [29]. Furthermore,
Halili et al. suggest that HDAC1 is involved in suppressing the lipopolysaccharide (LPS)-inducible
cyclo-oxygenase 2 expression [25, 30]. Therefore, targeting these enzymes could result in an
amplified pro-inflammatory response and have detrimental effects on SCI outcome [25, 29, 30]. In
addition, a recent study by Kuboyama et al. demonstrates that HDAC3 inhibition shifts
microglia/macrophage responses towards the anti-inflammatory, neuroprotective phenotype [31].
Likewise, Mullican et al. state that HDAC3”- macrophages possess anti-inflammatory properties [25,
26, 32]. However, preliminary data of our research group shows that specific HDAC3 inhibition is
insufficient to trigger functional recovery in our SCI hemisection mouse model (paper under

submission).

During the last decade, anti-inflammatory properties have been assigned to HDACS inhibition. Recent
evidence illustrates that specific HDAC8 inhibition suppresses the production of various
pro-inflammatory cytokines, including IL-6 and TNF-a [33, 34]. Additionally, a study by Jan et al.
demonstrates a reduction in the expression of MMP-9 after specific HDACS8 inhibition [1, 34].
Moreover, a role of HDACS is repressing the IFN-B production, a protein that shifts the cytokine
production towards the anti-inflammatory phenotype, was reported by a study of Nusinzon et al.
[35]. Accordingly, HDACS inhibition has been suggested to be involved in macrophage polarization
towards the anti-inflammatory M2 phenotype. Therefore, targeting HDAC8 to suppress the excessive
inflammatory response elicited after trauma and to improve functional recovery after SCI is a

promising therapeutic strategy.

1.3 Research aims

Recent studies assign anti-inflammatory effects to specific HDACS8 inhibition and suggest a role for
HDAC8 in M2 macrophage polarization. Given the M2 macrophages’ neuroprotective and wound
healing properties, it is hypothesized that specific HDACS8 inhibition improves functional recovery
after SCI. In order to test this hypothesis, both in vivo and in vitro experiments were carried out in
which two control groups (i.e. vehicle and VPA group) and one experimental group (i.e. HDACS8
inhibitor group) were included (Figure 3). The VPA group was included as an additional control to
test whether this broad-acting inhibitor is also effective in the SCI T-cut hemisection injury model

applied in this study.

A first objective was to determine the effect of specific HDACS inhibition on macrophage phenotype
in vitro. Therefore, primary macrophages were driven towards the pro-inflammatory M1 or
anti-inflammatory M2 phenotype and stimulated with the specific HDACS8 inhibitor PCI-34051 or
class-I HDAC inhibitor VPA. Macrophage phenotype was analyzed using western blot and the

Griess assay.



The second objective was to determine the effect of specific HDAC8 inhibition on functional recovery
and histological parameters. Motor function recovery after SCI was evaluated using a spinal cord
T-cut hemisection injury mouse model. Starting six hours after SCI induction, the mice were treated
with PCI-34051 or VPA, and motor function recovery was measured for 35 days, using the
Basso Mouse Scale (BMS). Spinal cord samples were evaluated on lesion size, demyelination,

astrogliosis, immune cell infiltration, and macrophage polarization by immunohistochemistry.

Specific HDACS inhibition improves functional recovery after SCI
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Figure 3 Schematic representation of study design. In this research project it is hypothesized that specific
HDACS inhibition improves functional recovery after SCI. To determine the effect of specific HDACS inhibition on
macrophage phenotype in vitro, primary macrophages were polarized towards the M1 and M2 phenotype and
treated with the specific HDACS8 inhibitor PCI-34051 or class-I HDAC inhibitor VPA. Macrophage phenotype was
verified by using western blot and the Griess assay. To determine the effect of specific HDACS8 inhibition on
functional recovery and histological parameters, SCI was induced in female BALB/c mice. Six hours after
SCI induction, the mice were treated with PCI-34051 or VPA. Motor function recovery was measured for 35 days
after which the spinal cords were evaluated on lesion size, demyelination, astrogliosis, immune cell infiltration,
and macrophage polarization by immunohistochemistry. HDAC: histone deacetylase; SCI: spinal cord injury;
LPS: lipopolysaccharide; IL: interleukin; VPA: valproic acid; BMS: Basso Mouse Scale.



2 Materials & Methods

2.1 Isolation and culturing of primary bone marrow-derived macrophages

Bone marrow cells were isolated from femurs and tibias of 10 week-old female BALB/c mice (Envigo,
Horst, the Netherlands). Briefly, femurs and tibias were removed and bone marrow cells were flushed
out with phosphate-buffered saline (PBS). Bone marrow-derived monocytes were plated and cultured
in Roswell Park Memorial Institute (RPMI) 1640 medium (Lonza, Verviers, Belgium) supplemented
with 15% L929 cell conditioned medium, 10% heat-inactivated fetal bovine serum (HI-FBS; Gibco,
Merelbeke, Belgium) and 1% Penicillin/Streptomycin (P/S; Sigma-Aldrich, Overijse, Belgium) to
induce differentiation into macrophages. All cells were maintained in a humidified incubator at 37°C
with 5% CO;. Bone marrow-derived macrophages (BMDMs) were harvested for experiments after
7 to 10 days. Cells were harvested using ethylenediaminetetraacetic acid (EDTA; 10mM) when

80-90% confluence was reached.
2.2 Treatment of primary bone-marrow derived macrophages

One day before stimulation, BMDMs were seeded in 24-well plates (Greiner Bio-One, Vilvoorde,
Belgium). Cells were stimulated with LPS (200ng/ml; PeproTech, Brussels, Belgium) or IL-4
(33.3ng/ml; PeproTech) to induce the pro-inflammatory M1 phenotype and anti-inflammatory M2
phenotype, respectively. After an incubation period of one hour, the primary BMDMs were treated
with PCI-34051 (5uM, 10upM; Selleckchem, Huissen, The Netherlands), VPA (1000uM, 2000uM;
Sigma-Aldrich) or the vehicle solution dimethyl sulfoxide (DMSO, Sigma-Aldrich) for 24 hours.
BMDMs treated with DMSO served as controls and received the same quantities of DMSO as used in
the 10uM PCI-34051 and 2000uM VPA conditions.

2.3 MTT assay

BMDMs were seeded in a 96-well plate (Greiner Bio-One) at a density of 100,000 cells/well in their
normal culture medium and were incubated overnight at 37°C to adhere to the culture plate. Cells
were treated with PCI-34051 (0.1pM, 1uM, 5uM, 10uM; Selleckchem) or VPA (1pM, 10uM, 100uM,
1000uM and 2000uM; Sigma-Aldrich). The selected doses were based on previous studies [27, 36-
39]. The control condition consisted of non-treated cells. After an incubation period of 24 hours, the
different treatment conditions were removed and replaced by culture medium containing the 3-(4,5-
Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide solution (MTT; 500ug/ml; Sigma-Aldrich).
The MTT solution was removed after four hours of incubation and replaced by a glycine (0.01M) in
DMSO (Sigma-Aldrich) solution, a solubilizing agent to dissolve the formed formazan crystals. The
absorbance at 540nm was measured using a BIO RAD iMark™ Microplate Reader (Bio-Rad

Laboratories, Temse, Belgium).



2.4 Nitrite assay

BMDM cell culture media were collected and nitric oxide production was assessed by measuring the
total nitrite (NO2") concentration, a stable breakdown product of NO, by the Griess reaction. The
nitrite concentration was determined using the Griess Reagent System (Promega, Leiden, The
Netherlands) according to the manufacturer’s instructions. The absorbance at 540nm was measured
using a BIO RAD iMark™ Microplate Reader (Bio-Rad Laboratories).

2.5 Western blot

Immunoblotting was performed on total BMDM lysates to quantify the expression of acetylated
histone 3, inducible nitric oxide synthase (iNOS) and arginase-1 (Arg-1). BMDMs were lysed in
2% sodium dodecyl sulfate (SDS) in Tris buffer (125mM). The protein concentration was determined
by using the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, Merelbeke, Belgium) according
to the manufacturer’s instructions. The absorbance at 570nm was measured using a BIO RAD iMark™
Microplate Reader (Bio-Rad Laboratories). Proteins were separated according to molecular weight
using SDS polyacrylamide gel electrophoresis (SDS-page; resolving gel 7.5% for iNOS; resolving gel
12% for Arg-1 and acetylated histone 3; stacking gel 4%) at 200V. The Precision Plus Protein™
Standards Dual Color Standards (Bio-Rad Laboratories) was used. Proteins were transferred to a
polyvinylidene fluoride (PVDF) membrane, which was first activated in methanol. The blotting was
performed at 350mA for £ 60min. Tris-buffered saline - Tween 20 (TBS-T; 0.1%) containing 5%
milk powder (Marvel) was used as blocking buffer for one hour at room temperature to prevent

non-specific antibody binding.

The membrane was incubated overnight at 4°C with the following primary antibodies; acetyl - histone
H3 rabbit antibody (1:1000, Prod. No. 9677, Cell Signaling Technology, Leiden, The Netherlands),
histone H3 rabbit monoclonal antibody (1:2000, Prod. No. 4499, Cell Signaling Technology), iNOS
mouse monoclonal antibody (1:1000, Prod. No. 9657, Sigma Aldrich), arginase I mouse monoclonal
antibody (1:1000, Prod. No. 271430, Santa Cruz Biotechnology, Heidelberg, Germany) and B-actin
mouse monoclonal antibody (1:10.000, Prod. No. 47778, Santa Cruz Biotechnology). All membranes
were incubated at room temperature for one hour with corresponding secondary antibodies
conjugated to horseradish peroxidase (HRP; 1:2000, Dako, Leuven, Belgium). The optical density of
the iINOS and Arg-1 protein bands, and acetylated histone 3 protein bands was normalized to the

optical density of the loading control B-actin or the total histone 3 protein bands, respectively.

The primary and secondary antibodies were diluted in sodium azide (0.02%) and blocking buffer,
respectively. Enhanced chemiluminescence (ECL) using the Pierce™ ECL Plus Western Blotting
Substrate (Thermo Fisher Scientific) was used before imaging with the ImageQuant LAS4000 mini
(GE Healthcare Life Sciences, Machelen, Belgium).
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2.6 Animals

All experiments were performed using 9 to 14 week-old female BALB/c mice (Envigo). The animals
were housed in the conventional animal facility of the University of Hasselt under regular conditions,
i.e. in a temperature-controlled room (20 + 3°C), on a 12h light-dark cycle and with food and water
ad libitum. All experiments were approved by the local ethical committee of Hasselt University and
were performed according to the guidelines described in Directive 2010/63/EU on the protection of
animals used for scientific purposes. An acclimatization period of one week was included before the

start of the experiments.
2.7 Spinal cord T-cut hemisection injury

A spinal cord T-cut hemisection injury was performed as previously described by Loske et al., 2012
and Tuszynski and Steward, 2012 [40-42]. Briefly, the mice were anesthetized with 3% isoflurane
(IsoFlo®, Zoetis Belgium S.A., Zaventem, Belgium) and underwent a partial laminectomy at thoracic
level T8. For the spinal cord bilateral hemisection, iridectomy scissors were used to transect the left
and right dorsal funiculus, the dorsal horns and the ventral funiculus (T-cut) [40]. This T-cut
hemisection model results in a complete transection of the dorsomedial and ventral corticospinal
tract and impairs several other descending and ascending tracts. The muscles were sutured and the
back skin closed with wound clips (BD Autoclip™ Wound Closing System, BD Biosciences,
Erembodegem, Belgium). After the operative procedure, the mice received a subcutaneous injection
of the analgesic Temgesic buprenorphine (0.1mg/kg body weight; Val d'Hony Verdifarm, Beringen,
Belgium) and glucose (20%) was administered intraperitoneally to compensate for any blood loss
during the surgery. For recovery, all mice were placed in a temperature-controlled incubator at 33°C
until thermoregulation was established. Bladders were emptied manually until the animals regained

autonomic bladder function control.
2.8 VPA and specific HDACS inhibitor (PCI-34051) administration

The specific HDACS8 inhibitor PCI-34051 and VPA were dissolved in a 30% polyethylene glycol (PEG)
400, 0.5% Tween 80 and 5% propylene glycol solution. Starting six hours after SCI induction, the
mice were injected intraperitoneally either with PCI-34051 (20mg/kg; Selleckchem),
VPA (250mg/kg; Sigma-Aldrich) or the vehicle solution for five consecutive days. Mice injected with
the 30% PEG 400, 0.5% Tween 80 and 5% propylene glycol solution served as vehicle controls.
Before the start of the in vivo experiment, a pilot study was performed in which four VPA
concentrations were tested; 250mg/kg, 350mg/kg, 450mg/kg and 600mg/kg. Mice injected with one
of the following concentrations showed signs of severe toxicity; 350mg/kg, 450mg/kg and
600mg/kg.
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2.9 Locomotion test

Starting one day after SCI induction, motor function recovery was measured daily in the first week
and thereafter every second-day for 35 days, using the Basso Mouse Scale (BMS) [43]. The BMS is
a 10-point locomotor assessment scale starting from zero (complete hind limb paralysis), up to nine
(normal locomotion). Scores are based on hind limb movements made in an open field during a 4min

interval by two investigators blinded to the experimental groups.

2.10 Immunohistochemical analysis of the spinal cords

At 35 days post-injury, the mice were anesthetized by intraperitoneal injection of an overdose of
Dolethal (200mg/kg, Vétoquinol, Aartselaar, Belgium) and transcardially perfused with Ringer
solution containing heparin, followed by paraformaldehyde (PFA; 4%). Spinal cords were dissected
and dehydrated by incubation in sucrose (5%) in PFA (4%) overnight, followed by a sucrose (30%)
in PBS solution for cryoprotection at 4°C. Spinal cords were embedded in Tissue-Tek Optimal Cutting
Temperature Compound (OCT; Leica Biosystems, Diegem, Belgium) and frozen in liquid nitrogen.

Spinal cord cryosections (10uM) were made using a Leica CM1900 UV cryostat (Leica Biosystems).

Spinal cord sections were blocked with 10% protein block (Dako) in PBS for 30 minutes at room
temperature and incubated overnight at 4°C with the following primary antibodies; mouse anti-glial
fibrillary acidic protein (GFAP) antibody (1:500, Prod. No. G3893, Sigma-Aldrich), rat anti-myelin
basic protein (MBP) antibody (1:250, Prod. No. MAB386 , Merck Millipore, Overijse, Belgium), rabbit
anti-ionized calcium binding adaptor molecule (Iba) 1 antibody (1:350, Prod. No. 019-19741, Wako,
Neuss, Germany) and rat anti-cluster of differentiation (CD) 4 (1:250, Cat. No. 553043, BD
Biosciences). Following repeated washing steps with PBS, spinal cord cryosections were incubated at
room temperature for one hour with corresponding Alexa-labeled secondary antibodies; goat anti-
mouse Alexa fluor 568 (1:250, Prod. No. A11004, Invitrogen, Merelbeke, Belgium), goat anti-rat
Alexa fluor 488 (1:250, Prod. No. A11006, Invitrogen), goat anti-rabbit Alexa fluor 488 (1:250, Prod.
No. A11008, Invitrogen) and goat anti-rat Alexa fluor 568 (1:250, Prod. No. A11077, Invitrogen).
All antibodies were diluted in 1% protein block (Dako) in PBS containing 0.05% Triton X-100.

Spinal cord sections used for the double staining for major histocompatibility complex (MHC) II and
Arg-1 were permeabilized with TBS containing 0.1% Triton X-100 for 30 minutes at room
temperature. All sections were blocked with 10% protein block (Dako) in TBS for one hour at
room temperature and incubated overnight at 4°C with the following primary antibodies; mouse anti-
mouse arginase I antibody (1:100, Prod. No. 271430, Santa Cruz Biotechnology) and rat anti-mouse
MHC-II (1:200, Prod. No. 59322, Santa Cruz Biotechnology). Following repeated washing steps with
TBS, spinal cord cryosections were incubated at room temperature for 90 minutes with corresponding
Alexa-labeled secondary antibodies; goat anti-rat Alexa fluor 488 (1:400, Prod. No. A11006,
Invitrogen) and goat anti-mouse Alexa fluor 568 (1:400, Prod. No. A11004, Invitrogen). All
antibodies were diluted in 10% milk (Marvel) in TBS.
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After removal of unbound antibodies, a 4',6-diamidino-2-phenylindole (DAPI; 1:25,000;
Life Technologies, Merelbeke, Belgium) counterstain was performed for 10 minutes at room
temperature to reveal all cellular nuclei and spinal cord sections were mounted with fluorescent
mounting medium (Dako). The specificity of the secondary antibodies was verified by including
negative control stainings in which the primary antibodies were omitted. All images were obtained
using a Leica DM4000 B LED microscope and a Leica DFC450 C camera head (Leica Microsystems,

Diegem, Belgium).

2.11 Quantitative image analysis

Quantitative image analysis was performed to determine lesion size, demyelination, astrogliosis, and
immune cell infiltration. Spinal cord sections, each containing the lesion center and consecutive
rostral and caudal areas, were analyzed as previously described by Dooley et al., 2016 and
Vangansewinkel et al., 2016 [44-46]. Briefly, the lesion size and demyelinated area were evaluated
by delineating the area devoid of staining, using anti-GFAP and anti-MBP immunofluorescence,
respectively. Quantification of astrogliosis and microglial infiltration was performed in the perilesional
area via intensity analysis of GFAP and Iba-1 immunoreactivity, respectively, within square areas
measuring 100pm x 100pum extending 600um rostral to 600um caudal from the lesion epicenter.
Quantitative image analysis was performed on original unmodified photos using the Image] open
source software (National Institutes of Health, Bethesda, USA). Th cell infiltration was identified by
means of a CD4 staining and quantified by counting the number of CD4* cells throughout the entire
spinal cord section. To evaluate M1 and M2 macrophage infiltration at the lesion site, a double
staining for MHC-II and Arg-1 was performed and the number of MHC-II* and Arg-1* cells was
counted.

2.12 Statistical analysis

Statistical analysis was performed with Graphpad Prism 7.04 software. Quantitative data are
presented as mean values + standard error of the mean (SEM). Data were tested for normality using
the D’Agostino - Pearson normality test. When normally distributed, significant differences were
tested by means of the parametric two-way ANOVA test and the Dunnett’s post-hoc analysis or
Tukey’s test for multiple comparisons. When normality was not met, a Kruskal-Wallis test with a
Dunn's multiple comparison test were applied. The statistical analysis performed on the BMS data is
based on the argumentation provided by Basso et al. [43]. Results were considered to be significant

when p<0.05.
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3 Results

Recent studies suggest the involvement of HDAC8 in macrophage polarization towards the
neuroprotective and pro-reparative M2 phenotype. Consequently, in this research project, it is

hypothesized that specific HDACS8 inhibition improves functional recovery after SCI.

To determine the effect of specific HDAC8 inhibition on macrophage polarization in vitro, primary
macrophages were polarized towards the M1 and M2 phenotype and stimulated with the specific
HDACS8 inhibitor PCI-34051 or broad-acting HDAC inhibitor VPA. Macrophage phenotype was
evaluated using western blot and the Griess assay. Furthermore, to verify the effect of specific HDAC8
inhibition on functional recovery in vivo and histological parameters, SCI mice were treated with
PCI-34051 or VPA. Subsequently, motor function recovery was measured by using the Basso Mouse
Scale and spinal cord samples were evaluated on lesion size, demyelination, astrogliosis, immune

cell infiltration, and macrophage polarization by immunohistochemistry.

3.1 PCI-34051 and VPA do not affect metabolic activity of BMDMs in vitro

To verify the toxicity of the specific HDACS inhibitor PCI-34051 and the broad-acting HDAC inhibitor
VPA on the BMDMs, an MTT assay was performed. This assay is a colorimetric test to evaluate cell
metabolic activity, which provides an indication of the number of viable cells. In this experiment,
multiple concentrations of both inhibitors were tested (PCI-34051: 0.1, 1, 5 and 10uM; VPA: 1, 10,
100, 1000 and 2000uM). Results do not show significant differences in metabolic activity between

the tested concentrations and the control conditions (Figure 4).
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Figure 4 The specific HDACS inhibitor PCI-34051 and broad-acting HDAC inhibitor VPA do not affect
the metabolic activity of the BMDMs in vitro. BMDMs were treated for 24 hours with different concentrations
of PCI-34051 (0.1, 1, 5and 10uM; A) and VPA (1, 10, 100, 1000 and 2000uM; B). The control condition consisted
of non-treated BMDMs. Data were normalized to the control and presented as mean values £ SEM; npcr-34051=3
and nvwa=3; * p<0.05. BMDMs: bone marrow-derived macrophages; HDAC: histone deacetylase; VPA: valproic
acid.

15



3.2 VPA increases the acetylated histone 3 protein expression in BMDMs
in vitro

To confirm whether PCI-34051 and VPA are capable of increasing the histone acetylation level in
vitro, western blot was performed in which the level of histone 3 acetylation was determined as
HDACS is known to deacetylate this histone in vitro [47-50]. In this experiment, BMDMs were treated
with different concentrations of PCI-34051 (5 and 10uM) and VPA (1000 and 2000uM). The selected
concentrations were based on the results of the MTT assay which demonstrated that PCI-34051 and
VPA are not toxic for the BMDMs in vitro (Figure 4). Therefore, the two highest concentrations of

each HDAC inhibitor were used for further experiments.

Western blot analysis reveals no significant differences between the PCI experimental groups and
control (Figure 5A). On the contrary, an increase in the histone 3 acetylation level was observed
between the VPA 2000uM and control condition (Figure 5B).
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Figure 5 The broad-acting HDAC inhibitor VPA increases the acetylated histone 3 protein expression
in BMDMs in vitro. BMDMs were treated for 24 hours with different concentrations of PCI-34051 (5 and 10uM;
A, C) and VPA (1000 and 2000uM; B, D). The control conditions consisted of BMDMs treated with different
concentrations of DMSO (10 and 2000uM, respectively). Data were normalized to the control and presented as
mean values £ SEM; npci-34051=4 and nvwea=3; * p<0.05. Representative western blot images of each inhibitor are
shown (C, D). Ac-H3; acetylated histone 3; BMDMs: bone marrow-derived macrophages; Ctrl: control; DMSO:
dimethyl sulfoxide; HDAC: histone deacetylase; Total-H3: total histone 3; VPA: valproic acid.
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3.3 PCI-34051 and VPA do not affect iINOS protein expression and
NO production by LPS-stimulated BMDMs in vitro

To examine the effect of PCI-34051 and VPA on the production of the pro-inflammatory mediator NO
by LPS-stimulated BMDMs in vitro, a Griess assay was performed. In addition, the effect of
PCI-34051 and VPA on M1 macrophage phenotype in vitro was determined by immunoblotting for
the M1 marker iNOS. In these experiments, LPS-stimulated BMDMs were treated with different
concentrations of PCI-34051 (5 and 10uM) and VPA (1000 and 2000uM). No significant differences
in macrophage NO production were found between the experimental and control groups (Figure 6).
However, the results illustrate a trend towards an increased NO production after VPA (1000uM)
administration when compared to the control + LPS condition (p=0.1204; Figure 6B). Furthermore,
western blot data reveal no significant differences in iINOS protein expression between the
HDAC inhibitor and control groups (Figure 7).
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Figure 6 The specific HDACS8 inhibitor PCI-34051 and broad-acting HDAC inhibitor VPA do not affect
the production of NO by LPS-stimulated BMDMs in vitro. LPS-stimulated BMDMs were treated for 24 hours
with different concentrations of PCI-34051 (5 and 10uM; A) and VPA (1000 and 2000uM; B). The control and
control + LPS condition consisted of unstimulated and LPS-stimulated BMDMs treated with different
concentrations of the vehicle DMSO (10 and 2000pM, respectively). Data were normalized to the control + LPS
condition and presented as mean values * SEM; neci-340s1=4 and nvea=3; * p<0.05. A trend towards an increased
NO production after VPA (1000uM) administration when compared to the control + LPS group was observed
(p=0.1204; B). BMDMs: bone marrow-derived macrophages; DMSO: dimethyl sulfoxide; HDAC: histone
deacetylase; LPS: lipopolysaccharide; NO: nitric oxide; VPA: valproic acid.
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Figure 7 The specific HDACS8 inhibitor PCI-34051 and broad-acting HDAC inhibitor VPA do not affect
iNOS protein expression in LPS-stimulated BMDMs in vitro. LPS-stimulated BMDMs were treated for
24 hours with different concentrations of PCI-34051 (5 and 10uM; A, C) and VPA (1000 and 2000uM; B, D). The
control and control + LPS condition consisted of unstimulated and LPS-stimulated BMDMs treated with different
concentrations of the vehicle DMSO (10 and 2000uM, respectively). Data were normalized to the control + LPS
condition and presented as mean values £ SEM; neci-34051=3 and nwa=3; * p<0.05. Representative western blot
images of each inhibitor are shown (C, D). BMDMs: bone marrow-derived macrophages; Ctrl: control;
DMSO: dimethyl sulfoxide; HDAC: histone deacetylase; iNOS: inducible nitric oxide; LPS: lipopolysaccharide;
VPA: valproic acid.

3.4 PCI-34051 does not affect Arg-1 protein expression in IL-4-stimulated
BMDMs in vitro

In addition, to determine the effect of PCI-34051 on M2 macrophage phenotype in vitro, primary
BMDMs were driven towards the anti-inflammatory phenotype by using IL-4. One hour after
stimulation, the BMDMs were treated with different concentrations of PCI-34051 (5 and 10uM) and

a western blot analysis for the M2 marker Arg-1 was performed. No significant differences in Arg-1

protein expression between the experimental and control groups were observed (Figure 8).
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Figure 8 The specific HDAC8 inhibitor PCI-34051 does not affect Arg-1 protein expression in
IL-4-stimulated BMDMs in vitro. IL-4-stimulated BMDMs were treated for 24 hours with different
concentrations of PCI-34051 (5 and 10uM; A, B). The control and control + IL-4 condition consisted of
unstimulated and IL-4-stimulated BMDMs treated with the vehicle DMSO (10pM). Data were normalized to the
control + IL-4 condition and presented as mean values £ SEM; npcr-34051=4; * p<0.05. A representative western
blot image of PCI-34051 is shown (B). Arg-1: arginase-1; BMDMs: bone marrow-derived macrophages; Ctrl:
control; DMSO: dimethyl-sulfoxide; HDAC: histone deacetylase; IL: interleukin.

3.5 PCI-34051 and VPA do not improve functional recovery
after spinal cord injury

In order to determine the effect of the specific HDAC8 inhibitor PCI-34051 on functional recovery
after spinal cord trauma, a T-cut hemisection injury was induced in BALB/c mice. Six hours after
injury, mice were treated with PCI-34051 or VPA for five consecutive days. Motor function recovery
was evaluated for 35 days, using the BMS score. No significant differences in BMS score were
observed after PCI-34051 or VPA administration when compared to the vehicle control group.
However, 29 days post-injury, a trend towards an increased BMS score was detected for VPA

(p=0.0680) compared to the control group (Figure 9A).

In addition, spinal cords were histologically examined to determine the effect of the specific HDAC8
and broad-acting HDAC inhibitors on lesion size, demyelination, and astrogliosis 35 days post-injury.
Quantitative image analysis indicates no differences between the HDAC inhibitor and control groups
(Figure 9B-D).
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Figure 9 The specific HDACS inhibitor PCI-34051 and broad-acting HDAC inhibitor VPA do not improve
functional recovery after SCI. Starting six hours post-SCI, BALB/c mice were injected with PCI-34051 or VPA
for five consecutive days. Motor function recovery was evaluated for 35 days, using the Basso Mouse Scale. Data
are presented as mean values £ SEM and results are obtained from one experiment containing seven to ten
animals per group (* p<0.05; nvenice=9, Nvea=7 and nrci-34051=10; A). Spinal cord sections were histologically
examined. The lesion size (B) and demyelinated area (D) were evaluated by calculating the area devoid of GFAP
and MBP staining, respectively. Quantification of astrogliosis (C) was performed in the perilesional area via GFAP
intensity analysis within square areas measuring 100pm x 100um extending 600um rostral to 600um caudal from
the lesion epicenter. Data are presented as mean values £ SEM. For standardization, two to six (B, D) and two
to four (C) spinal cord sections per animal were analyzed (Nvehice=4, Nvea=3 and npcr-3a051=2: B, D; Nvehicle=3,
nva=3 and necr-34051=2; C). A trend towards an increased BMS score was observed for VPA compared to the
control group at day 29 (p=0.0680; A). AU: arbitrary unit; GFAP: glial fibrillary acidic protein; HDAC: histone
deacetylase; MBP: myelin basic protein; VPA: valproic acid; SCI: spinal cord injury; BMS: Basso Mouse Scale.

20



3.6 PCI-34051 and VPA do not affect immune cell infiltration in vivo

The effect of PCI-34051 and VPA on immune cell infiltration into the injured spinal cord 35 days
post-injury was determined by immunohistochemistry. Spinal cord sections were stained for Iba-1
and CD4 to evaluate microglia/macrophage and T cell infiltration, respectively. Data reveal no
difference in Iba-1 intensity or the number of CD4* T cells between the experimental and control
groups (Figure 10). However, a trend towards a reduced microglia/macrophage infiltration into the
injured spinal cord after PCI-34051 administration was observed at 300um (pcontrol-pci=0.1878; pvpa-
pci=0.1937), 200pum (Pcontrol-pc1=0.1103; pvpra-pci=0.1158) and 100um (Pcontrol-pci=0.1262; pvpa-
pci=0.1470) caudal from the lesion epicenter (Figure 10A).
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Figure 10 The specific HDACS8 inhibitor PCI-34051 and broad-acting HDAC inhibitor VPA do not affect
immune cell infiltration into the injured spinal cord. Microglia/macrophage (A) and T cell (B) infiltration
into the spinal cord was histologically examined by anti-Iba-1 and anti-CD4 immunofluorescence, respectively.
Quantification of microglia/macrophage infiltration (A) was performed in the perilesional area via Iba-1 intensity
analysis within square areas measuring 100pm x 100pm extending 600um rostral to 600um caudal from the
lesion epicenter. T cell infiltration was determined by counting the CD4" cells throughout the entire spinal cord
section. Data are presented as mean values £ SEM (* p<0.05). For standardization, three to four spinal cord
sections per animal were analyzed (Ncontroi=3, Nvea=3 and Necr-34051=3: A; Ncontroi=4, Nvpa=4 and Necr-34051=3; B). A
trend towards a reduced microglia/macrophage infiltration into the injured spinal cord after PCI-34051
administration was observed at 300um (pcontroi-pc1=0.1878; pvra-pc1=0.1937), 200pum (pcontroi-pc1=0.1103; pvpa-
pcr=0.1158) and 100um (Pcontroi-pc1=0.1262; pvea-pc1=0.1470) caudal from the lesion epicenter (A). AU: arbitrary
unit; CD: cluster of differentiation; HDAC: histone deacetylase; Iba: ionized calcium binding adaptor molecule;
VPA: valproic acid.
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3.7 PCI-34051 regulates the macrophage phenotype in vivo

The effect of PCI-34051 and VPA on macrophage phenotype in vivo was determined by
immunohistochemistry. Spinal cord sections were stained for MHC-II and Arg-1 to distinguish
between M1 and M2 macrophages, respectively. Macrophage polarization was evaluated 35 days
post-injury by evaluating the number of MHC-II* and Arg-1* cells at the lesion site. Data demonstrate
an increase in the number of M1 macrophages at the lesion site in the PCI-34051 group compared
to the vehicle control group (Figure 11A). In addition, results show a trend towards an increased
number of Arg-1* cells for both the specific HDAC8 inhibitor PCI-34051 (p=0.1823) and broad-acting
HDAC inhibitor VPA (p=0.1855) compared to the vehicle group (Figure 11B).
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Figure 11 The specific HDACS inhibitor PCI-34051 regulates macrophage phenotype in vivo. Spinal
cord sections were stained for MHC-II (A) and Arg-1 (B) to evaluate M1 and M2 macrophage infiltration into the
injured spinal cord. The number of M1 and M2 macrophages was determined by counting the MHC-II* and
Arg-1* cells at the lesion site, respectively. Data are presented as mean values £+ SEM (* p<0.05).
For standardization, three to four spinal cord sections per animal were analyzed (Ncontro=5, nvea=5 and
Neci-34051=3). A trend towards an increased number of Arg-1* cells for PCI-34051 and VPA when compared to the
control group was observed (pcontrol-va=0.1855; pcontro-pai=0.1823; B). Arg-1: arginase-1; HDAC: histone
deacetylase; MHC: major histocompatibility complex; VPA: valproic acid.
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4 Discussion

In recent years, many studies have indicated that acute CNS injuries, including SCI, are characterized
by a reduction in the global histone acetylation level [1, 24, 27]. Since functional recovery after SCI
is limited due to the excessive neuroinflammatory response elicited after injury and given the role of
HDACs in inflammatory and immune responses, targeting this inflammatory process by using HDAC
inhibitors is a promising treatment strategy to improve SCI outcome [3, 7, 9, 10]. Recent studies
have illustrated that specific HDAC8 inhibition has anti-inflammatory properties [1, 33, 34].
Therefore, in this research project it was hypothesized that specific HDACS8 inhibition improves

functional recovery after SCI.

A first objective of this project was to determine the effect of specific HDACS8 inhibition on
macrophage phenotype in vitro. Therefore, pre-polarized M1 and M2 macrophages were treated with
the specific HDACS8 inhibitor PCI-34051 or class-I HDAC inhibitor VPA. The potency of these HDAC
inhibitors to act on their histone targets was verified by immunoblotting for acetylated histone 3 to
test whether PCI-34051 (5 and 10uM) and VPA (1000 and 2000uM) are capable of increasing the
histone 3 acetylation level in vitro. This analysis revealed an increase in the histone 3 acetylation
expression in the VPA 2000uM condition compared to the control (Figure 5B). This is in accordance
with previous studies illustrating that VPA restores the acetylated histone 3 and 4 expression level
in vitro [51-53]. On the contrary, no significant difference in protein expression was observed
between the PCI-34051 experimental groups and the control group (Figure 5A). This finding is
consistent with that of Balasubramanian et al. who have demonstrated that PCI-34051 administration
does not affect histone 3 and 4 acetylation in vitro [36]. However, several reports illustrate that
HDACS is localized predominantly in the nucleus and deacetylates histone 3 and 4 in vitro [36, 47-
50]. One possible explanation for the invariance in histone 3 acetylation level between the PCI-34051
and control conditions in this research project is provided by Waltregny et al. who show that HDACS8
may also be localized to the cytoplasm [50]. In addition, over the last few years, non-histone targets
for HDACS8 have been reported, including the p53 transcription factor, estrogen receptor (ERR) a and
cortical actin-binding protein (cortactin) [49, 54, 55]. Therefore, further work on PCI-34051 and
HDAC8 needs to explore the effect of this inhibitor on the non-nuclear (e.g. cortactin) and
non-histone targets (e.g. p53) of HDACS8 to confirm the potency of PCI-34051 to exert its inhibitory

effect on HDAC8-mediated deacetylation at the tested concentrations.

The effect of specific HDAC8 inhibition on macrophage polarization in vitro was evaluated using
western blot and the Griess assay. Contrary to expectations, for both HDAC inhibitors no significant
differences in NO production and iNOS protein expression were observed between the experimental
and control groups (Figure 6 and 7, respectively). Furthermore, the results illustrate a trend towards
an increased NO production after VPA (1000uM) administration (p=0.1204; Figure 6B). However, it
is important to keep in mind that an increase in the acetylated histone 3 protein expression level was
only reported for the VPA 2000uM condition.
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These findings do not correspond with a recent study of Serrat et al. which shows that VPA treatment
down-regulates the NOS expression both at the mRNA and protein level and decreases the production
of NO by LPS-stimulated BMDMs in vitro [56]. However, in this study by Serrat et al., the class-I
HDAC inhibitor VPA was administered at a much lower concentration than used in this project, i.e.
20uM. Moreover, data of Guo et al. illustrate a reduction in iINOS protein expression and nitrite
production, an oxidative breakdown product of NO, by IFN-y treated murine macrophages after VPA
administration [38]. Additionally, the application of VPA in multiple M1 in vitro models has generated
similar results, i.e. a decrease in M1 marker expression, including iNOS and TNF-a [37, 39, 57]. In
these studies, RAW 264.7 macrophages were used to evaluate the effect of VPA administration on
M1 macrophage phenotype in vitro. Furthermore, the RAW 264.7 cells were treated with the following
concentrations of VPA; 500uM, 1000uM and 2000uM, which lie in the same concentration range as
the ones used in this project [37-39]. Therefore, the difference in results between this study and the
existing literature may be attributed to the use of different VPA treatment concentrations and/or
different cell types, i.e. RAW 264.7 cells versus primary macrophages. The murine RAW 264.7
macrophage cell line is a frequently used substitute for primary macrophages. One major advantage
of using this cell line is that it reduces the need of continuous cell preparations and animal
experimentation [58]. However, RAW 264.7 cells are immortalized and as a result differ genetically
and phenotypically from their tissue of origin. Furthermore, their function and phenotype may alter
with continuous culture. On the contrary, primary macrophages maintain many of the markers and
functions seen in vivo, making data obtained from primary cells more relevant [58, 59]. Therefore,
data obtained from cell lines must always be interpreted with care as these cells do not completely
model the reaction of primary macrophages and do not fully reproduce the in vivo situation [58]. In
addition, so far little is known on the role of HDAC8 in NO production and its effect on iNOS protein

expression in macrophages in vitro.

Immunoblotting for Arg-1 revealed no significant differences in Arg-1 protein expression between
the experimental and control groups (Figure 8). When reviewing the literature, no data was found
on the association between HDACS8 and Arg-1 expression. However, HDACS inhibition has been shown
to suppress the production of various pro-inflammatory mediators and to promote the release of
anti-inflammatory cytokines [33-35]. Accordingly, HDACS inhibition has been suggested to drive M2
macrophage polarization. Since M2 macrophages are characterized by the presence of Arg-1, an
increase in the expression of this enzyme after PCI-34051 administration was anticipated [60].
Arginine, a key amino acid in macrophage polarization, can be metabolized by NOS and arginase to
NO and citrulline or urea and ornithine by M1 and M2 macrophages, respectively [60, 61]. Since
these two metabolic pathways cross-inhibit one another, increasing the arginase level not only drives
M2 macrophage polarization but also hampers M1 polarization by limiting the availability of the
substrate arginine, thereby decreasing inflammation [60]. However, no effect on Arg-1 protein
expression in IL-4 stimulated BMDMs was observed in this study. A possible explanation for the lack
of effect of PCI-34051 could be the relatively low concentrations at which the inhibitor was
administered in this project. This assumption seems to be supported by the western blot data which
suggest a positive correlation between the Arg-1 protein expression and PCI-34051 concentration
(Figure 8). Furthermore, it is worth mentioning that the effect of VPA on Arg-1 protein expression

was not evaluated in this study and still needs to be verified.
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It should be noted that the experimental design of these in vitro analyses has some limitations. First
of all, LPS was used as an M1 stimuli to drive macrophages towards the pro-inflammatory phenotype.
Because of the microbial origin of LPS, pro-inflammatory cytokines should be included in future
studies to drive M1 macrophage polarization (e.g. IFN-y) in order to more accurately simulate the
physiological conditions after SCI. A second point of interest is the number of M1 and M2 markers
that is examined in this research project. Macrophage phenotype was analyzed using the Griess
assay and by western blot analysis in which iINOS and Arg-1 were tested. However, numerous
markers exist for both macrophage subtypes (e.g. CD86 and Ym1) [62]. Therefore, future work
should examine additional signature M1 and M2 markers to provide more information on the effect
of PCI-34051 and VPA on macrophage polarization in vitro as each pathophysiological process may
be affected in its own way. For example, markers may be unaffected or positively/negatively
influenced by HDAC inhibitor treatment. By evaluating a whole spectrum of M1 and M2 markers, the
true effect of VPA and PCI-34051 administration on macrophage phenotype in vitro can be
determined. Therefore, this study cannot rule out a regulatory role for HDAC8 in driving M2
macrophage polarization. Finally, the effect of the specific HDAC8 and broad-acting HDAC inhibitor
on macrophage phenotype in vitro was only examined at the protein level because of the direct
correlation between protein expression and cell function. Furthermore, a Griess assay was performed
to determine the effect of PCI-34051 and VPA administration on NO production by LPS-stimulated
BMDMs in vitro. However, examining the effects of these HDAC inhibitors on the gene level and
performing supplementary functional tests (e.g. ELISA and an arginase activity assay) may provide

additional information about the effects of these inhibitors on macrophage phenotype in vitro.

A second objective of this research project was to determine the effect of specific HDACS8 inhibition
on functional recovery and histological parameters in vivo. Results show no improvement in
functional recovery after systemic PCI-34051 or VPA administration. However, a trend towards an
increased BMS score in the broad-acting HDAC inhibitor group (p=0.0680) when compared to the
control group was observed at 29 days post-SCI (Figure 9A). This result does not correspond with
previous studies examining the effect of VPA administration in SCI rodent models, which show
significant differences in functional recovery. Altogether, these studies report that VPA has
anti-inflammatory, anti-apoptotic, and neurotrophic properties and improves functional outcome
after experimental SCI [1, 2, 27, 63, 64]. However, in these studies, SCI rat contusion models were
used to determine the effect of VPA therapy after spinal cord trauma. A possible explanation for the
invariance in disease outcome after VPA administration in this study may be the different injury
model that is applied in this project. In this study, a T-cut hemisection injury model was used to
induce SCI in BALB/c mice for two reasons. First, laceration models result in very clean and
standardized lesions while SCI contusion lesions have a high variability. Second, contusion injuries
are characterized by possible sparing of axons which is not the case in laceration models. Despite
being less representative of the clinical situation, laceration models are therefore suitable for studying
true axon regeneration after SCI [65].
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In addition, the lack of a significant effect of VPA administration on functional recovery after SCI in
this project may also be attributed to the use of a different rodent model than applied in the
aforementioned studies. Histological and immunohistochemical analyses have revealed differences
in neuropathology in terms of cavity formation and inflammation between rats and mice after
experimental SCI. In rats, SCI results in an elongated lesion area with multiple cavities and extensive
inflammation that extends rostral and caudal to the lesion epicenter. SCI in mice, on the other hand,
does not result in cavitation but rather the accumulation of connective tissue elements and

inflammatory cells in the lesion center [66].

Another possible explanation for the observed results might be the inhibitor’s non-specificity and its
many off-target effects. As stated before, clinical research involving the use of VPA in several CNS
diseases has generated negative results and revealed various adverse effects, including weight gain,
birth deficits and comorbidities [1, 23, 24, 26]. VPA is known to be a potent teratogen and to increase
the levels of the inhibitory neurotransmitter y-aminobutyric acid (GABA) besides being a broad-acting
HDAC inhibitor [1, 2, 51]. Furthermore, HDACs are involved in many physiological processes,
including inflammatory and immune responses [26]. Moreover, as reviewed by Kim et al., HDACs
have both histone and non-histone targets, including transcription factors, hormone receptors, DNA
repair proteins and cytoskeletal components [67]. Since HDACs usually exist in large multi-protein
complexes, often containing other HDACs, targeting one HDAC may affect the function of the other
HDACs within the same complex, thereby affecting numerous biological processes [26, 49]. In
addition, the half-life of the inhibitor is rather long (i.e. 9-16 hours), making the dosage and
application frequency very important parameters to consider. However, it is important to point out
that the dosing, administration route and therapeutic timing of both the specific HDAC8 inhibitor
PCI-34051 and broad-acting HDAC inhibitor VPA were based on previous studies [2, 27, 63, 64].

To our knowledge, HDACS inhibition has not yet been studied in SCI and the specific HDAC8 inhibitor
PCI-34051 has not yet been examined in vivo. However, HDACS inhibition has been suggested to be
involved in macrophage polarization towards the anti-inflammatory M2 phenotype and therefore was
proposed to improve functional recovery after SCI [1, 33-35]. Furthermore, a study by Yang et al.
has demonstrated that HDACS8 is catalytically active as a monomer in vitro and functions as a
monomer or in small protein complexes in vivo. Therefore, targeting HDAC8 will not affect the
function of other HDAC enzymes, making it a very interesting target [49, 55, 68]. Nevertheless, no

increase in BMS score was observed after PCI-34051 administration.

In addition, no differences between the control and HDAC inhibitor groups in terms of lesion size,
astrogliosis and demyelination were found in the immunohistochemical analysis (Figure 9B-D). These
findings are not in accordance with previous studies illustrating that the administration of VPA in rat
contusion models reduces the lesion volume, attenuates the extent of demyelination and reduces the
degree of astrogliosis [2, 27, 63, 64, 69, 70]. However, it should be noted that no statistical analysis
could be performed due to limited sample size. Therefore, this immunohistochemical staining should
be repeated to rule out an effect of PCI-34051 or VPA administration on these secondary injury
processes. Information about these parameters would be vital because each of these processes plays

an important role in determining the degree of functional recovery after spinal cord trauma [3-9].
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No effect on immune cell infiltration, i.e. microglia/macrophage and T cell infiltration, was induced
by PCI-34051 or VPA administration, although a trend towards a reduced microglia/macrophage
infiltration caudal from the SCI lesion epicenter was reported after PCI-34051 treatment (Figure 10).
These results are in contrast with earlier studies which have illustrated that the administration of
VPA attenuates the accumulation of immune cells, including Iymphocytes and
microglia/macrophages, into the injured spinal cord in experimental models of SCI in rats [2, 63,
71]. A reduced microglia/macrophage infiltration into the damaged spinal cord may be beneficial as
these cell types can aggravate the inflammatory response by producing pro-inflammatory agents
and proteolytic enzymes, thereby contributing to further tissue destruction and lesion expansion [5,
7-11]. However, macrophages are also able to secrete neurotrophic factors and anti-inflammatory
agents. Microglia, on the other hand, initiate the clearance of spinal cord debris, a process to which
macrophages also contribute. This way, microglia/macrophages aid in creating an environment

permissive for tissue repair [9-11, 16, 17].

Furthermore, spinal cord sections were stained for MHC-II and Arg-1. Surprisingly, this analysis
shows an increase in the number of M1 macrophages at the lesion site in the PCI-34051 group
compared to the vehicle control group (Figure 11A). As previously stated, HDACS inhibition has been
suggested to be involved in macrophage polarization towards the anti-inflammatory M2 phenotype
[33-35]. This is in accordance with our data which show a trend towards an increased number of M2
macrophages in the PCI-34051 (p=0.1823) and VPA (p=0.1855) group compared to the control
(Figure 11B). However, the results of the immunohistochemical analyses should be interpreted with
care as the sample size is rather small. Future work should include more animals per group in order
to elucidate the regulatory role of HDAC8 in macrophage polarization in vivo. In addition, future
research should examine the effect of PCI-34051 and VPA treatment on other physiological
processes, including angiogenesis, neuronal survival and neurite outgrowth, as each of these
processes may also contribute to functional recovery after spinal cord trauma [1, 2]. Furthermore,
as stated by Shakespear et al., conditional knockout mouse studies (e.g. macrophage-specific HDACS
knockout models) are required to delineate more clearly the roles of individual HDACs in
inflammatory and immune responses [26]. Additionally, the epigenetic control mechanisms of
PCI-34051 and VPA in rebalancing the disrupted acetylation homeostasis in SCI should be further
elucidated by performing genomic sequencing, microarrays and chromatin immunoprecipitation
assays [1, 2]. Subsequently, the correlation between these epigenetic control mechanisms and the
observed effects must be clarified in order to determine the therapeutic mechanisms of these HDAC
inhibitors in SCI [2].

In this project, we show that the specific HDACS8 inhibitor PCI-34051 and broad-acting HDAC inhibitor
VPA do not affect macrophage polarization in vitro in the tested concentrations. Furthermore, we
demonstrate that PCI-34051 and VPA do not improve functional recovery after SCI using the T-cut
hemisection injury model. Additional experiments are needed to further elucidate the role of HDACS8

in macrophage polarization and functional recovery after spinal cord trauma.
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5 Conclusion

Recent studies assign anti-inflammatory effects to specific HDAC8 inhibition and suggest a role for
HDAC8 in driving macrophage polarization towards the neuroprotective and pro-reparative
M2 phenotype. Therefore, in this research project, it was hypothesized that specific HDAC8 inhibition

improves functional recovery after SCI.

First, the effect of specific HDACS8 inhibition on macrophage phenotype in vitro was determined by
western blot and the Griess assay. Primary macrophages were polarized towards the M1 and M2
phenotype and stimulated with the specific HDAC8 inhibitor PCI-34051 or broad-acting HDAC
inhibitor VPA. Western blot data reveal no significant differences in iNOS and Arg-1 protein expression
between the experimental and control groups. Furthermore, the Griess assay shows no change in
NO production after HDAC inhibitor administration. Subsequently, the effect of specific HDACS8
inhibition on functional recovery in a spinal cord T-cut hemisection injury model was verified. No
improvement in functional recovery was observed after PCI-34051 or VPA administration. Finally,
different histopathological parameters in the spinal cord sections were evaluated and the results
indicate no effect on lesion size, demyelination, astrogliosis, and immune cell infiltration 35 days
post-injury, although, the specific HDACS8 inhibitor PCI-34051 was shown to regulate macrophage

phenotype in vivo.

In conclusion, these data reject that specific HDACS8 inhibition improves functional recovery after
SCI. However, further work on HDAC8 needs to explore in greater depth its role in macrophage
polarization and functional recovery after spinal cord trauma as this study does not provide conclusive
results to entirely rule out a role for HDACS in these processes. Furthermore, future research should
focus on elucidating the epigenetic control mechanisms of these inhibitors in SCI by performing
genome sequencing, microarrays and chromatin immunoprecipitation assays. In addition,
cell-specific HDAC8 knockout models (e.g. macrophage-specific HDAC8 knockout models) may be
included in follow-up studies to confirm the role of HDACS8 in functional improvement after SCI.
Moreover, the administration of PCI-34051 and VPA could be further optimized in terms of dosage,
route of administration and application time. By taking into account the remarks mentioned in the
discussion section and the proposed follow-up strategies, further light may be shed on the role of

HDACS in macrophage polarization and functional recovery after SCI.
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