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1. Histone deacetylases (HDACs) are required to limit the microglial inflammatory 

responses and HDAC inhibitor (HDACi) suppressed innate immunity in primary 

mouse microglia (this thesis). 

2. Broad spectrum HDAC inhibitor Trichostatin (TSA) did not attenuate progression 

of EAE. This does not mean that TSA cannot be used in chronic mouse model, but 

this effect could be due to increased astrocyte inflammatory response (this thesis). 

3. HDAC inhibition resulted in increased expression of purinoreceptor and 

neuroprotective property in microglia (this thesis). 

4. Atypical orphan chemokine receptor have an important role in the regulation of 

cellular migration in microglia as well as in other immune cells (this thesis). 

5. Science is nothing, but trained and organized common sense (Thomas Huxley). 

6. To me the idea is nothing else than the material world reflected in the human 

mind (Lenin Karl Marx). 

7. A hundred times every day I remind myself that my inner and outer life depend on 

the labors of other men, living and dead, and that I must exert myself in order to 

give in the same measure as I have received and am still receiving (Albert Einstein). 

8. Live as if you were to die tomorrow and learn as if you were to live forever 

(Mahatma Gandhi). 

9. Applied science leads to reforms, pure science leads to revolutions (J.J.Thomson). 
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1 GENERAL ASPECTS OF MICROGLIA 

1.1. Origin of microglia 

General Introduction 

M
icroglia are the primary immune cells of the central nervous system (CNS) and are 
considered tissue macrophages (Ransohoff and Perry, 2009; Streit, 2002). Microglia 

as resident brain myeloid cells were first discovered by Rio-Hortgea (del Rio-Hortega, 1932) 
and have been shown to make up 5-10% of the total glial cell population in the CNS (Carson, 
2002; Greter and Merad, 2013). Research over the past decades has shown that microglia 
originate from the mesoderm (Alliot et al., 1999; Chan et al., 2007). It is generally assumed that 
haematopoietic progenitor cells colonize the brain during the embryonic and perinatal stages 
of development and contribute to the local microglia population. In a later study using chimeric 
animals it was shown that contribution of blood borne cells to the microglia population in the 
normal undistributed brain is almost negligible (Ajami et al., 2007). Recently, Ginhouz and co
workers (2010) showed that microglia are derived from embryonic macrophages from the yolk 
sac, before embryonic day 8 (E8) and give rise to resident macrophages in the CNS. In the same 
study it was shown that primitive macrophages migrate to the developing neural tube and give 
rise to microglia. In line with this, other studies have shown that in traumatic brain lesions, using 
an intravenous injection of colloidal carbon as a cytoplasmic marker for monocytes, carbon
labelled monocytes were the main source of brain macrophages, some of which transformed 
into microglia during the healing process. In conclusion, these results derived from the normal 
and altered brain development as well as from experimental lesions, tend to favour the view 
of the monocytic nature of microglia. In a later study it was showed that in CX3C-chemokine 
receptor 1 (Cx3crl)-GFP transgenic mice fetal yolk sac monocytes at embryonic day 8.5 (E8.5) 
migrate and invade the CNS via blood stream, ventricles as well as meninges at El0.5 which 
emphasize the developmental stage at which seeding of myeloid cells take place in the CNS 
(Ginhoux et al., 2010; Jung et al., 2000). Collectively these data confirm that adult microglia are 
derived from primitive myeloid precursors in the CNS (Leavy, 2010). 

1.2. General functions of microglia 

(a) Maintenance of homeostasis 

In the healthy adult brain, distribution of parenchymal microglia is determined by the 
cytoarchitecture of brain regions, which determines the morphology of microglia within the 
anatomical region e.g. in cortical grey matter (with bipolar arborised microglia) and callosal 
white matter (with radially extending processes microglia (Lawson et al., 1990). Studies using 
two-photon microscopy showed that under physiological conditions microglia have a ramified 
morphology and are responsible for maintenance of homeostasis and immune surveillance 
(Gonzalez-Scarano and Baltuch, 1999; Haynes et al., 2006; Nimmerjahn et al., 2005). Several 
reports suggest that microglia are maintained in this quiescent state via neuron mediated signals 
which act as so called 'Off' signals. In these studies several interesting findings were reported. 
First of all, Off signals are constitutively present on neurons which express CX

3
C-chemokine 

ligand 1 (CX3CL1), CD47, CD200 or CD55 on their membrane surface, respectively (Fig 1.1). On the 
other hand 'On' signals are inducible and are commonly secreted by damaged neurons which 
includes purines and glutamate (Gemma et al., 2010). In addition, neurons utilize other signaling 
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CHAPTER 1 

molecules, including neurotransmitters to act as 'On' and 'Off' signals to maintain microglia in 
resting state (Biber et al., 2007; Hanisch and Kettenmann, 2007). Furthermore, several studies 
have shown chemokines and their corresponding receptors (CX3CL1-CX3CR1) as promising 
candidates for neuron-glia cross talk as well for maintenance of microglia in their resting state 
(Harrison et al., 1998; Meucci et al., 1998; Nishiyori et al., 1998). Considering the importance 
of 'Off' signals in maintaining microglia in their resting state, studies using a CXFRl transgenic 
mouse model have provided evidence that in C\CRl 1· mice, microglia showed enhanced 
reactivity (Cardona et al., 2006). Another 'Off' signal CD200 (membrane glycoprotein) has 
been reported to maintain the resting state and mice lacking CD200R showed an accelerated 
microglial response to injury (Hoek et al., 2000). In addition the same study suggested that 
CD200·1- mice, resulted in a more rapid onset of EAE. Further reports suggested that CD200 
down-regulates the activity of microglia upon ligation with CD200 receptor (CD200R) via 
activation of an anti-inflammatory signaling pathway (Hatherley and Barclay, 2004). 

In response to brain injury or inflammatory stimuli, microglia transform from ramified to an 
amoeboid shape and express high levels of activation markers and release various cytokines and 
chemokines (Hanisch and Kettenmann, 2007; Kraft and Harry, 2011; Ransohoff and Brown, 2012; 
Town et al., 2005). Microglial activation can have both beneficial as well as detrimental effects 
(Schwartz et al., 2006). Benefical functions of microglia include (a) secretion of cytokines, 
chemokines as well as soluble mediators which create an environment conductive for repair 
and regeneration (b) removal of apoptotic cells at the site of lesion (c) recruitment of stem 
cell population for the induction of neurogenesis. In detail, microgliosis has reported to be 
beneficial in nitric oxide-dependent excitotoxicity (Turrin and Rivest, 2006) as well as in stroke 
(Lalancette-Hebert et al., 2007). Earlier studies showed neuroprotective activity of microglia 
in mouse models of amyotrophic lateral sclerosis (Boillee et al., 2006) and in Alzheimer's 
disease (El Khoury et al., 2007). On the other hand several reports suggested that microglial 

Neuron Resting microglial cell 

Fig 1.1: Neuron-glia interaction. In normal adult brain, microglia in steady state condition are maintained 
via neuron-derived signals (C047, C0200 and C022) and acts on corresponding receptor expressed in 
microglia (Adapted from Saijo and Glass, 2011). 
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General Introduction 

activation in response to neuronal death or neuronal damage can be toxic and destructive 
(Gao et al., 2003; Huh et al., 2003). Similar to macrophages, in vitro microglia can show two 
distinct activation patterns, the Ml phenotype (classical activation) which is induced by LPS 
and IFNy and represents a pro-inflammatory phenotype which is hallmarked by secretion of 
inflammatory cytokines and neurotoxic activity (Butovsky et al., 2006; Gordon, 2003). On 
the other hand microglia treated with interleukin-4 (IL-4) or IL-13 display an M2 phenotype 
(alternative activation), which has an anti-inflammatory effects and promotes tissue repair and 
secretion of neurotrophic factors (Henkel et al., 2009). 

(b) Monitoring 

The innate immune system represents the first line of host defense in response to pathogens. Like 
peripheral immune cells, microglia express receptors for recognition of conserved structures 
on pathogens, called pathogen-associated molecular patterns (PAMPs). Upon pathogen 
recognition, pattern recognition receptors (PRRs) trigger pro-inflammatory and anti-microbial 
processes and elicit an immune response (Peri and Piazza, 2012). These pathogen recognition 
receptors include Toll like receptors (TLRs), which are transmembrane proteins containing 
a highly conserved leucine-rich repeat (LRR), a single transmembrane and a cytoplasmic tail 
(Han and Ulevitch, 2005). In a later study it was shown that TLRs are either localized in plasma 
membrane to recognize microbial components (Miyake, 2007) or in endocytic compartments 
recognizing nucleic acids from pathogens (Akira et al., 2012; Kawai and Akira, 2011). To date 
ten TLRs (TLRl-10) in humans and TLRs (1-14) in mouse have been indentifed, which recognize 
various PAMPs. One of the well studied TLRs includes TLR4 which selectively recognizes a 
bacterial cell wall component lipopolysaccharide (LPS) (Beutler et al., 2001; Beutler, 2002). 

(c) Phagocytosis 

Microglia are the key regulators of brain inflammation and their chronic activation results in 
neuronal death. Under basal conditions, phagocytosis seems to be performed by ramified 
microglia (Sierra et al., 2010), in contrast during neurodegeneration where phagocytosis is 
mediated by amoeboid microglia (Kettenmann, 2007). Microglial phagocytosis can be classified 
into two categories based on the presence or absence of inflammation (Neumann et al., 2009). 
Microglia express a variety of phagocytic receptor subtypes: (a) receptors which mediate the 
removal of microbes including CD14, CD36 and certain TLRs (TLR 1, 2, 4 and 6). It was shown 
that CR3, a classical microglial phagocytic receptor is implicated in the removal of microbes 
via the induction of MHC-II molecule (Kaur et al., 2004) (b) receptors recognizing apoptotic 
cellular material like TREM2 which is highly expressed in microglia under neurodegenerative 
conditions, which is essential for the clearance of apopotic neurons by microglia (Sessa et al., 
2004; Takahashi et al., 2005). Another phagocytic receptor includes CD14, which mediates 
phagocytosis under both normal and inflammatory conditions (Schlegel et al., 1999) as well 
as phagocytosis of amyloid 13 (Liu et al., 2005). In line with this, in a mouse model for multiple 
sclerosis (MS), experimental autoimmune encephalomyelitis (EAE), blockade of TREM2 at 
the effector phase of disease resulted in increased disease severity due to the migration of 
peripheral infiltrates (Piccio et al., 2007). It is also shown that under in vitro conditions, TREM2 
mediated signaling enhanced the removal of debris in the absence of inflammation (Takahashi 
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CHAPTER 1 

et al., 2005). These findings suggest that microglia are the principal cell type involved in 

themaintenance of brain homoestasis. 

1.3. Chemokines and their receptors in CNS in microglial signaling 

Chemokines are small proteins (8-12 kDa) which play an important role in immune cell 

trafficking (Moser and Loetscher, 2001; Sallusto and Baggiolini, 2008). Many reports indicated 

that microglia and astrocytes are the primary source of chemokines in the CNS. Chemokines 

act as key regulators in injury and in response to neuroinflammation (Bertollini et al., 2006; 

Charo and Ransohoff, 2006; de Haas et al., 2007; Rostene et al., 2007; Ubogu et al., 2006). Based 

on the number and position of conserved cysteine residues in their amino (NH2) terminus, 

chemokines are classified into four subfamilies (CC, CXC, CX
3
C and C) (Fernandez and Lolis, 

2002). Chemokines act via chemokine receptors, a family of G-protein coupled receptors 

(GPCRs), which initiate the rearrangement of cytoskeleton, triggering cellular migration 

(Sanchez-Madrid and del Pozo, 1999). Chemokines have also been divided into two classes 

(a) Constitutive chemokines, that are continuously expressed in the CNS (Cartier et al., 2005; 

Semple et al., 2010). 

(b) Inducible chemokines, which are expressed in response to CNS injury or aninflammatory 

trigger (Biber et al., 2002). 

Chemokine receptors that are constitutively expressed in CNS include CXCR3, CXCR4, CCR5, 

CX3CR1 etc (Biber et al., 2006; Rostene et al., 2007; Tran and Miller, 2003). Additionally, CXCR3 

is expressed by activated T cells, natural killer cells (NK), endothelial cells and by cancer cells 

(Fulton, 2009; Garcia-Lopez et al., 2001). Furthermore, it was shown that CXCR3 dimerizes with 

other chemokine receptors and thereby affects chemokine binding as well as receptor signaling 

(Vischer et al., 2011). It was postulated that the expression of CXCR3 as well as its ligand CXCLl0 

is induced under inflammatory conditions. This was further confirmed in vitro, suggesting that 

CXCLlO induces CXCR3-mediated migration in primary microglial cultures (Biber et al., 2001; 

Biber et al., 2002; Rappert et al., 2004) and proliferation in primary astrocytes (Flynn et al., 

2003). Furthermore, CXCR3 has been shown to play a major role in auto-immune diseases like 

rheumatoid arthritis, systemic lupus erythematosus and in transplant rejection (Lacotte et al., 

2009). In subsequent studies it was found that under neurodegenerative situations, inducible 

chemokines including CXCLlO, CX3CL1 and CCL2 are expressed not only in glial cells but also in 

neurons (Baron et al., 2005; Rostasy et al., 2003; Sui et al., 2004). 

It has become clear that chemokine ligand binding does not always result in signal 

transduction. This is the case for atypical chemokine receptors. Five atypical chemokine orphan 

receptors including human Duffy antigen receptor for chemokines (DARC), D6 receptor, CCRL2 

and CCX-CKR (Ulvmar et al., 2011) have been categorized as "orphan" chemokine receptors. It 

has been suggested that these chemokine receptors sequester chemokines and thus serve as 

a sink that neutralizes chemokine gradients (Borroni et al., 2006; Fra et al., 2003; Weber et al., 

2004). It has been reported that these atypical chemokine receptors bind chemokines, followed 

by internalization and chemokine degradation (Catusse et al., 2010; Mantovani et al., 2006). The 

DARC receptor was identified as a 'multispecific' chemokine receptor on red blood cells that 
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General Introduction 

binds CXCL8 and CCL2 (Neote et al., 1993). Recent studies have shown that DARC internalize 

chemokines, but cannot efficiently scavenge. In the same study it was showed that in murine 

blood vessels, overexpression of DARC caused chemokine-induced leukocyte extravasation 

were DARC triggered chemokine activity as well as hypersensitivity reactions (Pruenster et al. ,  

2009). In contrast, chemokine receptor D6 has been shown to act as a scavenger of chemokines 

and thereby to play a crucial role in the modulation of inflammation (Graham, 2009). It  was 

shown that transgenic D6 knockout mice displayed excessive inflammatory responses in skin 

inflammation models (Jamieson et al., 2005). On the other hand, it was shown that D6 knock 

out mice were resistant to the development of EAE through impairment of T cell responses 

which resulted in reduced spinal cord inflammation demyelination (Liu et al., 2006). 

The orphan chemokine receptor, CCX-CKR is most recently discovered (Gosling et al., 2000), 

however little is known about its functionality and biological significance. CCX-CKR is found to be 

expressed in heart, intestine, in stromal cells of lymph nodes and thymic epithelial cells (Townson 

and Nibbs, 2002). It was found that CCX-CKR binds CC ligands like CCL19, CCL21 and CCL25 (Gosling 

et al., 2000). It was found that in vitro, expression of CCX-CKR is modulated by stimulation with 

inflammatory cytokines like I L-1J3, TNF-a and interferon-y (I FN-y) (Feng et al., 2009). Increased 

expression of CCX-CKR ligands (CCL19) is induced in pulmonary sarcoidosis, which leads to the 

development of alveolitis in the lung via the recruitment of CD4+ lymphocytes (Kriegova et al., 

2006). Also there is a high correlation between expression levels of CCX-CKR and the metastasis 

of human breast cancer (Feng et al., 2009). In the same study it was shown that CCX-CKR acts as a 

regulator of growth and metastasis in human breast cancer. Recent studies in human T cells as well as 

in HEK cells have shown that co-expression of CCX-CKR inhibits CXCR3-mediated cellular migration 

through the heterodimerisation of these two chemokine receptors, which implies the relevance of 

this chemokine receptor in cell migration (Vinet et al., 2012). Collectively these investigations have 

shown dimerization of CXCR3/CCX-CKR and its involvement in cell migration and CCX-CKR. 

1.4. Purinoreceptors in microglial inflammatory responses 

In addition to activation by TLR agonists, microglia become rapidly and efficiently activated by 

ATP. Thus ATP, released from dying cells upon CNS injury, evokes a vigorous pro-inflammatory 

response in microglia (Franke et al., 2004; Le Feuvre et al., 2002; Wang et al., 2004). It has 

been shown that microglia express P2-purinoreceptors including P2X4, P2X7, P2Yl2 and the 

physiological importance of these purinoreceptors has been extensively studied (Honda et al., 

2001; Nasu-Tada et al., 2005; Tsuda et al., 2003). It was found that expression of P2X4 receptors is 

induced in spinal microglia after nerve injury, suggesting that they are involved in CNS mediated 

neuropathic pain in pain models (Tsuda et al., 2003; Tsuda et al., 2008). ATP also signals via P2X 

ionotropic and P2Y metabotropic purinoreceptors expressed in microglia and thus caused the 

release of inflammatory cytokines like TN Fa (Suzuki et al., 2004). In line with this, it was found 

that release of ATP due to neuronal insult acts via microglial P2Yl2 receptors and thereby mediated 

microglia activity after cortical lesioning (Davalos et al., 2005; Haynes et al., 2006), which 

indicated P2Yl2 as a specialized 'Pattern Recognition Receptor' for danger signaling within the 

CNS. It has been suggested that extracellular UDP is a ligand for another crucial purinoreceptor 

P2Y6, the activation of this receptor involves a wide range of activities which include microglial 
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phagocytosis (Koizumi et al., 2007), host defense mechanism (Zhang et al., 2011), induction of 
cytokines and chemokines (Douillet et al., 2006), cel lular proliferation and survival (Burnstock, 
2002). On the other hand it was shown that motility as well as phagocytosis are dependent 
on the orgnisation of the actin cytoskeleton (Greenberg, 1995; Mitchison and Cramer, 1996). 
Indeed activation of G-protein coupled receptors like P2Y12/13 results in membrane ruffling 
and microglial migration (Honda et al., 2001; Nasu-Tada et al., 2005). P2X7 is another important 
purinoreceptor that is expressed by microglia, astrocytes and also Schwann cells (Collo et al., 
1997; Ferrari et al., 1996; Sim et al., 2004). In later studies it was shown that P2X7 has a crucial 
role in neuro-glia signaling (Sperlagh et al., 2006; Yu et al., 2008). It was found that stimulation 
of P2X7 in macrophages/monocytes as well in microg lia results in activation of c-jun kinases 1 
and extracellular regulated kinases (ERKl/2) and p38 MAPK activation, ultimately leading to the 
induction of inflammatory genes (Humphreys et al., 2000; Potucek et al., 2006). It has been 
shown that inhibition of P2X7 receptors attenuated the microglia inflammatory response in a 
mouse endotoxemia model (Choi et al., 2007). This was supported by other studies showing 
that disruption of P2X7Rs by selective antagonists like (oxATP) counteracted inflammation. Thus 
in P2X7R I deficient mice, extracellular ATP was not capable to initiate the release of IL-l f3 (Solle 
et al., 2001). It was also shown that P2X7 is involved in the production of chemokines like CXCL12 
(Shiratori et al., 2010), TN Fa (Suzuki et al., 2004), production of superoxide and of nitric oxide 
from microglial cells (Gendron et al., 2003) and release of IL-l f3 from macrophages as well as 
microglia (Ferrari et al., 1997a; Ferrari et al., 1997b). Furthermore, increasing evidence points to 
a role of the P2X7 receptor in neurodegenerative disorders like Alzheimers disease (Mclarnon 
et al., 2006; Parvathenani et al., 2003), MS (Oyanguren-Desez et al., 2011; Sharp et al., 2008) and 
epilepsy (Engel et al., 2012; Kim et al., 2011). Collectively these investigations suggest that P2X7 
signaling plays an important role in microglia activation. 

1.5. Toll- l ike receptors and inflammatory responses 

Ligand binding and formation of homo - heterodimers among the TLRs and selective use of 
different adapter molecules are required for the activation of the TLR signaling pathway. It has 
been shown that all TLRs recruit adaptor protein MyD88 where as TLR3 uses the T IR  domain
containing adaptor protein-inducing IFNJ3 (TRIF) as its sole adaptor molecule. In general, TLR 
signaling originates from the cytoplasmic T IR  domain. It was shown that a point mutation in 
murine TLR4 (mutation of praline at position 712 into a histidine) abolished LPS responsiveness 
in the host system (Poltorak et al., 1998). After ligand binding, TLR4 complexes with T IR  domain
containing adaptor protein (MyD88). The TLR-MyD88 complex further recruits IL-l R-associated 
kinases (IRAKs) and TNFR-associated factor 6 (TRAF6), resulting in IRAK phosphorylation and 
thereby dissociates from MyD88 followed by TRAF6 activation and ultimately causes TAKl 
activation (Cao et al., 1996; Lin et al., 2010; Takeda and Akira, 2004). Activated TAKl, complexed 
with a signalsome (a multi-protein complex) catalyzes inhibitor kinase (IKK) phosphorylation and 
its destruction via a proteasome pathway for the activation NF-KB as well as MAPK (ERK, JNK and 
p38) pathway (Fig 1.2). Genetic studies using MyD88 /- mice have revealed that MyD88 is essential 
for the synthesis of TNF-a as well as IL-6 by TLR ligands (Kawai et al., 1999). Besides TLRs, MyD88 
is also essential for signaling induced by IL-l R and IL-18R (Adachi et al., 1998). On the other hand 
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Fig 1.2: TLR mediated signaling pathways. There are two main TLR signal transduction cascades, a MyD88 
dependent and a MyD88 independent (Toll/l L-1 receptor domain (TRIF) dependent) pathway. Al l TLRs are MyD88 
dependent except for TLR3 which activates the TRIF pathway. Unlike other TLRs, TLR4 binds to two adapter 
proteins (MyD88 and TRIF) to induce an inflammatory response (Adapted from Takeishi and Kubota, 2009). 

an MyD88 independent pathway leads to the activation of adaptor protein TRIF which further 
complexes with IRF3 resulting in IRF3 phosphorylation by TBK-1 as well as induction of type 1 IFN
inducible genes (Yamamoto and Akira, 2004). Recently it has been shown that MyD88 has an 
additional role in activating IRF7 (Interferon regulatory Factor 7) which resulted in the induction 
of IFN-a (Honda et al., 2004). It was shown that TRIF transduces signals from TLR3 and TLR4 
and eventual ly results in the activation of NF-KB and IRF pathway to provoke the inflammatory 
response (Akira et al., 2012). Additional ly, another adaptor molecule cal led TIRAP (Mal) is also 
recruited to TLR4 for LPS signaling (Horng et al., 2001). It was found that the LPS induction of IFN J3 
occurs through an TIRAP pathway irrespective of MyD88 (Imler and Hoffmann, 2003). Using a 
yeast two-hybrid screen (Oshiumi et al., 2003), a new cytoplasmic factor containing a TIR domain 
was identified, TIR-containing adaptor molecule TICAM-1. In a later study it was confirmed that 
TICAM-1 is an essential component in TLR3 pathway to induce IFN-J3 (Tao et al., 2012). 
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CHAPTER 1 

Inflammation is a physiological process required for pathogen clearance and tissue 
debris. In order to prevent excessive as wel l as persistent inflammation, TLR signaling needs 
to be tightly regulated by "negative regulators". These negative regulators come into two 
main categories (a) signal-specific regulators which suppresses the signal transduction 
induced by TLRs as wel l as by other pathways. The common signal specific regulators includes 
phosphoinositide 3-kinase (P l3K), Tol lip which are constitutively expressed, whereas suppressor 
of cytokine signaling (SOCS)-1 and A20 were induced only upon by TLR signaling and (b) 
gene specific regulators which include transcriptional repressors that acts to modulate gene 
expression (Fig 1.3). Normal ly  these negative regulators control TLR signaling through three 
major mechanisms (a) dissociation of adaptor molecules, (b) degradation of signal proteins 
and (c) transcriptional regulation (Kondo et al . ,  2012.,Mansel l  et a l ., 2006). It is l ikely that 
SOCS-1 facilitates polyubiquination of Mal on specific residues, which together with tyrosine 
phosphorylation of this adaptor protein, eventual ly results in degradation of Mal protein and 

CMyD88} ----1 

TLR4 

, LPS 

Inflammatory gene expression 

Fig 1.3: Regulation of TLR signal ing. The TLR signaling cascade is extensively regulated in order to limited 
the extent of the inflammatory response (Adapted from Han and Ulevitch, 2005). 

18  



General Introduction 

thereby acts as negative regulator of cytokines (Takagi et al. , 2004). In addition to research on 
these major mechanisms, studies on SOCS-1 signaling indicated that SOCS-1 also attenuates 
the cytokine inflammatory response signaling through the JAK-STAT cascade (Alexander 
and Hilton, 2004) (Posselt et al. , 2011). It was observed that SOCS-1-deficient macrophages 
(Socsi -1 ) produce high levels of nitric oxide and pro-inflammatory cytokines in response to 
TLR4 and TLR9 ligands (Nakagawa et al., 2002). Furthermore it was shown that Socs1 1· mice die 
(by 3 weeks of birth) due to excessive inflammatory responses however, this can be prevented 
by crossing to IFNy deficient mice (lfng 1 ) (Alexander et al. , 1999). Collectively these data 
suggest that SOCS-1 is an essential member of the SOCS family that negatively regulates the 
TLR responses. Another study showed that in P l3 kinase receptor deficient mice (Pi3kr7-1-) there 
is high level of interleukin (IL)-12 production in response to TLR induction suggesting that P1 3Ks 
acts as a negative regulator of interleukin 12 (IL-12) through the inhibition of p38 MAP kinase 
(Cahill et al., 2012; Han and Ulevitch, 2005). Tollip, (another negative regulator) interacts with 
TLRs such as TLR2 and TLR4, overexpression of Tollip causes inhibition of NF-KB activation and 
results in subsequent down regulation of TLR signaling (Han and Ulevitch, 2005). It was shown 
that zinc finger protein (A20 also known as TNF-alpha induced protein 3) exerts its action by 
deubiquinating as well as deactivating TRAF6 which in turn down regulates MAPK kinase and 
NF-KB signaling and prevents the synthesis of inflammatory cytokines through negative feed 
back inhibition (Foster and Medzhitov, 2009; Gon et al. , 2004). Previous studies of macrophages 
from A20 deficient mice have shown exaggregated production of pro-inflammatory cytokines 
in response to TLR ligands (Boone et al., 2004). Besides IL-8, interferon regulator Factor ( IRF3) 
is also found to be negatively regulated by A20 (Saitoh et al., 2005). Additionally, non-coding 
RNAs such as miRNA also function as negative regulators of inflammation. Previous studies 
suggest that miR-155, induced by TLR exhibited positive and negative aspects of inflammation 
(Ceppi et al., 2009; Huang et al., 2010). In order to suppress TLR activation, miR-155 target 
MyD88 and TAKl  binding protein (TAB2) which inturn suppress NF-KB and JNK activation 
(O'Connell et al., 2007; Tang et al., 2010). Collectively these findings indicate that TLR-mediated 
inflammatory responses are extensively controlled by negative regulators. 

In addition to negative regulation of TLR signaling, it was shown that several genes induced 
in response to LPS were not induced or induced to a lesser extent upon restimulation with 
LPS. These genes were referred to as "tolerizable" (T) genes, which include inflammatory 
cytokines to prevent excessive inflammation. Genes that were still induced in response to LPS 
rechallenge were classified as "non-tolerizable" (NT) genes, including antimicrobial genes 
such as cathelicidin-related antimicrobial peptide (camp), in order to increase the efficiency 
to counteract host infection (Foster et al., 2007) . In addition to PAMPs, TLRs also recognize 
endogenous damaged associated molecular patterns molecules (DAMPs) such as High Mobility 
Group Bl (HMGBl), S l00 proteins and Heat Shock Proteins (HSPs) to promote early innate and 
adaptive immune responses. Normally these DAMP molecules are either released by dying and 
necrotic cells or by activated leukocytes (Bianchi, 2007; Chen and Nunez, 2010). 

1 .6. lnflammasomes 

The Nod-like receptor (NLR) gene family constitutes another group of sensors of PAMPs and 
danger signals (Martinon, 2010). NLRs, including NLRPl,  NLRP3 and NLRC4 oligomerise to form 
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multiprotein complexes that are called inflammasomes (Davis et al., 2011). The NLRP3 complex 

is the most widely studied inflammasome and its expression by myeloid cells is induced upon 

detection of various PAMPs (O'Connor et al., 2003). The human NLR family comprises of 22 

genes and the mouse genome contains 34 NLR encoding genes (Ting et al., 2008). To date it 

is known that inflammasome activation is involved in diseases such as type 2 diabetes (Masters 

et al., 2011), inflammatory bowel disease (Kim, 2011) and atherosclerosis (Duewell et al., 2010). 

Recently, it was shown that deposition of amyloid- 13  peptide results in lysosomal damage, which 

triggers neuroinflammation by activating NLRP3 in microglia (Halle et al., 2008). The main 

downstream event following NLRP3 activation is the activation of 'apoptosis-associated spike 

like protein' (ASC) that contains a caspase recruitment domain. Caspase-1 activation by ASC 

will result in the processing and cleavage of pro-forms of the cytokines such as IL-1 13, IL-18 and 

IL-33 to their active as well as their secreted forms. Of which it was found that IL-113 and IL-18 

plays a vital role in the amplication of T Hland T Hl7 cells (Chung et al., 2009; Hata et al., 2004). 

Three possible mechanisms lead to activation of NLRP3 activation :  (a) ATP-mediated stimulation 

of purinoreceptor P2X7, which leads to pannexin-1 formation that allows NLRP3 agonists such 

as amyloid-13, bacterial endotoxin, ATP to enter the cytosol and mediate NLRP3 activation 

(Kahlenberg and Dubyak, 2004; Kanneganti et al., 2007). (b) Engulfment of NLRP3 agonists, 

which after lysosomal recapture results in release of NLRP3 activators. (c) Production of reactive 

oxygen species (ROS), results in the activation of caspase-1 which triggers NLRP3 inflammasome 

complex formation and results in release of inflammatory cytokines (Martinon, 2010). A recent 

study by Heneka an co-workers (Heneka et al., 2012) has shown several interesting findings. 

First of all, elevated levels of caspase-1 were observed in human brain with cognitive impairment 

as well in Alzheimer's disease suggesting a central role of inflammasome in neurodegenerative 

conditions. On the other hand it was shown that NLRP3 gene deficiency mediated a microglial 

M2 phenotype and thereby showed a reduced deposition of amyloid 13 in APPl/PSl mice, a model 

for Alzheimer's disease. In addition, NLRP3 1 '/APP/presenilin-1 as well as in APP/presenilin-1/ 

caspl /· mice did not display memory deficits. Understanding the role of inflammasomes in 

autommunity is less clear. Activation of caspase-1 is crucial for the production of inflammatory 

cytokines like IL-113 and IL-18 during the development of EAE (Furlan et al., 1999). However the 

role of NLRP3 inflammasomes, in the mouse EAE model and possibly in MS is still under debate. 

Studies by Inoue et al., (2012) showed that progression of EAE is enhanced by the priming of 

CD4+ T-helper cells by inflammasomes, which eventually resulted in enhanced migration of 

peripheral infiltrates to the CNS. In contrast it was also reported that NLRP3 inflammasomes 

are not required for EAE progression (Shaw et al., 2010). In conclusion it has been shown that 

inflammasomes are identified as crucial cellular complexes in the identification of pathogen and 

danger signals thereby suggesting a potential role for inflammasome activation in immunity and 

inflammation. Modulation of the inflammasome pathway might serve as an alternative approach 

for new strategies in the treatment of autoimmune disorders. 

1 .7. Microg l ia activity during Experimenta l autoimmune encepha lomyel itis and 
multiple sclerosis 

Multiple sclerosis (MS) is a chronic demyelinating autoimmune disorder characterized by 

infiltration of Thl and Thl7 cells into the CNS (Dhib-Jalbut, 2007; Lassmann, 1998; Ransohoff, 
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1989). The common pathological features of MS include white matter and grey matter 
demyelination (Kieseier and Stuve, 2011; Stadelmann et al., 2011), axonal damage, blood-brain 
barrier disruption and gliosis (Dhib-Jalbut, 2007; Holmoy and Hestvik, 2008). The role of 
activated microglia in neurodegenerative diseases including MS and experimental autoimmune 
encephalomyelitis (EAE) are a subject of intensive research. It has been suggested that 
microglia are effector cells in the development of multiple sclerosis with three vital roles (a) 
presentation of antigens to T cells (b) proinflammatory cytokine production (c) phagocytosis of 
myelin and degenerated tissue (Carson, 2002; Deng and Sri ram, 2005; Mack et al., 2003; Nelson 
et al., 2002). Earlier studies have shown that microglia proliferation and increased lysosomal 
activity occurs at sites of demyelination in EAE (Matsumoto et al., 1992). In detail, it was shown 
that progression of EAE and inflammation coincides with microglial activation and migration 
(Aloisi, 2001; Gehrmann et al., 1995; Kutzelnigg et al., 2005; Ponomarev et al., 2005; Rasmussen 
et a l . ,  2007). This finding was confirmed by other studies where it was found in bone-marrow 
chimeric mice that depletion of microglia repressed the development of EAE (Heppner et al. ,  
2005). Other studies on EAE have shown that activation of microglia/macrophages is a pre
requisite disease development (Brown and Sawchenko, 2007; Raivich et al., 1998). Approaches 
using positron emission topography (PET) have shown increased microglial activation at 
lesion sites in MS brain (Banati et al., 2000). Studies on neuronal toxicity resulting in synaptic 
dysfunction have shown the presence of microglial cell activation and infiltrates in the CNS 
(Marques et a l ., 2006; Zhu et a l ., 2003). In l ine with these studies, detailed analysis of MS brain 
has shown activated microglia in association with transected axons and dendrites (Peterson 
et al., 2001) . Although EAE is referred to as a T- Helper cell-mediated autoimmune disease, 
it seems that many T cell mediated cytokines such as IL-17 and interferon-gamma (IFNy) 
exert CNS inflammation via microglial activation (Murphy et al., 2010). Another study in MS 
as well as in aged brain showed that microglia can exist in primed state and that a secondary 
trigger (peripheral LPS challenge) caused a phenotypic shift towards a sensitized state with 
high expression levels of surface antigens (Ramaglia et a l . ,  2012). These findings point to the 
principal importance of microglia in creating an environment for regeneration which underlies 
that inhibition of microglial activation is considered as a therapeutic approach for MS. 

1 .8. Astrocytes in inflammation and multiple sclerosis 

In addition to microglia, astrocytes play an important role in innate immunity. Astrocytes that 
unlike microglia, are derived from neuroepithelial cells (Sauvageot and Stiles, 2002; Sun et al., 
2003) account for 50% of the cel ls in the CNS (He and Sun, 2007; Herculano-Houzel, 2009). 
Crucial functions of astrocytes include the maintenance of the blood brain barrier, production 
of neurotrophic factors, maintenance of extracellular ion and brain homeostasis, scar 
formation and involvement in neuroimmune responses (Dong and Benveniste, 2001; Matyash 
and Kettenmann, 2010; Sofroniew and Vinters, 2010). Based on the cellular morphology and 
anatomical locations, astrocytes are divided into two classes (a) protoplasmic astrocytes 
located in the grey matter and (b) fibrous astrocytes found in the white matter. 

Astrocytes express pattern recognition receptors for the identification of infectious 
agents and danger signals. It has been postulated that microglia act as initial responders 
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of inflammation and subsequently astrocytes propagate the release of pro-inflammatory 
mediators. This is supported by several studies suggesting that in response to LPS-induced 
inflammation, activated microglia release pro-inflammatory cytokines which in turn act on 
astrocytes to induce an secondary inflammatory response (Saijo et al., 2009; Saijo and Glass, 
2011). Activated astrocytes release a variety of cytokines (Gorina et al., 2011) which further 
induce microglial proliferation and evoke inflammatory responses (Ransohoff and Brown, 
2012; Saijo et al., 2009; Saijo and Glass, 2011). It has also been shown that astrocytes secrete 
neurotrophins and anti-inflammatory cytokines (such as IL-10) to limit the brain inflammatory 
response (Nash et al., 2011). In conclusion it is clear that microglia/astrocyte cross talk is crucial 
in regulating innate immunity of the brain. Many reports indicate that astrocytes are involved in 
CNS traumatic injuries with hypertrophy and hyperplasia (Chen and Swanson, 2003; Korn et al., 
2007) as well as in neurodegenerative disorders (Garwood et al., 2011). "Reactive astrogliosis" is 
one of the striking features found in MS lesions as well as in EAE (Bannerman et al., 2007; Holley 
et al., 2003; Lee et al., 1990). Several studies have shown both protective and deleterious effects 
of astrocytes on demyelination (De Keyser et al., 2010; Moore et al., 2011; Williams et al., 2007). 
Hence the role of astrocytes in demyelinating disorders is still not clear. The deleterious effects 
of astrocytes include (a) possible presentation of antigens to T cells, (b) release of chemokines 
and pro-inflammatory cytokines at the lesion sites (Ambrosini et al., 2005; Constantinescu 
et al., 2005). On the other hand protective effects of astrocytes include scar formation, which 
acts as physical barrier for infiltrating inflammatory cells (Nair et al., 2008), promotion of 
remyelination through the recruitment and proliferation of oligodendrocyte progenitor cells 
(OPCs) at the site of injury (Nash et al., 2011), prevention of myelin damage via glutamate 
uptake (Bailey et al., 2007). Approaches using transgenic GFAP mice revealed that ablation of 
astrocytes does not prevent the myelin damage whereas microglia-mediated myelin clearance 
is impaired in a cuprizone induced MS model, suggesting the importance of astrocytes in 
creating an environment conductive for tissue repair and regeneration (Skripuletz et al., 2012). 

1.9. Epigenetics marks - a general overview 

The term epigenetics describes "the study of changes in gene function which are mitotically 
or meiotically heritable but do not entail a change in DNA sequence"(Wu and Morris, 2001). 
Epigenetic mechanisms comprise of chemical modifications of DNA (methylation), of histones 
(i.e. acetylation, methylation, phosphorylation, sumoylation and ubiquitination) (Bernstein 
et al., 2007; Bird, 2002). Additionally, non-coding RNAs are shown to play an important role in 
gene regulation by either preventing mRNA translation or by targeting mRNAs for degradation. 
(Andersen and Panning, 2003). Epigenetic mechanisms regulate gene transcription in 
response to environmental cues and thus play a critical role in adjusting cellular responsivity to 
physiological and pathological conditions (Bayarsaihan, 2011). Epigenetics has also been shown 
to have an important role in development, cellular differentiation as well as lineage specification 
(Bibikova et al., 2008; Chi and Bernstein, 2009; Lunyak and Rosenfeld, 2008). It is also shown that 
an epigenetic signature is dynamic and can be modified by various environmental factors like 
nutrition, drugs and mental stress as well as by aging processes (Kubota et al., 2012; Wilson, 2008). 
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Inflammation is a physiological response that under certain conditions is subjectto epigenetic 
regulation. It was shown that expression of transcription factors (NF-KB, STAT3 FOXP3) which 
are involved in inflammatory signaling, are regulated by histone acetylation (Medzhitov and 
Horng, 2009; Yamamoto et al. ,  2003) . In conclusion it is of great importance to understand how 
these epigenetic modifications during inflammatory response are reversible to identify novel 
therapeutic strategies in the future. A study by (Karberg, 2009) showed that drugs available for 
epigenetic therapy include histone deacetylase inhibitors (HDACi) and demethylating agents. 

2. EPIGENETIC EVENTS I N  I N FLAMMATION 

2.1. Histone modifications and inflammation 

In eukaryotes, DNA is packaged in the nucleus as chromatin and its organization is a key 
determinant of gene expression levels. The basic unit of chromatin, the nucleosome, is made 
up of the core histones H2A, H2B, H3 and H4. Chromatin structure and DNA accessibility 
are regulated by covalent modifications of histone tails protruding from nucleosomes and 
methylation of cytosines in the DNA sequence, respectively (Jenuwein and Allis, 2001). One 
such covalent histone tail modification is acetylation that is controlled by histone acetyl 
transferases (HATs) and is associated with an "open" chromatin confirmation which facilitates 
transcription of genes (Lee and Workman, 2007) and the activity of histone deacetylases 
(HDACs) which is associated with a more "closed" chromatin conformation that represses gene 
expression (Shahbazian and Grunstein, 2007). In studies on chronic obstructive pulmonary 
disease (Kersul et al . ,  2011), airway biopsies and alveolar macrophages (Conran et al . ,  2002) 
increased acetylation of histones at the promoter region of inflammatory genes induced by 
NF-KB has been observed. In line with this, in another study it was found that histone acetylation 
in the promoter of CBP/p300 resulted in increased gene expression of pro-inflammatory 
cytokines (IL-2, IL-8 and IL-12) (Vil lagra et al., 2010). In the same study it was shown that HDACs 
are involved in the transcription of inflammatory cytokines through their recruitment to gene 
promoters via repressor complexes and other transcription factors. 

(a) Histone acetyltransferases 

Histone acetylation is catalyzed by histone acetyl transferases (HATS) and in general HATS and 
HDACs play a major role in the control of cel l  differentiation and their activity is modulated 
by the signaling pathways like inflammation, metabolism, autophagy etc (Marmorstein, 2001). 
Broad ly HATs are categorized into two families based on their cel lular localization: Nuclear 
HATS (type A) and cytoplasmic HATS (type B) . Based on structural and functional differences, 
type A HATS have been subdivided into five families; three families have been studied 
extensively which include GNAT (GCNS-related N-acetyltransferases) family and PCAF (p300/ 
CBP associated factor), the p300/CBP family, which includes p300 and CBP (CREB-binding 
protein) and the MYST family which includes (TI P60, MOZ, MOF, MORF and HBOl .  Two other 
HAT families include HATs with transcription factor activity (ATF2, TAFl and TF I I IC90) as wel l as 
the nuclear hormone related HATs (SRC4 and ACTR) (Table 1.1, see page no:25). 

It has become clear that the transcriptional and DNA binding activity of NF-KB is 
regulated by acetylation of specific lysine residues by different HATs (Ghizzoni et al., 2011). 
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Table 1: HAT families and their transcription factor related function (Adapted from Marmorstein 2001). 

HAT 

GCNS/PCAF family 

Gens 

PCAF 

MYST family 

as2 

Sas3 

Esa 1 
MOF 

Tip60 

MOZ 

H BOl 

TAF1 1 250 family 

CBP/p300 family 

SRC - 1  or p160 

ATF-2 

Organism 

Yeast to human 

human 

Yeast 

Yeast 

Yeast 

Fruit Fly 

huma n 

human 

human 

Yeast to human 

Worm to human 

Mice to human 

Yeast to human 

Function 

Transcriptional Co-activator 
Histone acetyl - lysine binding 

Co-activator 
Inhibits cell cycle regulation 

Silencing 

Transcriptional Silencing 

DNA replication and repair 

Dosage compensation in drosophila, 
Transcriptional regulatory process 

H IV Tat interaction 

Transcriptional coregulator 

Origin Recognition interaction 

TSP-associated factor 

Globa l coactivator 
Acetylate non-histone substrates include HMGl, HMG14, HMG-lY 

Steroid receptor coactivators 

Sequence - specific DNA binding activator 

Studies by (Chen et al., 2002) have shown that acetylation of the NF-KB at lysine residues 218, 
221 and 310 in the RelA subunit are mediated by the HATs p300 and CBP. Acetylation at Lys 221 
resulted in increased binding affinity ofNF-K B forits enhancersequence. Furthermore, increased 
HAT activity and decreased HDAC activity have been observed in alveolar macrophages with 
asthma (Cosio et al., 2004; Su et al., 2009) in chronic obstructive lung disease ( Ito et al., 2005; 
Rajendrasozhan et al., 2009). Taken together these findings demonstrated that a shift in HAT/ 
HDAC balance towards HAT activity is increased in lung disease which in turn implied that 
inhibition of HAT activity can be considered as a therapeutic approach in the treatment for such 
inflammatory diseases (Adcock and Lee, 2006; Bayarsaihan, 2011; Mroz et al., 2007) . 

(b) Histone deacetylases and inflammation 

Histone deacetylases (HDACs) catalyse the removal of acetyl groups from their substrates, like 
histone proteins. HDACs not only deacetylate histone tails but also many non-histone substrates 
such as F -actin, tubulin and P53 (Yao and Yang 2011) . Mammalian HDACs are classified into four 
classes on the basis of structure, enzymatic function, subcellular localization and distribution. 
HDACs are involved in many biological processes and their activity is not restricted to histone 
proteins. Class I HDACs (HDAC 1, 2, 3 & 8) that are zinc dependent enzymes are predominantly 
localized in the nucleus (Thiagalingam et al., 2003). Class I la HDACs (HDAC 4, 5, 7 and 9) are 
generally localized in the cytoplasm and can translocate to the nucleus. Class l ib includes 
(HDAC6 and 10) where HDAClO was found in both the nucleus and in the cytoplasm (Guardiola 
and Yao, 2002). Class I, I la, lib and IV are referred to as classical HDACs. However, HDAC6 is 
different from other HDACs since it contains two deacetylase domains and a (-terminal zinc 
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finger. HDAC6 is predominantly a cytoplasmic protein and deacytelates transmembrane 

proteins as well as chaperones (Hubbert et al. ,  2002; Kovacs et al. ,  2005; Li et al., 2012; Tang 

et al., 2007). Class I l l  includes the sirtuins which require NAD+ as a cofactor for their activity 

(Imai et al., 2000). It has been shown that sirtuins play a crucial role in specifically deacetylating 

histone H4 lysinel6 (Vaquero et al., 2007). Interestingly, Sirtl has shown to affect the function 

of additional proteins like p53 (Cheng et al., 2003; Langley et al., 2002), FoxO (Brunet et al., 

2004; Motta et al., 2004), NFKB (Yeung et al., 2004) and histone Hl (Vaquero et al., 2007). 

Class IV contains only HDAC 11, which is expressed in brain, heart as well in muscles and shares 

properties of both class I and class II HDACs. Although little is known about its function (Gao et 
al. ,  2002; Liu et al., 2008), recently it has been reported that in antigen presenting cells, HDACll 

plays a key role in TLR-induced cytokine expression, especially interleukin 10 (IL-10) (Villagra 

et al., 2009). Several studies on inflammatory response in immune cells suggested that HDACs 

are involved in the silencing of TLR4-target genes through chromatin remodeling (Foster et al., 

2007). In particularly class I HDACs (HDAC 1) attenuate TLR-induced activity of inflammatory 

genes such as IL-12p40 (Lu et al. ,  2005), Cox-2 (Deng et al., 2004) as well as in lnterferon-13 

(Nusinzon and Horvath, 2006). Further investigation supports the view that HDACl regulates 

the transcription factors ATF3 (Gilchrist et al., 2006) and NF-KB (Ashburner et al., 2001). 

Furthermore, deacetylation of the RelA p65 subunit of NF-KB by HDAC3 allows the nuclear 

export of this transcription factor and turns off the inflammatory response (Greene and Chen, 
2004). Additionally, sirtuin 1 (SIRTl ) abolishes NF-KB dependent activity by deacetylation of the 

Lys 310 residue in the p65 subunit (Yeung et al., 2004). Thus it appears that acetylation as well as 

deacetylation of lysine residues of the p50 and p65 subunits of NF-KB is crucial for their activity. 

On the other hand HDAC4 is required for the suppression of inflammation in LPS triggered 

mouse macrophages (Ghisletti et al., 2007). Further findings showed that HDAC6 deacetylates 
molecular chaperone HSP90 which is essential for the maturation as well as signaling of the 

anti-inflammatory glucocorticoid receptor (GR)(Kovacs et al., 2005). Collectively these findings 

indicate that HDAC activity has a key role in TLR pathway signaling and activity. In view of the 

large number of HDAC family members, gene targeting studies of specific HDACs using small 

interfering RNA (siRNA) or by gene inactivation, or overexpression studies could to provide a 

better insight in the role of specific HDACs in regulating inflammatory responses. 

(c) HDAC inhibitors - Overview 

A substantial amount of evidence has suggested that selective, small molecule HDAC inhibitors 
are a therapeutic target for inflammation. Several classes of HDAC inhibitors have been studied 

in mouse models for arthritis (Gillespie et al., 2012; Vojinovic and Damjanov, 2011), inflammatory 

bowel disease (Edwards and Pender, 2011), graft versus host rejection (Choi and Reddy, 2011) 

and septic shock (Halili et al., 2009). Broad spectrum HDAC inhibitors such as trichostatin A 

(TSA), suberoylanilide hydroxamic acid (SAHA) and Valproic acid (VPA) are mostly categorized 
as "pan-HDAC inhibitors". SAHA and Valproic acid are used in clinical trails and employed in 

various disorders (Table 1.2, see page no:26) . These HDAC inhibitors are known to modify a 

number of histone and non-histone targets, including transcriptional factors, and induce 

a broad range of effects in the cells. These findings potentiate the application of such small 

molecule inhibitors to understand the molecular mechanisms linking HDAC activity to 
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Table 2: H DAC inhibitor and its appl ications in mouse motels (Adapted from Wang et a l ., 2009) 

Disease model Species I nhibitor Effects Referenes 

Endotoxin Human, SAHA Reduced cytokine production, (Brogdon et a l ., 2007) 
mouse lethal ity in vivo i n  mice (Leoni et a l ., 2002) 

(Backdah l  et a l . ,  2009) 

Experimental Mouse TSA Decreased demyelination, (Camelo et al . , 2005) 
Auto- immune leukocyte infi ltration, chemokine 
encephalomyel itis production in  the repals ing 

phase of EAE. 

Stroke Mouse SAHA, Decreased infract size post- (Kim et a l ., 2007) 
TSA middle cerebra l  artery occlusion 

Neurodegenerative Mouse Butyrate Decreased disease progression in (Hockly et a l ., 2003) 
d iseases SAHA Huntington"s chorea, spinal and (Minamiyama et a l ., 2004) 

muscu lar dystrophy, amyotrophic (Petri et a l . ,  2006) 
latera l sclerosis 

Arthritis Mouse, FK228, Decreased joint swel l ing, (Nishida et a l ., 2004) 
rat SAHA, collagen induced models (Lin et a l . ,  2007) 

MS-275, of arthritis, with decreased (Hori et al., 2003) 
VPA overa l l  leukocyte infi ltration 

and T
H
l cytokine production 

but increased Foxp3• Treg 
accu lumation. 

Graft-versus-host Mouse SAHA Decreased g raft-versus-host (Reddy et a l ., 2004) 
disease disease, decreased CD3 (Li et a l ., 2008) 

monoclonal-antibody induced 
cytokine storm during bone 
marrow conditioning 

inflammation. With the development of high throughput screens, selective HDAC inhibitors like 
MS-275 (Class I HDACs), Tubacin (HDAC6 inhibitor), Cambinol (S IRTlinhibitor) were developed, 
which provides opportunity to gain insight into the immunosuppressive properties of these 
inhibitors particular in diseases like cancer (Conte and Altucci, 2012; Khan and La Thangue, 
2012) were these inhibitors induce cell cycle arrest, apoptosis and autophagy. These selective 
HDACi may provide an alternative to pan-HDACinhibitors and indeed their clinical application 
is not only restricted to diseases like cancer but also to other mouse and human diseases. 
Collectively these findings suggest that selective HDACi excert multiple interventions against 
inflammatory disorders. Overall, epigenetic therapy is a rapidly developing area in the field of 
pharmacology as well as in drug discovery. Besides HATs and HDACs, another epigenetic target 
are DNA methyltransferases (DNMTs) and micro RNA (miRNA). 

(d) DNA methylation and inflammation 

Besides histone modifications, several other mechanisms have been identified which 
influence chromatin conformation and gene expression levels. One such modification is DNA 
methylation, the addition of a methyl group from the methyl donor S-adenosylmethionine 
(SAM) to cytosine residues in CpG dinucleotides within the DNA is mediated by a group of 
enzymes known as DNA methyltransferases (DNMTs). It is known that many genes have CpG 
rich regions (CpG islands) which are situated at the S'end of the gene and it is observed that 
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most of these islands are not methylated (Herman and Baylin, 2003). It has been shown in 
eukaryotes that methylated CpG islands in the non-coding regions have a number of cel lular 
functions with transcriptional repression which includes genomic imprinting, X chromosome 
inactivation (Bernstein et al., 2007; Jones and Liang, 2009). 

Inflammation is a progressive process initiated by the host immune system to eliminate the 
sources of inflammatory response. The identification of cross talk between DNA methylation 
and transcription factors is considered as a defense mechanism against the foreign material 
(Zhao et al., 2012). In detail, changes in the DNA methylation at the promoter region can 
modulate the activity as wel l as expression of cytokines in the context of an inflammatory 
response. This is supported by several studies were it was shown that the extent of methylation 
at CpG promoter sites correlated with the production of IL-10 (Fu et al., 2011), TNF-a (Nakano 
et al . ,  2013; Wilson, 2008), IL-113 (Wessels et al., 2010), IL-2 (Bruniquel and Schwartz, 2003), 
IL-13 (Ooi et al., 2012). In bronchial epithelial cel ls it was found that hypomethylation of the 
promoter of TLR2 was associated with an enhanced pro-inflammatory response (Shuto et al., 
2006). Also it was shown that DNA methylation and histone modifications are essential for 
the TNF-a expression (Sul livan et al . ,  2007). In addition to this, changes in the methylation 
level of the SOCS3 gene, an inhibitory factor on cytokine expression, have been shown to 
modulate the pathogenesis of prostate cancer (Pierconti et a l ., 2011) . This was supported by 
another study were it was shown that hypomethylation of SOCS3 enhanced the level of IL-6 
cytokine which stimulated cancer progression via transcription factor STAT3 (Li et a l ., 2010). 
Furthermore, it has been observed that DNA methylation suppressed excessive TLR4 responses 
in intestinal epithelial cel ls and thereby regulated mucosa! inflammation in the gut (Takahashi 
et al., 2009). Co l lectively these findings indicate that altered DNA methylation patterns in 
inflammatory disorders as wel l  as in cancer may provide biomarkers for early pre-malignant 
states (Wilson, 2008). Using microarray studies it was shown that maternal infection in mice 
was associated with changes in DNA methylation patterns of imprinted genes (Bobetsis et a l ., 
2010). Summarizing these findings, it is clear that DNA methylation is a reversible epigenetic 
modification with revelance for the implementation of new therapeutic approaches. 

(e) MicroRNA and inflammation 

MicroRNAs (miRNAs) are smal l  non-coding RNAs that regulate the stability or translation of 
target transcripts. General ly miRNAs are transcribed by RNA polymerase II as wel l as by RNA 
polymerase I ll under certain instances. Upon initial processing by Drosha and DGCR8 in the 
nucleus, pre-miRNA is exported to the cytoplasm were it is cleaved by Dicer resulting in a 18-24 
basepair mi RNA duplex. From this miRNA duplex, one of the two RNA strands is loaded into 
the RNA-induced silencing complex (RISC) and thereby directs the complex and binds to the 3' 
untranslated region (3'UTR) of specific messenger RNAs resulting in suppressed expression of 
target protein. This repression may take place due to a variety of mechanisms such as decreased 
mRNA stability due to uncapping and deadenylation or via inhibition of translation. Upon 
exposure to inflammatory stimuli, various signals are transduced to the nucleus, which results 
in the induction as wel l as repression of several genes, which is required for the coordination 
of inflammatory responses. The inflammatory response also changes miRNA transcript levels, 
miR-155 and miR-146 were identified as miRNAs which are induced by NF-KB (O'Connel l  et a l ., 
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2007; Taganov et al., 2006; Thai et al., 2007). It has been shown that miR-146 limits the TLR 
response by inhibition of T RAF6 (Taganov et al., 2006). Several other miRNAs change in 
expression duringt inflammation in different cell types. Recently it has been shown that TLR-4 
dependent inflammatory responses are regulated at two different levels (a) Transcriptional 
control modulated by epigenetic modifications and (b) differential expression of miRNAs 
(El Gazzar and McCall, 2010). Additionally it was shown that miR-124 is expressed in microglia 
but not in peripheral macrophages/monocytes (Ponomarev et al., 2011). In activated microglia, 
for instance during EAE, miR-124 expression was downregulated and peripheral administration 
of miR-124 in EAE mice resulted in deactivation of macrophages and microglia The data 
indicate that miR-124 can function as a switch between microglia activation and quiescence. In 
conclusion, epigenetic processes are extensively implicated in the regulation of inflammatory 
responses, and these include histone modifications, DNA methylation and specific miRNAs. 

3. TRANSCRI PTION FACTORS AND INFLAMMATORY RESPONSE 

The best characterized transcription factors in TLR4-mediated inflammatory signaling in 
immune cells include NFKB and interferon regulatory factors ( I RFs). It is well known that 
inflammatory responses are tightly regulated via NF-KB-dependent transcription of cytokine, 
chemokine, and cell adhesion molecule genes. The NF-KB transcription factor complex contains 
four different proteins: p65 (RelA), RelB, c-Rel, pl05/p50 (NF-KBl ) which form homodimeric and 
heterodimeric complexes. Under basal conditions, NF-KB is retained in an inactive form in the 
cytoplasm via their interaction with inhibitory proteins (IKB) such as IKBa, IKBj3 and IKBE or 
with the precursor Rel proteins pl O0 and pl05. In response to inflammatory stimuli such as 
bacterial product (LPS), inflammatory cytokines including (TNF-a) and interleukin-l j3 ( IL-1 13), 
these inhibitory proteins are phosphorylated which leads to the translocation of transcription 
factor complex from cytoplasm to the nucleus where it regulates the transcription of target 
genes (DiDonato et al., 1996; Karin and Ben-Neriah, 2000; O'Neill and Kaltschmidt, 1997). 

Several studies suggest that NF-KB activation in glial cells like microglia, astrocytes and 
astrocytoma cell lines have shown a central role of NF-KB in regulating the inflammatory response 
(Barnes and Karin, 1997; Carter et al., 1996; Hu et al., 1999; Makarov, 2000; Moynagh et al., 1993; 
Nakajima et al., 2006; Rhee and Hwang, 2000; Sparacio et al., 1992; Surh et al., 2001; Takatsuna 
et al., 2005). Small molecule inhibitors of NF-KB suppressed LPS mediated proinflammatory 
responses pointing to a crucial role for NF-KB in microglia inflammatory responses (Mattson and 
Camandola, 2001). Earlier reports showed that RelB deficient mice showed a reduced basal level 
activity of NF-KB, resulting inadaptive immune system deficiency (Burkly et al., 1995; Weih et al., 
1995). Indeed, the induction of inflammatory genes by NF-KB depends on co-activator proteins, 
transactivators as well as repressors, which regulate the activity of NF-KB at multiple levels. 
These co-activators have histone-modifying activities which include histone-acetyltransferases 
such as CBP-p300, PCAF (p300-CBP associated factor) as well as GCN5 that lead to gene 
expression by its binding to specific promoter sites of their target genes. Additionally in vivo, 
NF-KB is also present in many developing neurons in their activated state due to the release of 
neuronal trophic factors. However, NF-KB activation results in the release of anti-apoptotic and 
anti-oxidant enzymes which in turn promotes neuronal survival (Barger et al., 1995; Bhakar et al., 
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2002; Guo et al., 1998; Kaltschmidt et al., 1994; Maggirwar et al., 1998; Mattson, 2005). On the 
otherhand, secretion of inflammatory cytokines can also result in the activation of NF-K B  in CNS 
resident cells which eventually could lead to neuronal degeneration (Mattson, 2005). Several 
studies showed that transcriptional activity of NF-KB is dependent on the interaction of RelA/ 
p65 subunit with histone deacetylases such as HDACl, Sirtuin-6 (Ash burner et al., 2001; Kawahara 
et al., 2009). These findings suggest that regulation of NF-KB mediated gene expression is 
coordinated through transactivators as well as repressors. In conclusion, NF-KB is shown to be 
important in inflammatory diseases such as rheumatoid arthritis (Makarov, 2001), MS (Yan and 
Greer, 2008), inflammatory bowel disease (Atreya et al., 2008) which suggests that the NF-KB 
pathway could be considered as a target for therapeutic intervention. 

Another important regulator of immunity is the interferon-regulatory factor ( IRF) family 
of transcription factors which encode type I interferons (IFNs) like IFN-a and IFN-� and type I I  
interferons, IFNy (Taniguchi et  al., 2001). I t  was proposed that in MS, IFN� was reported to be the first 
clinically approved therapy (Applebee and Panitch, 2009). Generally type I interferons are produced 
upon viral infection whereas type I I  interferons were produced by activated T cells and natural killer 
cells (Lengyel, 1982; Pestka et al., 1987; Weissmann and Weber, 1986). The major source of type I 
interferon (IFNa) in the CNS includes neurons in response to infection (Delhaye et al., 2006) and in 
EAE both infiltrating macrophages and microglia also express other type I interferon (IFN�)(Teige 
et al., 2003). In another study it was shown that mice which are deficient for type I IFN signaling 
display increased EAE severity which implies the relevance of type I IFN pathway in the regulation of 
CNS inflammation (Prinz et al., 2008; Teige et al., 2003). At present nine IRFs have been identified in 
humans and in mice (Honda and Taniguchi, 2006; Taniguchi et al., 2001). 

However the molecular basis of glial activation is currently a subjectofintensive investigation 
and debate. Initially, the glial inflammatory response is mediated by TLR as well as Type I IFNs 
(IFN-a and IFN-�). More importantly, I RF3 has been showed as a crucial transcription factor in 
non-My088 TR IF pathway of TLR3 and TLR4 response (Grandvaux et al. , 2002; Lin et al., 1998; 
Sharma et al., 2003). In vitro studies have showed that I RF3 has a crucial role in innate anti-viral 
immunity in microglia as well as in astrocytes (Suh et al., 2007; Suh et al., 2009). Furthermore, 
I RF3 is found to be important for neuroprotection elicted upon stimulation with LPS (Marsh 
et al., 2009). Another interesting observation by Tarassishin and co-workers showed that the 
microglial phenotype can be reversed by I RF3 gene transfer from pro-inflammatory to an anti
inflammatory state through the activation of the P I3K/AKT pathway (Tarassishin et al., 2011) . 
Furthermore, it was found that I RF3 is required for the transcription of type I IFNs emphasizing 
the role of I RF3 in the pathophysiology of various diseases (Tamura et al., 2008). It has been 
suggested that I RF5 might function has both activator as well as repressor of interferon gene 
induction. However, the main role of I RF5 is to ensure the production of immediate early 
inflammatory genes (Barnes et al., 2003). A recent study has pointed to interferon regulatory 
factor I RF8 as a prominent and constitutively expressed transcriptional factor in microglial 
cells in response to interferon- y (Ellis et al., 2010). However, these results were supported by 
another study, indicating that I RF8 is an important transcription factor in the development as 
well as for the function of microglia (Minten et al., 2012). 

It was reported that I RF7 acts as a master regulator of type I IFN signaling (Honda et al. ,  
2005; Honda et al . ,  2006) . From studies in EAE model, it was shown that I RF7 deficient mice are 
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more susceptible to EAE than the wild type mice indicating that IRF7 signaling is crucial for the 

regulation of inflammatory responses during EAE progression in the CNS (Salem et al . ,  2011) .  

It  was postulated that IRF7 and IRF9 belong to a family of transcription factor with multiple 

functions like host defence, and immune cel l  development (Khorooshi and Owens, 2010). It 

was shown that type I I FN signaling inhibits the expression of matrix metal loproteinase (MMPs) 

in microglia as wel l  as in astrocytes and thereby prevents the infiltration of leukocytes to the 

CNS during EAE (Benveniste and Qin, 2007; Liuzzi et a l., 2004) . Col lectively this information 

has led to the conclusion that the IFN family of transcription factor can be subject of intensive 

research for the regulation of inflammatory responses as a target for drug discovery. 

4. AIMS AND OUTLINE OF THE THESIS 

The aim of this PhD project was to investigate the role of glia l cel ls in inflammatory responses 

of the central nervous system. In chapter 1 we have provided a comprehensive overview 

regarding the modulation of glial activity in response to inflammatory stumuli in vitro and in 
vivo in neurodegenerative, inflammatory mouse models. 

Chapter 2 is focused on the role of histone deacety lases (HDACs) in the inflammatory 

response of microglia and astrocytes. The role of Histone deacetylase (HDACs) in modulating 

inflammatory responses in glial cel l s  is still a subject of intensive research. We were interested 

to determine the role of HDACs and HDACi in control ling microglia and astrocyte inflammatory 

responses and their implications in the biology of these glial cel ls. 

Chapter 3 describes the effect of HDACi (TSA) in Experimental Autoimmune Encephalomyelitis 

(EAE) etiology as well as on the inflammatory response of microglia as wel l  as peripheral macrophages 

in EAE mice. Consequently, it has been proposed that astrocytes might contribute to the inflammatory 

responses in EAE .  Thus we intended to investigate the effect of TSA on the inflammatory response in 

astrocytes in vitro. 

Chapter 4 describes the role of purinoreceptor P2X7 in microglia. Additional ly, it was 

investigated whether HDACi (VPA) has a role in the regulation of this purinoreceptor to excert 

its neuroprotective properties. 

Chapter 5 describes the role of chemokine CXCR3 as wel l  as CCX-CKR in intracel lular 

signaling and migration in various cel l  types (T-cel ls, microglia as wel l in transfected HEK 293 

T cel ls) .  In chapter 5 a novel orphan chemokine receptor signaling mechanism of CCX-CKR in 

preventing CXCR3 mediated chemotaxis in different immune cel ls are presented. 

Chapter 6 summarizes the results presented in the previous chapters and discussion 

these data. In this chapter, the intrinsic as wel l  as extrinsic factors essential for microglia l 

homoestasis under normal as wel l  as in pathological conditions are discussed. 
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HDACi inhibit microglia immune activation 

1 .  ABSTRACT 

Neuroinflammation is required for tissue clearance and repair after infections or insults. To 
prevent excessive damage, it is crucial to limit the extent of neuroinflammation and thereby 
the activation of its principal effector cell, microglia. The two main major innate immune 
cell types in the CNS are astrocytes and microglia. Histone deacetylases (HDACs) have been 
implicated in regulating the innate inflammatory response, and here we addressed their role in 
pure astrocyte and microglia cultures. Endogenous HDAC expression levels were determined 
in microglia and astrocytes, and after treatment with lipopolysaccharide (LPS) or LPS and 
interferon y (IFNy). Since the relative expression level of HDACs was reduced in LPS or LPS/IFNy 
(with the exception of HDACl and 7) stimulated astrocytes and increased in microglia after LPS 
treatment both in primary cultures and in microglia acutely isolated from LPS-treated mice, we 
focused on the inflammatory response in microglia. Primary microglia cultures were treated 
with LPS in the presence or absence of HDAC inhibitors (HDACi). Expression and release of 
inflammatory cytokines was determined by quantitative RT-PCR, flow cytometry and EL ISA. 
HDACi strongly suppressed LPS-induced cytokine expression and release by microglia. 
Furthermore, expression of Ml- and M2-associated activation markers was suppressed and also 
the migratory behavior of microglia was attenuated. Our findings strongly suggest that HDACi 
suppresses innate immune activation in microglia. 
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CHAPTER 2 

2. INTRODUCTION 

M
icroglia and astrocytes are the innate immune cells of the central nervous system and are 
responsible for maintenance of the homeostasis and immune surveillance (Aloisi, 2001; 

Colton, 2009; Kim and de Vellis, 2005; Nimmerjahn et al., 2005). In response to very early stages 
of brain injury or diseases, microglia transform from a ramified to an amoeboid shape and can 
evoke an inflammatory response (Gonzalez-Scarano and Baltuch, 1999; Hanisch and Kettenmann, 
2007). Since neuroinflammation causes considerable bystander damage (Kraft and Harry, 2011) 
it is considered beneficial to limit microglial activation and thus to regulate the inflammatory 
response. Besides microglia, astrocytes also contribute to neuroinflammation (Dong and 
Benveniste, 2001). Previous studies reported that microglia are initial sensors to LPS mediated 
inflammatory response and astrocytes enhance the inflammatory response via production of 
neurotoxic factors (Saijo et al., 2009; Saijo and Glass, 2011). HDACs and HDACi have been reported 
to modulate innate immune activity (Shuttleworth et al., 2010). HDACs deacetylate lysine residues 
on target proteins which include, but are not limited to, histones and histone deacetylation is 
generally associated reduced gene expression (Shahbazian and Grunstein, 2007). 

Mammalian HDACs are classified into four classes: class I (HDAC 1, 2, 3 and 8), class II (HDAC 
4, 5, 6, 9 and 10), class I ll includes the sirtuins (Sirt 1-7) (Liu and Casaccia, 2010; Thiagalingam et al., 
2003) and class IV only contains HDAC 11, a negative regulator of interleukin 10 (IL-10) in antigen
presenting cells (Villagra et al., 2009). Well characterized broad spectrum HDACi trichostatin A (TSA) 
and suberoylanilide hydroxamic acid (SAHA) target class I and II HDACs and are reported to result in 
global hyperacetylation of histones (Thurn et al., 2011). Several studies have implicated HDACs and 
broad spectrum HDACi in the inflammatory responses of various cell types including macrophages, 
glial cells and dendritic cells with different results. In some cell types, HDACs act as negative regulators 
of inflammatory responses where in other cell types pro-inflammatory effects have been reported 
(Aung et al., 2006; Bode et al., 2007; Choo et al., 2010; Faraco et al., 2009; Han and Lee, 2009; 
Huuskonen et al., 2004; Suuronen et al., 2003; Suuronen et al., 2006). Here we focused on the effect 
of LPS on HDAC expression in microglia and astrocytes and HDACi on the inflammatory response of 
primary mouse microglia in response to LPS and LPS/IFNy-induced activation. 

3. MATERIALS AND METHODS 

3.1 . Animals 

All animal experiments were carried out in accordance with the regulations of the Animal 
Welfare Committee (DEC) of the University of Groningen, The Netherlands (License number 
5913C and 5785C). 

3.2. Chemicals 

LPS (Cat # L4391), TSA (Cat # T l 952) and Licodaine hydrochloride (Cat # L5647) were purchased 
from Sigma-Aldrich (Zwijndrecht, The Netherlands). SAHA (Cat # 10009929) was purchased 
from Cayman Chemical (USA) Anti-acetyl histone H3 (Cat # 06-599) and anti-histone H3 (Cat # 
07-690) were purchased from Millipore (Amsterdam, The Netherlands) and a fluorescent labeled 
secondary antibody, donkey anti-rabbit ( IR  Dye 800) was purchased from (LI-COR Biosciences, 
Cambridge, United Kingdom), Percoll (Cat # 17-0891-0) was purchased from GE Healthcare. 
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3.3. Primary microglial cultures 

Primary microglia cultures were prepared from brains of wild type C57BL/6 mice at postnatal 
day 1 as described previously (Biber et al., 2001; de Jong et al., 2005) with the fol lowing 
modifications. Briefly, after removal of the meninges and brainstem, brains were triturated 
with medium A (HBSS with 0.6% glucose, 15 mM HEPES buffer and 1% penicillin/streptomycin). 
To the minced brains, 2.5 % trypsin (Gibco) was added followed by incubation at 37°C for 20 
min.  The enzymatic reaction was stopped after 20 min by adding trypsin inhibitor medium, 
followed by a gentle dissociation to obtain a single cell suspension .  DMEM supplemented with 
10% FCS was added and the cell suspension was centrifuged at 960 rpm at 12°C for 12 min .  The 
supernatant was removed and cells were seeded in 75 cm2 flasks in DMEM supplemented with 
10% FCS. Cultures were maintained for 3 weeks with 0.01% primocin in 5% CO

2 
at 37°C. After 3 

weeks, microglial cells were harvested from the astrocytic layer by orbital shaking and seeded 
in new cell culture plates. The purity of microglia was routinely tested by staining for cell
specific markers (CDl lb, F 4/80), revealing that cultures consisted >95% of microglia. 

3.4. Primary Astrocyte cu ltures 

Primary astrocyte cultures were obtained from mixed glial cultures of C57BL/6 post natal brain 
as described previously (Sher et al., 2011) with following modifications. After 2 weeks, cultures 
were placed overnight in an orbital shaker (150 rpm, 37°C). The next day non-adherent glial cells 
were removed and the astrocyte layer removed by mild trypsinization and reseeded in DMEM 
supplemented with 10% FCS to obtain 98% pure astrocyte cultures. 

3.5. Acute microglia isolation 

Mice received an intraperitonial injection with saline or LPS (lmg/kg) and after 4 hr or 6 hr, mice 
were anesthetized, transcardially perfused with saline and sacrificed. Brains were prepared and 
kept in ice-cold medium A (HBSS with 0.6% glucose, 15 mM HEPES) and cut into small pieces 
using a surgical blade followed by mechanical dissociation using a tissue homogenizer to obtain 
a single cell suspension.  Microglia were isolated as described previously in (de Haas et a l ., 2008) 
with the following modifications. The cell suspension was filtered through 70 µm cell strainer 
(Cat # 352350, BD Falcon™) followed by cell pelleting at 220 ref (10 min, 4°C). The cell pellet was 
resuspended in 25 ml 25% Percoll solution, overlayed with 8 ml PBS and centrifuged at 950 g for 
20 min.  The pellet was resuspended in medium A (without Phenol Red) and blocked with 1% 
CD16/32 (Cat # 14-0161, eBiosciences) for 10 min on ice. For cell sorting, CNS mononuclear cells 
were stained with CDl lb-PE (Cat # 12-0112-82, eBioscience) and CD45-FITC (Cat #11-0451-82, 
eBioscience) and isolated using a MoFlo™ XDP Beckman Coulter sorter and lysed in RNA lysis 
buffer (Qiagen RNeasy Micro Kit). 

3.6. Quantitative RT-PCR 

Microglia were stimulated with LPS (100 ng/ml) for 4 hr, either in the presence or absence 
of TSA or SAHA, with a 2 hr preincubation of the respective HDACi. Total RNA was isolated 
using Qiagen RNeasy Micro Kit according to the manufacturer 's instructions. RNA was 
transcribed to cDNA using Random Hexamers (Fermentas) in a thermal cycler (BIORAD), using 
M-MuLV Reverse Transcriptase and Ribolock RNAse inhibitor (Fermentas). Quantitative PCR 
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reactions were carried out using a SYBR supermix (BIORAD) on an ABl7900HT device (Applied 

Biosystems) with different sets of Q-PCR primers (see Table 1). For each gene, measurements 

were performed in triplicates in three independent experiments. Q-PCR primers were designed 

in PRIMER EXPRESS 2.0 and all generated PCR fragments were cloned and sequenced ensuring 

specific gene amplification. HMBS was used as an internal standard to calculate relative gene 

expression levels with the 2 McT method (Livak and Schmittgen, 2001) .  

Table 1 :  List o f  qPCR primers 

Gene Accession number Forward primer (5'-3') Reverse primer (5'-3') 

HDACl NM_008228.2 GGACACGCCAAGTGTGTGG GAGCAACATTCCGGATGGTG 

HDAC2 NM_008229.2 CAACAGATCGCGTGATGACC CCCTTTCCAGCACCAATATCC 

HDAC3 NM_Ol0411 .2 GACGTGCATCGTGCTCCAGT ACATTCCCCATGTCCTCGAAT 

HDAC4 NM_207225.l TTACAGACTCCGCATGCAGC GCGATGCCATTCTCAGTGCT 

HDACS NM_ 001077696.l ACGCCTCCCTCCTACAAATTG TTAAGTTGGGTTCCGAGGCC 

HDAC6 NM_001130416.l AGCTTACTTTGCTGCGACCG CGCAAACTGCGCCAGTATTT 

HDAC7 NM_Ol9572.2 TGCCGAGACCCTTGGAGATT GTTAGGGCCATGCTCGCTG 

HDAC8 NM_027382.3 GGGTGGCATCATGCAAAGAA CAAATTTCCGTCGCAATCGT 

HDAC9 NM_024124.3 AGGTGGCAGAATCCTCGGTC TCATTTTCGGTCACATTCCCA 

HDACl0 NM_l99198.2 TGGAAGAGGAATCCATACGC GCCTTCGAGAAAGGACCCAG 

HDACll NM_l44919.2 CCGGTCATCTTTCTTCCCAA GCTTCCCTGCCATGATGGT 

Sirtl NM_019812.2 TTTGCAACAGCATCTTGCCT GGCACCGAGGAACTACCTGAT 

Sirt2 NM_022432.4 CCTCATCAGCAAGGCACCAC CATCATCATGCCCAGGAAGG 

I L-lf3 NM-008361 ATCTTTGAAGAAGAGCCCATCC TGTAGTGCAGTTGTCTAATGGG 

I L-6 NM-031168 CCTCTCTGCAAGAGACTTCCATCCA GGCCGTGGTTGTCACCAGCA 

TNF-a NM-013693 TCTTCTGTCTACTGAACTTCGG AAGATGATCTGAGTGTGAGGG 

iNOS NM-010927 AAGGCCACATCGGATTTCAC GATGGACCCCAAGCAATACTT 

I L-10 NM_010548 AAGGGTTACTTGGGTTGCCA TTTCTGGGCCATGCTTCTCT 

TGF-f3 NM-011577 GAACCAAGGAGACGGAATACAG GGAGTTTGTTATCTTTGCTGTCAC 

HMBS NM_001110251.l CCGAGCCAAGGACCAGGATA CTCCTTCCAGGTGCCTCAGA 

3.7. lmmunoblotting 
Nuclear proteins were isolated from both control and TSA-treated cells as  described (Holling 

et al., 2007). After treatment with TSA, cells were washed twice with PBS and lysed (10 min on 

ice) in cold cell lysis buffer (5 mM PIPES, 85 mM KCI, 0.5% Nonidet P40, pH 8.0) supplemented 

with protease inhibitors (Cat # 11836153001, Roche Applied Science, Germany). Cell lysates were 

centrifuged at 5000 rpm for 5 min at 4°C and the pellet was resuspended in nuclear lysis buffer 

(50 mM Tris- HCI, 10 mM EDTA, pH 8.1) supplemented with protease inhibitors, followed by 

centrifugation at 15, 700 ref for 5 min at 4°C. After sonication (3 x 15 sec), protein content as 

determined using a Bradford assay. A sample aliquot was mixed with Laemmli buffer and boiled 

for 5 min at 95°C and proteins were resolved on 15% SDS-PAGE gels. Subsequently, proteins 

were transferred onto nitrocellulose membranes equilibrated with transfer buffer (25 mM Tris, 

150 mM glycine, 10% v/v methanol) in a semi-dry blotter (BIORAD) at 3 mA/cm2 for 1 hr. After 
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transfer, the membrane was blocked in Odyssey blocking buffer (OBB; diluted 1:2 in PBS) for 
1 hr at room temperature (rt), followed by overnight incubation at 4°C with rabbit anti -acetyl 
H3 antibody (1:1000 in blocking buffer). After primary antibody incubation, membranes were 
washed in PBS, 0.2% Tween-20, incubated with a secondary fluorescence-conjugated ( IR  Dye 
680 LI-COR) donkey anti-rabbit antibody (1:8000 in PBS, 1 hr at rt). After washing (PBS, 0.2% 
Tween-20) the blots were scanned in a LI -COR Odyssey infrared imaging system. 

3.8. Microglia viabil ity: MTT assay 

Microglia viability was determined using an MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazoliumbromide) assay as described in (Wang et al., 2010) . Microglia were seeded 
(1. 5 x 104 cells/9.5 cm2) and treated with TSA (30 nM) for 6 hr and 12 hr, SAHA (0.1 and 1 µM) or 
DMSO for 12 hr. Subsequently, MTT (0. 5 mg/ml) was added and after 2 hr, cells were lysed in 
DMSO and the reaction product was measured at 570 nm (with a background correction at 
630 nm) in a microplate reader (Biotech instruments, µ quant). 

3.9. Flow cytometry 

Microglial cells were seeded at a density of 2 x 104 cells/25 cm2
• After 24 hr, cells were treated 

with LPS (100 ng/ml) and IFNy (50 ng/ml) for 12 hr. If present, TSA was added 2 hr prior to LPS 
and INFy. For flow cytometric analysis, cells were harvested using 4 mg/ml lidocaine (van der 
Putten et al., 2009), and resuspended in ice-cold PBS containing 1% of anti-mouse CD16/32 
(eBiosciences) to block Fe receptors. After 20 min, cel ls were stained with surface markers: FITC
hamster anti-mouse CD40 (Cat # 1-0402-81, eBioscience), F ITC-rat anti-mouse CD86 (Cat # 11-
0862-81, eBioscience), 20 min on ice. After staining, cells were collected, resuspended in PBS and 
analyzed in a BO™ LSR II multi-laser flow cytometer. FlowJo software was used for data analysis. 

3.10. Enzyme l inked immunosorbent assay (ELISA) 

Microglia were seeded at a density of 3 x 104 in 24-well plates. After 24 hr, cells were stimulated 
with LPS (100 ng/ml, 10 hr), TSA (30 nM, 11 hr) or both. Supernatants were col lected and analyzed 
by ELISA according to the manufacturer 's instruction (TN Fa: Biolegend, IL-12p40: eBiosciences 
and IL-6 and Rantes: R&D Systems). 

3.1 1 .  Chemotaxis 

Cell migration of microglia was monitored in a 48-well chemotaxis microchamber (NeuroProbe) 
as described (Dijkstra et al., 2004). Microglia were stimulated with LPS (100 ng/ml, 6hr), TSA 
(30 nM, 8 hr) or both. Adenosine 5-triphosphate (ATP, 50 µM in DMEM) or plain DMEM were 
added to the lower well of the chamber. The upper and lower chambers were separated by a 
polyvinylpyrrolidone-free polycarbonate filter (8 µm pore size). The bottom side of the filter 
was coated with poly-L-lysine. 1. 5 x 104 cells microglial cells were added to the upper chamber 
and incubated at 37°C for 2 hr. After incubation, the filter was fixed with Fast Green in 100% 
methanol (2 mg/I, Diff-Quick Fix, Dade Behring, Dudingen, Fribourg, Switzerland) and stained 
twice, first with stain solution 1 (1.22 g/1 eosin G in phosphatase buffer pH 6.6 (Diff-Quick 1) 
followed by stain solution 2 (1.1 g/1 thiazine dye in phosphate buffer pH 6.6) . Migrated, adherent 
cells on the filter were counted with a scored eyepiece (3 fields, 1 mm2 per well). 
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3.12. Statistical Analysis 

Statistical analyses were carried out using Graph Pad Prism 5.00 software (Graph Pad Software). 
p -values < 0.05 were considered as statistically significant. 

4. RESULTS 

4.1 . Endogenous and LPS/IFNy-induced HDAC and cytokine expression in  microg lia 
and astrocytes. 

HDACs have been reported to regulate the inflammatory response of mixed glial cultures 
(Faraco et al., 2009), bone marrow-derived macrophages (Aung et al., 2006; Bode et al. , 
2007) and primary astrocytes (Beurel, 2011) . To investigate the role of HDACs in modulating 
inflammatory responses in primary mouse microglia and astrocytes, the endogenous expression 
levels of HDACs in these glial cells was determined by quantitative RT- PCR. Most HDACs were 
endogenously expressed by astrocytes and microglia with the exception of HDAC6, 7 and 1 1  
which were only detected i n  astrocytes, HDAC3 and 8 which were more abundant i n  astrocytes 
and Sirtl which was more abundantly expressed by microglia (Fig. 1). The effect of LPS as an 
inflammatory stimulus on HDAC mRNA expression in microglia and astrocytes was determined. 
In primary microglia cultures, LPS stimulation led to a transient induction of most HDACs and 
generally H DAC expression peaked 4 hr after LPS stimulation followed by a decrease in expression 
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Figure 1: Endogenous expression of HDAC 1-11, sirtuin 1 and 2 in primary mouse microglia and astrocytes. 
Quantitative RT-PCR ana lysis of HDAC 1 -11 ,  sirtuin 1 and 2. Endogenous histone deacetylase (HDAC) and 
s irtu in mRNA expression levels, normalized to hydroxymethylbila ne synthase (HMBS), were determined 
using quantitative real time PCR. Relative expression levels a re depicted with the standard error of mean 
(SEM). A representative expression profile obtained in one of th ree independent experiments is shown. 
*: p < 0.01, **: p < 0.05, ns: not significant. 
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generally below expression levels in unstimulated cells. (Fig. 2A) . To determine if this increase 

in HDAC expression also occurred in vivo, mice were challenged with LPS (i.p. injection) a nd 

4 a nd 6 hr later, microglia were acutely isolated. Expression levels of inflammatory cytokines 

IL-6 a nd TNFa. were significantly induced indicating microglia activation by i.p. LPS injection. 

The expression of HDACs, representative for different subclasses, was determined. H DACl a nd 

6 were induced 4 hr after LPS injection and HDAC2 was induced 6 hr after LPS injection .  Like 

in primary microglia, a reduction in HDACll expression was observed. Sirtl expression was not 

affected by i.p. LPS injection (Fig. 28). 
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Figure 2: HDAC expression is transiently induced in primary microglia and acutely isolated m icroglia 
after LPS stimulation. HDAC mRNA levels were determined using quantitative real time PCR in A) p rimary 
microglia stimulated with LPS (100 ng/ml) and B) acutely isolated microgl ia from i .p. LPS (1 mg/kg) injected 
mice at the indicated time points after LPS treatment using quantitative RT-PCR. Mean expression levels 
are depicted with the SEM and gene expression levels were normal ized to hydroxymethylbi lane synthase 
(HMBS). *: p < 0.01, **: p < 0.05, ns: not significant. A representative expression profi le obta ined in one of 
three independent experiments/mice is shown. 
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In astrocytes, LPS treatment resulted in a significant reduction in HDAC gene expression levels, 
with the exception of HDAC9 (Fig. 3A). As IFNy has been reported to facilitate the LPS responsiveness 
of astrocytes, the effect of a combined LPS/IFNy stimulus on HDAC expression in astrocytes was 
determined. Again, the expression of most HDACs was reduced after LPS/IFNy stimulation, with the 
exception of HDACl and 7, which were transiently induced 12 hr after stimulation (Fig. 3B). 
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Figure 3: HDAC expression in primary astrocytes after LPS and LPS/IFNy stimulation. H DAC mRNA levels 
were determined in primary astrocytes stimulated with A) LPS (100 ng/ml) or B) LPS/I FNy (SO ng/ml) for 
the indicated time points using quantitative RT- PCR. Mean gene expression levels were normalized to 
hydroxymethylbilane synthase (HMBS) and are depicted as mean with the SEM. *: p < 0.01, **: p < 0.05. A 
representative expression profile obtained in one of three independent experiments is shown. 

To determine the inflammatory response of microglia and astrocytes, transcripts levels of 
several cytokines after LPS stimulation were determined in both cell types using quantitative PCR. In 
microglia, 4 hr LPS stimulation resulted in a significant increase in IL-6, tumor necrosis factor (TNF-a), 
IL-1�, nitric oxide synthase (iNOS), IL-10 and TGF-� expression. IL-1�, IL-10 and TGF-� expression 
levels peaked around 8 hr of LPS treatment (Fig. 4A). In astrocytes, also a significant increase in 
TNFa, IL-1� and iNOS gene expression was observed in response to LPS (Fig. 4B). However, the 

56 



HDACi i nh ibit m icroglia immune act ivation 

overa l l  level of induction was much lower and genera l ly later than in microglia (compare TNF-a, 
I L-1� and iNOS expression levels in astrocytes and microgl ia, Fig. 4, panels A and B) . Col lectively 
these data indicate that the inflammatory response in microgl ia is much more pronounced than 
in astrocytes after LPS stimulation, an observation in  l ine with previous observations (Saijo et a l ., 
2009). Since LPS had a much more prominent effect on HDAC expression and inflammatory gene 
expression in microg lia than in astrocytes, subsequent experiments concerning the regulatory role 
of H DACs and HDACi in the innate inflammatory response were focused on microg l ia.  
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Figure 4: LPS stimulation resulted in increased cytokine gene expression in microglia and astrocytes. 
A) Cytokine mRNA levels of interleukin ( IL)-6, Tumor necrosis factor alpha (TNF-a.), I L-lf3, inducible 
nitric oxide synthase (iNOS), I L-10 and Transforming growth factor (TGF)f3 were determined i n  primary 
microglia stimulated with LPS for the ind icated time points using quantitative RT-PCR. Expression levels 
were normal ized to HMBS, mean expression levels are depicted with the SEM. * :  p < 0.01, **: p <0.001 . 
A representative expression profi le obtained in one of three independent experiments is shown. B) 
Cytokine mRNA levels were determined in primary astrocytes stimulated with LPS for the indicated time 
points using quantitative RT-PCR. Expression levels were normal ized to HMBS, mean expression levels a re 
depicted with the SEM. *: p < 0.01, **: p <0.05. A representative expression profile obta ined in one of three 
independent experiments is shown. 
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4.2. HDACi suppressed LPS-induced cytokine expression in microgl ia.  

The role of HDACs and H DACi in  microglia, the i n nate immune cells of the central nervous system, 
is largely unknown. Here, we determined whether broad spectrum H DACi affected the LPS-induced 
i nflammatory response in primary mouse microglia. First, we determined the effect ofTSA and SAHA 
on histone H3 acetylation as a measure for HDAC inhibition. Microglia were treated with 30 nM TSA, 
a dose previously used in bone-marrow derived macrophages (Hal i l i  et a l ., 2010) and 1 µM SAHA as 
was used in mixed g l ial cultures (Faraco et a l ., 2009) for 6 hr and H3 acetylation was determined using 
western blotting (Fig. SA and 6A). A clear increase i n  H3 acetylation was observed with either inhibitor. 
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Figure 5: TSA inhibited LPS-induced inflammatory gene expression in microglia. A) Trichostatin A (TSA) 
induced hyperacetylation of h istone H3. Nuclear extracts were prepared from primary microglia treated with 
TSA (30 nM, 6 hr) and western analyzed with the antibodies indicated. Acetyl histone (H3) levels after TSA 
treatment were quantified in three independent experiments (*, p < 0.001) and depicted as relative acetylation 
levels with the SEM. a representative western blot is shown. B) The effect of TSA (30 nM, 6 and 12 hr) on 
microglia viabi l ity was determined using an (3-(4,S-dimethylthiazol-2-yl)-2,5-d iphenyltetrazoliumbromide) 
MTT assay. The percentage of surviving cel ls in three independent experiments with the SEM is depicted. C) 
Effect ofTSA on LPS-induced gene expression. Primary mouse microglia were stimu lated with LPS (100 ng/ml, 
4 hr) and/or TSA (30 nM, 6 hr) as indicated. When present, TSA was added 2 hr  prior to LPS. Transcript levels 
of the indicated genes were determined using quantitative RT-PCR and normal ized to HMBS as an interna l  
standard. Data represent relative mean expression levels with the SEM (* p < 0.001) .  A representative 
expression profile obtained in one of three independent experiments is shown. 
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To determine possible toxic effects of these HDACi, microglia were treated with TSA (30 nM, 6 and 
12 hr) or SAHA (0.1 µM and 1 µM, 12 hr) and tested for cell viability. Six hr after TSA treatment, 80% 
of the cells were viable and 65% were still viable after 12 hr (Fig. SB). When microglia were treated 
with SAHA for 12 hr, 90% and 86% of the cells were viable when exposed to 0.1 µM or 1 µM SAHA, 
respectively (Fig. 6B). In subsequent experiments, 30 nM TSA and 1 µM TSA were used. 

To address whether TSA and SAHA altered the inflammatory response triggered by LPS in 
microglia, cells were treated with HDACi, which were added2 hr prior to LPS (4 hrof LPS stimulation). 
The expression levels of inflammatory genes were determined using real time RT-PCR (Figs. 5 and 6, 
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Figure 6: SAHA inhibited LPS-induced inflammatory gene expression in microglia. A) Suberoylanilide 
hydroxamic acid (SAHA) induced hyperacetylation of h istone H3. Nuclear extracts were prepared from 
primary microglia treated with SAHA (1 µM, 6 hr) and western analyzed with the antibodies indicated . 
Acetyl H3 levels after SAHA treatment were qua ntified in three independent experiments (*, p < 0.001) 
and depicted as relative acetylation levels with the SEM; a representative western blot is shown. B) The 
effect of SAHA (0.1 µM and 1 µM, 12 hr) on microglia viability was determined using an MTT assay. The 
mean percentage of surviving cells in a representative (1 of 3) experiment with the SEM is depicted. C) 
Effect of SAHA on LPS- induced gene expression. Primary mouse microglia were stimulated with LPS 
(100 ng/ml, 4 hr) and/or SAHA (1 µM, 6 hr) as indicated . When present, SAHA was added 2 hr prior to LPS. 
Transcript levels of the indicated genes were determined using quantitative RT- PCR and normalized to 
HMBS as an i nternal standard .  Data represent relative mean expression levels with the SEM (* p< 0.001) and 
a representative expression profile obtained in one of three independent experiments is  shown. 
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panel C). LPS treatment resulted in significant induction of IL-6, TNF-a, IL-113 and iNOS. Pretreatment 
with either TSA or SAHA resulted in a significant attenuation of LPS-induced expression of TNF-a, 
IL-6 and iNOS, whereas TSA and SAHA alone did not affect transcript levels. IL-113 transcript levels 
after 4 hr of LPS were not affected by HDACi, an observation which is in agreement with previous 
results obtained in bone marrow macrophages (Han and Lee, 2009; Leoni et al., 2002). However, we 
observed that when a longer LPS stimulus (8 hr) was used, TSA and SAHA treatment resulted in an 
attenuated IL-113 response (Fig. SC and 6C). HDACi also suppressed LPS-induced anti-inflammatory 
cytokine TGFl3 and IL-10 expression (Fig. SC and 6C). Together, our results show that pre-treatment 
of microglia with H DACi TSA or SAHA resulted in reduced transcriptional activation of both pro- and 
anti-inflammatory cytokines in response to LPS. Since the effect of TSA and SAHA on microglia was 
very similar and as these HDACi are both structurally and functionally very similar (Dokmanovic et 
al., 2007), in subsequent functional experiments only TSA was used. 

4.3. HDACi inh ibited LPS-induced cytokine secretion, cel l  surface marker expression 
and induction of an M2 phenotype. 

To determine whether the effects of HDACi on cytokine mRNA expression levels also resulted 
in reduced cytokine secretion, the release of cytokines and chemokines IL-6, TNF-a, IL-12 p40 
and RANT ES was investigated. Microglia were stimulated with LPS in the presence or absence 
of TSA. Microglia supernatants were collected after stimulation and cytokine levels were 
determined using ELISA. LPS stimulation resulted in a significant release of all cytokines tested 
and TSA significantly suppressed the release of these cytokines in response to LPS (Fig. 7) . TSA 
alone had no effect on cytokine secretion. 
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Figure 7: TSA inhibited LPS-induced cytokine secretion by microglia. Primary mouse microglia were 
stimulated with LPS (100 ng/ml, 10 hr) and/or TSA (30 nM, 11 hr) as indicated. When present, TSA was 
added 1 hr  prior to LPS. Supernatants were collected and cytokine levels were determined using ELISA. 
Mean cytokine levels of three independent experiments with the SEM are depicted (* p <0.05, ** p <0.005). 
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To determine if HOACi also affected other parameters important for microglial function, cell 
surface marker expression and chemotaxis were determined. In order to fully activate microglia, a 
combined stimulation with LPS and IFNy was used (Mander and Brown, 2005). First, it was determined 
whether TSA inhibited LPS/IFNy-induced expression of inflammatory cytokines TNFa and IL-6. 
A combined stimulation with LPS and IFNy resulted in an increased induction of TNFa and IL-6 
compared to LPS alone, and was significantly reduced by TSA (suppl. Fig. 1 at the end of this chapter). 
Next, we determined whether TSA also reduced the expression of cell surface markers induced by a 
combined treatment with LPS and I FNy (12 hr). The expression of activation markers C086 and C040 
was determined using flow cytometric analysis. LPS/IFNy stimulation resulted in increased cell surface 
expression of CD86 and CD40 and TSA treatment suppressed the LPS/IFNy-induced expression of 
these markers. TSA alone had no effect on CD86 and CD40 cell surface levels (Fig. 8A). These data 
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Figure 8: TSA suppressed LPS/IFNy-induced expression of cel l  surface activation markers and the 
induction of an M2 activation state by IL-4 in  microglia. A) Primary microgl ia were stimulated with LPS 
(100 ng/ml) in  combination with I FNy (50 ng/ml) for 12 hr. When present, TSA (30 nM) was added 2 hr 
prior to LPS/I FNy. Mean fluorescence intensity of cel l  surface markers CD86 and CD40, relative to the 
normal ized events, is depicted with the treatments indicated. B) Primary microglia were stimulated with 
interleukin ( I L)-4 (40 ng/ml), LPS (100 ng/ml) and/or TSA (30 nM) as indicated. When present, TSA was 
added 1 hr prior to I L-4 or LPS). Transcript levels of the indicated genes were determined using quantitative 
RT-PCR and normal ized to HMBS as an interna l standard. Data represent relative mean expression levels 
with the SEM (* p <0.001) A representative expression profi le obta ined in one of three i ndependent 
experiments is shown. Fizzl expression was only detected after I L-4 stimu lation. 
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strongly suggest that TSA attenuated the activation of microglia in response to LPS/IFNy. It has been 
reported that macrophages, when treated with anti-inflammatory cytokines, differentiate towards 
an M2. phenotype, which is correlated with tissue support functions (Mullican et al., 2011). We treated 
microglial cultures with IL-4 (4 and 10 hr) in the presence and absence of TSA and determined the 
expression levels of M2. markers. IL-4stimulation resulted in significant induction of the Arginase-1 and 
Fizzl transcripts. TSA treatment only resulted in a slight induction of the Arginase-1 gene. Surprisingly, 
we observed that TSA treatment completely abolished the induction of these markers in response to 
IL-4 which implied that HDACi suppressed the induction of an M2. phenotype by IL-4 (Fig. 8B). 

In response to inflammatory stimuli, microglia undergo rapid changes in their migratory 
properties (Nimmerjahn et al., 2005). We investigated the effect of TSA on LPS-induced 
migration of microglial cells towards ATP, a chemoattractant for microglia. Compared to 
unstimulated cells, LPS-treated cells showed enhanced migration towards ATP. This enhanced 
migration was significantly reduced by TSA (Fig. 9). Summarizing, these data indicate that 
HDACi TSA suppressed LPS-induced microglia chemotaxis and LPS/IFNy-induced cell surface 
expression of activation markers CD86 and CD40. 
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Figure 9: TSA inhibited LPS-induced microglia chemotaxis. Microglia chemotaxis was determined in a 
Boyden chamber with ATP (SO µM) as a chemoattractant .  Microglia were stimulated with LPS (100 ng/ml, 
6 hr) and TSA (30 nM, added 2 hr prior to LPS) and placed in a Boyden chamber. The number of migrated cells 
towards DMEM or ATP are depicted, a representative experiment (one out of three is depicted), * p <0.05. 

5. DISCUSSION 

Neuroinflammation is an innate mechanism to eliminate pathogens and debris as well as to 
promote tissue repair (Block and Hong, 2005; Gonzalez-Scarano and Baltuch, 1999). However, 
excessive inflammation is detrimental to the surrounding tissue, and appropriate suppression of 
neuroinflammation may have therapeutic relevance for neurodegenerative diseases. It has been 
reported recently that pharmacological inhibition of HDAC activity modulates inflammation 
and immune cell activation (Shuttleworth et al., 2010). Several in vitro studies have suggested a 
stimulating effect of HDACi in response to inflammatory stimuli in macrophages (Aung et al., 2006), 
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mouse microglia cell lines (Huuskonen et al., 2004) and primary rat microglia (Suuronen et al., 2003, 
Suuronen et al., 2006). On the other hand, suppressive effects of HDACi on inflammatory responses 
have been reported in primary mouse dendritic cells (Bode et al., 2007), macrophages (Han and Lee, 
2009), human rheumatoid arthritis synovial fibroblasts (Choo et al., 2010), in a mouse endotoxemia 
model (Li et al., 2009) and in mixed CNS glia (Faraco et al., 2009). Studies in primary astrocytes showed 
that HDACs promote inflammatory tolerance in response to repeated exposure to LPS (Beu rel, 2011). 

Our data provide evidence that most HDACs are endogenously expressed in astrocytes 
and microglia (Fig 1). However, in response to LPS, microglia and astrocytes displayed a very 
different response, where expression of HDACs transiently increased in microglia after LPS 
stimulation, a reduction in HDAC levels was observed in astrocytes (Fig 2 and 3). This transient 
increase in HDAC expression might be required to limit the microglia inflammatory response, 
as HDACs have been reported to modulate TLR mediated signaling (Shakespear et al., 2011) and 
to inhibit NF-KB signaling (Ash burner et al., 2001). Remarkably, after 12-24 hr of LPS stimulation, 
expression levels of most HDACs decreased below expression levels observed in untreated 
microglia. This might be caused by negative regulation by HDACs of their own expression, as has 
been observed in macrophages (Aung et al., 2006). Our data suggest that HDACs are required 
for the activation of microglia by LPS, as HDACi inhibit LPS-mediated activation. In activated 
microglia, HDACs might to have an anti-inflammatory function; their expression is increased 
by LPS and HDACs are reported to be important to limit the inflammatory response (Aung 
et al. ,  2006; Shakespear et al., 2011) possibly leading to microglia deactivation (Fig. 10).When 
astrocytes were stimulated with a combination of LPS and IFNy, leading to more pronounced 
activation (Chung and Benveniste, 1990), HDAC expression levels generally decreased, with the 
exception of HDACl and HDAC7 which were transiently induced 12 hr after LPS stimulation. 
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Figure 10: Proposed model for regulation of microglia activation by HDACs and HDACi. When exposed to 
LPS, microglia become activated, leading to increased expression of inflammatory cytokines and H DACs (1). 
This response is HDAC-dependent as HDACi inhibit LPS-mediated microglia activation. In activated microglia, 
HDACs suppress cytokine and HDAC gene expression (2) possibly leading to microglia deactivation (3). 
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In mice that received an i.p. LPS injection, an increased expression of HDACs 1, 2 and 6, reduced 
HDACll levels and no effect on Sirtl expression was observed. Largely, these in vivo data mimic the 
in vitro observations, but it is possible that the differences observed are caused by differences in 
microglia maturation, microglia cultures are prepared from PO-P3 mice, where 8 week old mice 
were used. Additionally, the means of microglial activation is very different; in culture, microglia 
are directly exposed to LPS where an i.p. injection results in an peripheral inflammatory response 
that indirectly leads to microglia activation in the CNS (Chen et al., 2012). Summarizing, these 
data suggest that modulatory effects of HDACi on the innate immune response might be more 
prominent in microglia than in astrocytes. However, in view of the low basal expression levels of 
HDAC 6, 7, 8, 9 10 and l l  in microglia and 6, 9 and 10 in astrocytes (Fig.1), the physiological importance 
of changes in gene expression levels of these HDACs is not yet clear. As HDACs are enzymes and 
microglia clearly contain HDAC activity (as is exemplified by the increase in H3 acetylation levels 
by TSA and SAHA), relatively small changes in mRNA levels still can have significant effects (Aung 
et al., 2006). The level of cytokine induction in astrocytes in response to LPS was much lower than 
in microglia and occurred later, supporting the notion that the initial innate immune response is 
primarily mediated by microglia (Ransohoff and Brown, 2012; Saijo et al., 2009). 

HDACi attenuate the LPS-induced inflammatory response in microglia with respect to 
functional responses, including chemotaxis and cytokine secretion. We observed that HDACi 
suppressed LPS-induced proinflammatory cytokines (Fig. SC and 6C). Interestingly, HDACi also 
suppressed the expression of anti-inflammatory cytokines, such as IL-10 and TGFf3 (Fig. SC and 
6C). A similar effect was observed in mouse macrophages where treatment with HDAC inhibitor 
LAQ824 resulted in reduced IL-10 expression (Wang et al., 2011). Subsequently, we carried 
out ELISA measurements to determine the effect of HDACi on the LPS-induced secretion 
of cytokines from microglia. TSA significantly inhibited the secretion of pro-inflammatory 
cytokines (Fig. 7). However, at the same time-point, we did not observe secretion of anti
inflammatory cytokines, which might be caused by the fact that anti-inflammatory cytokine 
gene expression lags behind with respect to pro-inflammatory cytokine expression in microglia 
(Fig. 4A). To further explore the role of HDACi on microglia activation, we investigated the 
effect of HDACi on LPS/IFNy-induced microglial activation markers. We observed that TSA 
suppressed the LPS/IFNy-mediated induction of the microglial activation markers CD86 and 
CD40 (Fig. 8B). We also investigated whether the expression of Ml and M2 activation markers 
in microglia was affected by HDACi. LPS-induced expression of Ml markers, including IL-1 f3, IL-6 
and TNF-a, was clearly suppressed in microglia. Also the expression of the M2 markers A rg 1 
and Fizzl ,  induced in IL-4-treated microglia, was significantly suppressed after pretreatment 
with TSA (Fig. 8). This shows that small molecule HDAC inhibitors suppress the expression of 
both pro- and anti-inflammatory activation markers in microglia. 

Basal motility of microglia is important for immune surveillance and microglia actively 
migrate to sites of injury and inflammation Kim and de Vellis, 2005; Colton, 2009; Davalos 
et al., 2005; Miller and Stella, 2009; Nimmerjahn et al., 2005). As expected, treatment with 
LPS increased microglial migration towards AT P in a chemotaxis assay. TSA clearly inhibited 
this chemotactic activity in microglia (Fig. 9), which implies that TSA reduced microglial cell 
migration in response to an LPS challenge, suggesting that besides histones, TSA also acts on 
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non-histone proteins, such as tubulin, which in turn may affect the migration of microglia (Yao 

and Yang, 2011). The data presented here show that HDACi suppressed microglial activation 

with regard to cytokine transcript levels and cytokine secretion, the expression of Ml and M2 
activation markers as well as cellular migration. 
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Suppl Figure 1: TSA suppressed LPS/IFNy induced pro-inflammatory cytokine. Primary mouse m icrogl ia 
were treated with LPS (100 ng/ml) or LPS in combination with interferon y ( I FN)y (SO ng/ml) for 4 hrs. When 
present, TSA (30 nM) was added 2 h r  prior to LPS and I F  Ny. Transcript l evels of the indicated genes were 
determined using quantitative RT-PCR and normal ized to HMBS as an internal standard .  Data represent 
relative mean expression levels with the SEM (* p <0.005, ** p <0.001). A representative expression profi le 
obtained in one of three independent experiments is shown. 
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1 .  ABSTRACT 

Multiple sclerosis is a chronic autoimmune disorder accompanied by local inflammation and 

demyelination of the central nervous system. One of the common animal models of multiple 

sclerosis is experimental autoimmune encephalomyelitis (EAE) which is characterized by T cell 

infiltration and pronounced inflammation. One primary cause of inflammation in EAE is the 

extensive infiltration of macrophages in the CNS. Acetylation is an important post translational 

modification regulating chromatin structure and transcriptional activity. Histone deacetylases 

(HDAC) catalyze the removal of acetyl groups from their substrates where histone acetylases 

catalyze the opposite reaction. Generally, HDACs have been implicated in the modulation 

of inflammatory responses in immune cells. In recent years, HDAC inhibitors have emerged 

as potent anti-inflammatory and immunomodulatory experimental compounds that have 

beneficial effects in autoimmune as well as in inflammatory diseases. 

Since neuroinflammation is a major determinant of MS pathology, it is necessary to reduce the 

inflammatory response. In this project, we intended to investigate the effect of a broad spectrum 

HDACi, Trichostatin A (TSA) as a therapeutic agent in the attenuation of EAE progression. 
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2. INTRODUCTION 

M
ultiple sclerosis is a chronic autoimmune disorder accompanied by local inflammation and 
demyelination of the central nervous system (Bruck, 2005; Hemmer et al., 2002; Hemmer 

et al., 2006; Lassmann, 1998; Ransohoff, 1989; Watzlawik et al., 2010). One of the common 
animal models of multiple sclerosis is experimental autoimmune encephalomyelitis (EAE) which 
is characterized by T cell infiltration and pronounced inflammation. One primary cause of 
inflammation in EAE is the extensive infiltration of macrophages in the CNS (Bruck, 2005). EAE 
can be elicited in animals by immunization with myelin antigens such as myelin-oligodendrocyte 
glycoprotein (MOG) (Fritz et al., 1990; Whitham et al., 1991) which triggers activation of CD4 + T 
helper (Th-1 or Th-17 cells) that subsequently results in the recruitment of peripheral monocytes 
and proliferation of resident brain macrophages (microglia) (Hickey 1991). Accumulation of 
activated microglia/macrophages is a pathological hallmark of active MS lesions (Minagar et al., 
2002; Raivich and Banati, 2004). Previous studies show that macrophage depletion either using 
silica dust (Brosnan et al., 1981) or liposomes containing dichloromethylene diphosphonate 
(Huitinga et al., 1990) attenuated the clinical symptoms of EAE. 

The current therapy, particularly for the relapsing remitting form of MS has strongly 
improved as novel drugs are introduced. Clearly MS is associated with extensive inflammation 
featuring proinflammatory cytokines and chemokines, including IL-1� (Shaftel et al., 2007), 
TNFa. (Haji et al., 2012), CXCLl0 (Fife et al. 2001), CCL2 (Semple et al., 2010) and many others. 
Indeed anti-inflammatory agents including interferon- �  and corticosteroids are applied in 
MS therapy. Also Glatiramer acetate (Copaxone), a neuroprotective and anti-inflammatory 
drug suppresses MS-related inflammation (Scorisa et al., 2011). Monoclonal antibodies like 
Natalizumab (Tysabri), targeted against alpha- 4 integrin, (Pol man and Killestein, 2006; Yednock 
et al., 1992) and Rituximab (MabThera, Rituxan) (He et al. , 2011; Taupin, 2011), targeted against 
B cells, efficiently suppresses relapsing phases of MS. Fingolimod (FTY720), another recently 
introduced MS drug blocks the G protein coupled sphingosine 1-phosphate receptor (Sl P) 
and prevents the recircu lation and trafficking of T cells to the CNS and reduces the relapsing 
forms of multiple sclerosis. Also, inhibition of the chemokine receptor (CCR2) also has shown 
to suppress the clinical signs of MS (Fife et al., 2000; lzikson et al., 2000). 

Acetylation is an important post translational modification of histones and non-histone 
proteins like transcription factors such as p53, GATA-1, erythroid kruppel like transcription factor 
(KLF4) (Polevoda et al., 2002). Histone deacetylases (H DAC) catalyze the removal of acetyl 
groups from their substrates where histone acetyl transferases catalyze the opposite reaction. 
Recently H DACs have been implicated in the modulation of inflammatory responses in immune 
cells (Roger et al., 2011). It has been shown that H DAC inhibitors exhibit immunosuppressive 
activity in mouse models for endotoxemia (Li and Alam, 2011) and rheumatoid arthritis (Choo 
et al., 2008; Chung et al., 2003) as well as in neurodegenerative conditions like Huntington's 
disease (Gardian et al., 2005), amyotrophic lateral sclerosis (Chuang et al., 2009), stroke (Ren 
et al., 2004) and MS (Camelo et al., 2005; Dasgupta et al., 2003). 

Previous in vitro studies with primary microglial cultures showed that T SA dampened 
immune activation by suppressing pro- and anti-inflammatory cytokines in response to an 
inflammatory stimulus with lipopolysaccharide (Kannan et al., 2013). Since neuroinflammation 
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is a major determinant of MS pathology (Huizinga et al. , 2012; Nataf, 2009) it is necessary 
to reduce the inflammatory response. In this study the effect of HDAC inhibitor (TSA) on 
the induction and progression of EAE as well as the inflammatory response of microglia and 
macrophages during EAE was determined. 

3. MATERIALS AN D METHODS 

3.1. Experimental animals 

Young adult (10-11 week old) C57BL/6 female mice were obtained from Harlan, The Netherlands. 
Mice were housed in standard makrolon cages and maintained under a 12:12 hr light-dark cycle 
regime and received food and water ad libitum. Animals were subjected to an experiment 
after 1 week of acclimation. All animal experiments were carried out in accordance with the 
regulations of the Animal Welfare Committee (DEC) of the University of Groningen, The 
Netherlands (License number DEC: 6278C). 

3.2. Chemicals and Reagents 

EAE induction kits (Cat # EK-0114) were obtained from Hooke's laboratories, USA. TSA 
(Cat # T8552) was purchased from Sigma-Aldrich. Percoll (Cat # 17-0891-0) was purchased 
from GE Healthcare, HBSS (Cat # H15-010) and HEPES (Cat # 511-001) from Gibco (Breda, The 
Netherlands), CDl lS microbead kit (Cat # 130-096-354) from MACS Miltenyi Biotec and RPMI 
1640 (Cat # 130-096-354) from GIBCO lnvitrogen. 

3.3. EAE induction 

For EAE induction, mice were immunized by subcutaneous (s.c.) injection of myelin peptide 
MOG35 55 (200 µg) emulsified in complete Freund's adjuvant (CFA). In addition, 500 ng of 
pertussis toxin was administrated intraperitonially (i.p.) on the same day of immunization. 
Within 24 hr of immunisation, a second i.p. injection with pertussis toxin was administrated. 
Mice were checked daily for weight loss and scored for EAE. Individual animals were scored 
using the fol lowing scale: (0) no obvious change, (1) limp tail, (2) limp tail and impaired righting 
reflex, (3) limp tail and partial paralysis of hind legs, (4) limp tail and complete paralysis of hind legs, 
(5) moribund, (6) death. 

3.4. HDAC inhibitor 

On the fifth day after MOG immunization, one group mice (n=8) received daily i.p. injections 
with TSA (7.5 mg/kg) in 10% DMSO. The EAE control animals (n=8) were injected with 10% 
DMSO. Both groups received i.p. injections for 9 consecutive days. Both vehicle and TSA 
treated EAE mice were sacrificed on two consecutive days. Healthy control mice (n=4) were 
injected with vehicle (10% DMSO). 

3.5. Acute isolation of microglia/macrophages and cell sorting 

After perfusion, brains and spinal cords were isolated and placed in ice cold medium A (HBSS 
supplemented with 0.6% glucose & 15 mM HEPES). Both brain and spinal cord tissue was cut into 
small pieces using a surgical blade. The minced tissues were subjected to mechanical dissociation 
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using tissue homogenizer to obtain a single cell suspension. All the steps were performed at 4°C. 
Microglia were isolated as described previously (de Haas et al., 2008) with following modifications. 
The single cell suspension was filtered using 70 µm cell strainer (Falcon, Franklin Lakes, NJ) and 
cells were pelleted by centrifugation at 220 ref for 10 min at 4°C (Ace 9, Brake 9). The supernatant 
was removed and the pellet was resuspended in percoll with myelin gradient buffer. PBS was 
layered on top of a percoll solution followed by centrifugation at 950 ref, 4°C for 20 min (Ace 4, 
Brake 0). After centrifugation, myelin was carefully removed followed by resuspending the cell 
pellet in medium A without phenol red (PR) and processed for cell sorting. 

Cells were (FC gamma I ll Receptor) blocked with 1% CD16/32 (Cat # 14 - 0161, eBiosciences) 
for 10 min on ice. For cell sorting and immuno phenotyping the CNS and spinal cord mononuclear 
cells were stained for expression of CDllb using an antibody coupled to Brilliant violet (Cat # 101235, 
Biolegend), CD45 coupled to FITC (Cat # 11-0451-82, eBiosciences) and Ly6C coupled to APC (Cat # 
128015, Biolegend) for 20 min. Cells were washed with medium A without phenol red, pelleted by 
centrifugation at 1200 rpm for 2 min at 4°C (Ace 4, Brake 4) and resuspended in 150 µI of medium A 
without phenol red for cell sorting. In order to differentiate live and dead cells, propidium iodide (Pl) 
was used included at the time of sorting. Cells were analyzed in MoFlo™ XDP - Beckman Coulter. 
Microglial populations were characterized as CD1lb"i9", CD4510w and macrophages were identified 
as CDl lb 10w, CD45high (Mildner et al., 2007; Saederup et al., 2010). Monocyte subsets were further 
discriminated on the basis of expression of Ly-6C as negative, low or intermediate as well as high as 
described in (Auffray et al., 2009; Mildner et al., 2009) in sorted cells using Kaluza software. 

3.6. Quantitative RT-PCR 

RNA from microglia and macrophages was isolated using the Qiagen RNeasy Micro Kit according 
to the manufacturer's instructions. cDNA was synthesized using Random Hexamers (Fermentas), 
M-MuLV Reverse Transcriptase and Ribolock RNAse inhibitor (Fermentas). Quantitative PCRs 
were carried out using SYBR supermix (BIORAD) on ABl7900HT device (Applied Biosystems) with 
HMBS an internal control as reference gene (see table 1 for primer sequences). Relative gene 
expression levels were analyzed using the 2 Met method (Livak and Schmittgen, 2001). 

Table 1: Primer sequence for qPCR genes 

Gene Accession 
(NCBI symbol) number Forward primer (5"-3") Reverse primer (5"-3") 

Lgals3 NM-010705 CAGGATTGTTCTAGATTTCAGGAG TGTTGTTCTCATTGAAGCGG 

Lamp2 NM-001017959 GGACAGTATTCTACAGCTCAAGAC ACACTAGAATAAGTACTCCTCCCA 

CXCLl0 NM-021274 GGGTCTGAGTGGGACTCAAGGGAT GGCCCTCATTCTCACTGGCCC 

I L-lP NM-008361 A TCTTTGAAGAAGAGCCCATCC TGTAGTGCAGTTGTCTAATGGG 

I L-6 NM-031 168 CCTCTCTGCAAGAGACTTCCATCCA GGCCGTGGTTGTCACCAGCA 

TNF-a NM-013693 TCTTCTGTCTACTGAACTTCGG AAGATGATCTGAGTGTGAGGG 

iNOS NM-010927 AAGGCCACATCGGATTTCAC GATGGACCCCAAGCAATACTT 

I L-10 NM_010548 AAGGGTTACTTGGGTTGCCA TTTCTGGGCCATGCTTCTCT 

TGF-P NM-011577 GAACCAAGGAGACGGAATACAG GGAGTTTGTTATCTTTGCTGTCAC 

HMBS NM_001110251 .l CCGAGCCAAGGACCAGGATA CTCCTTCCAGGTGCCTCAGA 
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3.7. Isolation of peripheral monocytes from mouse blood 

Monocytes were isolated from heparinized peripheral mouse blood using a mouse MACS 
Miltenyi Biotec CDllS Microbead kit according to the manufacturer's instruction. Isolated 
monocytes were maintained in RPMI 1640 supplemented with 10% heat inactivated fetal bovine 
serum. After 2 days, the medium was replaced to remove non-adherent cells. Monocytes were 
cultured for two weeks in the presence of macrophage colony stimulating factor (50 ng/ml) to 
induce differentiation into mature macrophages (Vogt and Nathan, 2011). 

3.8. Boyden migration assay 

Mouse macrophages were treated with TSA (50 ng/ml) for 1 hr and migration towards ATP 
was assessed in an 48 well chemotaxis microchamber (Neuroprobe, AP48, Gaithersburg, MD, 
USA) as described in (Green et al., 2012; Maa et al., 2010) with following modifications. Primary 
mouse macrophages (lxl04/per well) in plain RPMI were placed in the upper chamber and the 
chemoattractant solution ATP (100 µM), C5a (10 ng/ml) and CCL2 (50 ng/ml) was placed in the 
lower chamber. The upper and lower chambers were separated by a polyvinylpyrrolidone - free 
polycarbonate filter (5 µm pore size) coated with poly-L-lysine at the bottom side of the filter. 
After 5 hr of incubation at 37°C in 5% CO

2
, the filter was fixed with Fast Green in 100% methanol 

(2 mg/I, Diff-Quick Fix, Dade Behring, Dudingen, Fribourg, Switzerland), and stained twice, first 
with stain solution 1 (1.22 g/I eosin G in phosphatase buffer pH 6.6 (Diff-Quick 1) for 5 min followed 
by stain solution 2 (1.1 g/I th iazine dye in phosphate buffer pH 6.6) 3 min. Migrated, adherent 
cells on the filter were counted double-blind with a scored eyepiece (3 fields, 1 mm2 per well) and 
represented as percentages of control migration ± SEM. 

3.9. Primary mouse astrocyte cultures 

Astrocytes were prepared from mixed glial cultures obtained from P
1
-P

3 
postnatal brains of 

C57BL/6 mice has previously described in (Sher et al ., 2011) with following modifications. After 
2 weeks, mixed glial cultures were placed in an orbital shaker at 150 rpm for 1hr at 37°C and 
primary microglial cells were separated from these mixed glial cells. On next day, astrocytes 
were detached from these underlying microglia using mild trypinisation method and replated 
in new tissue culture plates. 

3.9.1. Quantitative RT-PCR 

Astrocytes were stimulated with LPS (100 ng/ml) in combination with IFNy (50 ng/ml) for 4 hr 
in the presence as well as in the absence of HDACi (TSA) at two different concentrations (30 
nM). Total RNA was isolated using Qiagen RNeasy Micro Kit according to the manufacturer's 
instructions. RNA was transcribed to cDNA using Random Hexamers (Fermentas) in a 
thermal cycler (BIORAD), using M-MuLV Reverse Transcriptase and Ribolock RNAse inh ibitor 
(Fermentas). Quantitative PCR reactions were carried out using a SYBR supermix (BIORAD) on 
an ABl7900HT device (Applied Biosystems) with different sets of Q-PCR primers. HMBS was 
used as an internal standard to calculate relative gene expression levels with the 2 -McT method 
(Livak and Schmittgen, 2001). 
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Statistical Analysis 

Statistical analyses were carried out using GraphPad Prism 5.00 software (Graph Pad Software). 
p-values < 0.05 were considered as statistically significant. 

4. RESULTS 

4.1 . Effect ofTSA on mouse macrophage migration 

Since macrophage infiltration is an important pathological hallmark of MS (Ajami et al., 201 1; 
Juedes and Ruddle, 2001; Prendergast and Anderton, 2009) we decided to investigate the in vitro 

migration of mouse macrophages after treatment with TSA. Isolated mouse macrophages 
showed pronounced migration towards the chemoattractants AT P, CSa and CCL2. We previously 
observed that TSA treatment did not affect the basal migratory activity of microglia (Chapter 2, 
Figure 9) . In line with this observation, we found that TSA did not affect the mouse macrophage 
chemotactic response to AT P, CSa and CCL2. These data suggested that H DAC inhibitor TSA did 
not influence the migration property of mouse macrophages {Figure 1) .  

400 
■ Control 
■ TSA 

l 300 

� 200 
.E 

1 00 

RPMI ATP C5a CCL2 

Figure 1: Effect of TSA on primary mouse macrophage migration. Primary mouse macrophage 
migration was determined in a Boyden chamber with ATP (100 µM), CSa (10 ng/ml) and CCL2 (SO ng/ml) 
as chemoattractants. Mouse macrophages were pretreated with TSA (SO ng/ml) for 1 hr and placed in 
a Boyden chamber. Control macrophages were incubated with vehicle. The number of cells m igrated 
towards RPMI or chemoattractants is shown, a representative experiment (one out of three) with the 
standard error of mean is depicted. Migration to RPMI is set at 100%. 

4.2. Effect of Trichostatin A on EAE onset and progression 

Previous work of Camelo and coworkers (2005) showed that TSA reduced the neurological 
impairment of EAE. Here in our study we administrated TSA (7.5 mg/kg/day i.p.) to EAE mice 
at the pre-clinical stage (from the 5th day after MOG injection) for consecutive 9 days. We 
observed that TSA did not have a significant effect on the onset of EAE (Figure 2A) . 
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Figure 2a: Effect of TSA on EAE onset. c57BL/6 mice were subcutaneously immunized with MOG
35

_
55 

emulsified in complete Freud's adjuvant and a lso received an intraperitonial injection ( i .p .) with pertussis 
toxin (PTX). After24 hr, pertussis toxin was i .p. injected a second time. Next, the m ice received i.p i njections 
with TSA (7.5 mg/kg/daily) or 10% DMSO (Vehicle) five days after the MOG injection for 9 subsequent days. 
The mean EAE score with the standard error of the mean is depicted. 

In order to investigate the effect of TSA on EAE progression, the mice were scored dai ly as 

described in (Kaneko et a l ., 2006). No significant effect of TSA on EAE progression was observed 

(Figure 2B). Both EAE mice and EAE/TSA mice were terminated on two consecutive days and the 

average clin ica l score of both groups was determined two days prior to the termination (day 16) and 

on the day of termination (day 18). No significant d ifference in average EAE scores between these 

groups was observed at either time point (Figure 2C). (Suppl. Figure 1 at the end of this chapter). 
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0 2 3 4 5 6 
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Figure 2b: Effect of TSA on EAE progression. c57BL/6 mice were subcutaneously immunized with 
MOG35-55 emulsified in complete Freud's adjuvant and also received an intraperitonial i njection ( i .p.) with 
pertussis toxin (PTX). After 24 hr, pertussis toxin was i .p. injected a second time. Next, the mice received 
i .p. injections with TSA (7.5 mg/kg/daily) or 10% DMSO (Vehicle) five days after the MOG injection for 9 
subsequent days . The mean EAE score with the standard error of the mean is depicted. 
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Figu re 2c: Effect of TSA on EAE score. Data represent the average EAE score of the Vehicle and TSA mice 
two days prior to termination (day 16) or at the day of termination (day 18). The average EAE score with the 
standard error of the mean is depicted. 

4.3. Mononuclear cell populations in the central nervous system of control, EAE 
and EAE/TSA mice 

Mononuclear cells from the brains of control, EAE and EAE/TSA mice were isolated and analyzed 

using cell sorting (MoFlo™ XDP). Resting microglial cells were characterized as CDllb+ CD4510w 

in control mice (Figure 3, panel 1, Gate A) as previously shown (De Haas et al., 2007). U pon 

progression of EAE, a gradual increase in the infiltrated macrophage population (Figure 3, 
panel 2, Gate B) was observed which coincided with increasing EAE scores. The process of 

mononuclear cell infiltration was first observed at the onset of EAE. In addition to macrophages, 

lymphocytic infiltration is known to be crucial for disease severity (Almolda et al., 2011). A clear 

increase in infiltration of lymphocytes was seen at the peak of EAE (Figure 3, panel 4, Gate C) 
which is in agreement with previous findings (Ponomarev et al ., 2011). Next we compared the 

level of Ly-6C in these peripheral macrophages as described previously (Mildner et al., 2007). We 
discriminated monocyte subsets as Ly-6cne9 (Figure 3 panel 2, 3, 4, 5 Gate E), Ly-6C10w or Ly-6Cnt 

(Figure 3, panel 2, 3, 4, 5, Gate F) and Ly-6Chi (Figure 3, panel 2, 3, 4, 5, Gate G). During the peak 

of EAE (score 4), level of Ly-6C in peripheral macrophages was higher (Figure 3, panel 4, Gate G) 

when compared to macrophages from mice with lower EAE scores (score 0.75) (Figure 3, panel 
2, Gate G) which is in agreement with the previous findings of reported by (Mildner et al., 2009). 

During the course of EAE, number of microglia and macrophages is reported to increase in 

MS lesions (Benveniste, 1997). Therefore we decided to quantify the percentage of microglia, 

macrophages and T cells in EAE mice (-/+) TSA. No major differences in the percentage of 

microglia, peripheral macrophages as well as in T cells of control as well as in TSA treated EAE 

mice were observed, however the percentage of microglia was relatively higher in TSA treated 

EAE mice compared to control EAE mice in brain. In contrast, we observed that in spinal cord, 

the percentage of microglia and microglia were relatively lower in EAE mice treated with TSA 

in comparison to that Vehicle treated EAE mice. This difference in the brain as well as in spinal 

cord for both microglia and macrophages is unclear (Figure 4). 
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Figure 3: Flow cytometric analysis of population in central nervous system {CNS) resident microglia, 
peripheral infiltrates and T cells: GATE A represents conb• microglia, GATE B represents co45• 
macrophage and GATE C represents leukocytes. Ly-6C marker was used to discriminate subs ets of  the 
macrophage population.  GATE A was further ana lyzed for Ly-6C expression and showed that microgl ia a re 
Ly-6C"eg (GATE D). The macrophage population (GATE B) were further discriminated as Ly-6cne9 (GATE E), 
Ly-6C 10w or Ly-6c10t (GATE F) and Ly-6ch1 (GATE G) expression level .  
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Figure 4: The effect of TSA on the number of microglia and macrophages in EAE mice. The number of 
microglia and macrophages in the CNS, spinal cord in control and EAE mice treated with vehicle or TSA is 
depicted, error bars represents the SEM (* P < 0.001). 

4.4. Effect of TSA on the inflammatory cytokine gene expression in brain microglia 

and peripheral macrophages in the brain of EAE mice 

To investigate whether TSA attenuate the extent of inflammatory responses in EAE, RNA was isolated 
from sorted cell populations of EAE mice (+/-) TSA and gene expression levels were determined 
(Table 1). However no significant suppression ofTNFa or IL-10 was observed in microglia isolated from 
EAE mice treated with TSA. In contrast, a significant reduction in TGF-� expression was observed in 
microglia of EAE mice treated with TSA in comparison to that of EAE mice treated with vehicle (Figure 

SA). On the otherhand we observed an significant upregulation of TNFa in peripheral macrophages 
migrated to the brain in TSA treated EAE mice with respect to that to control EAE mice (Figure SB). 

Chemokine (CXCLlO) has been reported to be required for the migration of peripheral 
infiltrates to the CNS (Fife et al., 2001 ; Muzio et al., 2010). We observed that CXCLlO expression 
levels were significantly reduced in microglia from TSA treated EAE mice (Figure SA), whereas no 
reduction was observed in peripheral macrophages of EAE mice on treatment with TSA (Figure 

SB). Previous data showed that clearance of apoptotic cells and debris by phagocytic microglia/ 
macrophages was essential for tissue repair and for creating a pro-regenerative environment 
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with in the CNS (Neumann et al., 2009). Therefore we decided to determine the expression levels 
of Gal-3 (LGALS3), wh ich is typically expressed on phagocytic cells, and LAMP2, an endocytic 
marker. We found that LGALS3 expression was significantly induced in microglia in response 
to TSA treatment (Figure SA), other the other hand no significant change was observed in 
peripheral macrophages from TSA treated mice (Figure 58). Next, expression level of endocytic 
marker (LAMP2) was found to be significantly induced in peripheral macrophages in response 
to TSA treatment (Figure 58) whereas in microglia no difference in LAMP2 expression after TSA 
treatment was observed (Figure SA). Collectively from the RT-PCR data we concluded that TSA 
administration did not result in a significant suppression of inflammatory genes, phagocytic 
markers or endocytic markers in microglia and peripheral macrophages in the brain of EAE mice. 
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Figure SA: The effect of TSA o n  inflammatory gene expression i n  microgl ia. (A) m RNA expression levels 
of inflammatory cytokines in microglia isolated from bra in  tissue of EAE m ice treated with Vehicle (n=S) or 
TSA (n=S). Mean expression levels are depicted with the SEM and gene expression levels were normal ized 
to hydroxymethylb i lane synthase (HMBS). *: p < 0.01, n . s :  not sign ificant. A representative expression 
profile obta ined in  one of three independent experiments is shown. 
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Figure SB: The effect of TSA o n  inflammatory gene expression in  peripheral macrophages i n  the brain.  
mRNA expression levels of inflammatory cytokines in  infi ltrated macrophages in  the bra in  of EAE mice 
treated with Vehicle or  TSA. Mean expression levels are depicted with the SEM and gene expression levels  
were normal ized to HMBS.  *: p < 0.01, n .s: not sign ificant. 
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4.5. HDACi potentiated LPS/IFNy-induced cytokine gene expression in primary astrocytes 

HDACs are reported to regulate the inflammatory response of primary astrocytes (Beurel, 

2011). We recently investigated the role of HDACs in modulating the inflammatory responses 

in primary murine microglia as well as in astrocytes (Kannan et al., 2013). In order to investigate 

whether TSA altered the inflammatory response triggered by LPS/IFNy in primary astrocytes. 

Primary astrocytes were pre-incubated with TSA at (30 nM) for 2 hr prior to LPS/I FNy stimulation 

for 4 hr and the levels of inflammatory gene expression were determined using quantitative 

RT-PCR. LPS/IFNy stimulation resulted in significant induction of inflammatory genes (IL-1�, 

IL-6, TNF-a, iNOS). Interestingly in TSA at 30nM, we observed an potentiation of all this 

cytokine, but IL-6 transcript alone showed an suppressive effect on treatment with TSA after 

stimulation with LPS/IFNy (Figure 6A). On the otherhand we also observed potentiation of 

anti-inflammatory cytokine like TGF� as well on pre-incubation with TSA at 30 nM followed by 

stimulation with LPS/IFNy. 
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Figure 6: Trichostatin A (TSA) potentiated the pro-inflammatory response in primary astrocytes. (A) 
Primary astrocytes were stimulated with LPS (100 ng/ml) in combination with I FNy (50 ng/m l) for 4 hr. 
When present, TSA (30 nM) was added 2 hr prior to LPS/I FNy. Expression leve ls were normal ized to HMBS, 
mean expression levels a re depicted with the SEM (* p � 0.01). A representative expression profi le obtained 
in one of three independent experiments is shown. 
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S. DISCUSSION 

In recent years, HDAC inhibitors have emerged as potent anti-inflammatory and immune 
modulatory compounds that have beneficial effects in autoimmune as wel l as in inflammatory 
diseases (Faraco et al . ,  2011; Gray and Dangond, 2006; Kazantsev and Thompson, 2008) . 
In particular the pan-HDAC inhibitor, suberoylanilide hydroxamic acid (SAHA) is cl inical ly 
approved and considered to have possible therapeutic relevance (Shein and Shohami, 2011). 
TSA has beneficial effects in a mouse model of col lagen antibody-induced arthritis (Nasu 
et al . ,  2008), in an al lergic airway disease model (Royce et al . ,  2012) and in an animal model for 
hypoxic-ischaemic brain injury (Fleiss et al . ,  2012). HDAC inhibitors results in hyperacetylation 
of nucleosomal histones as wel l as cytosolic proteins and thereby regulate gene expression 
and different cel lular processes (Kim et al., 2007; Tsaprouni et al . ,  2011). In particular HDACi 
have been reported to exhibit protective properties in neurons (Langley et al., 2005; Leng 
and Chuang, 2006). A previous study of (Kannan et al., 2013) showed that HDAC inhibitors 
suppressed the expression of pro & anti-inflammatory cytokines in primary microglial cultures 
in response to LPS stimulation. Col lectively, these investigations demonstrated that HDACi act 
as an immunomodulatory agent in in vitro as wel l  as in in vivo. 

The role of HDACi in MS is slowly elucidated. MS is an autoimmune disorder characterized by 
cortical demyelination, blood-barrier leakage, axonal damage, glial scar formation etc(Lassmann, 
1998; Lassmann, 2009). In addition to inflammatory cytokine expression, it was shown that 
migration of blood-borne myelomonocytic cel ls to the CNS are part of MS pathology (Aja mi et 
al., 2011). Therefore we performed in vitro cel l migration assay in mouse macrophages. However, 
no significant suppression of migratory property in macrophages treated with TSA in comparison 
to that of control group towards the chemoattractants (Figure 1) was observed suggesting that 
although TSA target on non-histone proteins like tubulin. Still TSA mediated tubulin acetylation 
didn't result a significant suppression of in vitro macrophages migration. Next we investigated 
the effect of broad spectrum HDAC inhibitor (TSA) in the pathogenesis of EAE. We observed that 
in vivo administration of TSA did not affect the onset (Figure 2a), progression (Figure 2b) as wel l 
as the etiology of EAE (Figure 2c). This might be due to the effect that TSA might have a poor 
penetration of blood-brain barrier (Hancock et al., 2012) or might be due to another glial cel l  
type like astrocytes on EAE progression. Col lectively our results suggest that TSA did not affect 
the onset as wel l  as the progression of EAE. However we observed that, a total number of each 
mouse with EAE score treated with TSA is relatively less in number in comparison to that of EAE 
mouse injected with Vehicle (Suppl Figure 1). Therefore future experiments will have to establish 
with large cohort of mice to have an deeper understanding of the effect of TSA on EAE etiology. 
Increased infiltration of peripheral macrophages in the CNS has been reported to be an important 
parameter involved in the appearance of clinical symptoms in EAE (King et al., 2009). Therefore 
we decided to use Ly6C as a marker to discriminate between the subtypes of peripheral infiltrating 
monocytes as wel l as the CNS resident microglia in EAE mice treated with vehicle and with TSA. 
We observed that Ly6C high monocyte subsets invading the CNS during early EAE (Figure 3, panel 
2, Gate G) is relatively lower in comparison to mice with peak EAE score (Figure 3, panel 4, Gate G) 
suggesting that monocyte subset expressing a high level of Ly6C is crucial for the disease severity 
in EAE (Mildner et al., 2009). Further, the percentage of microglia, macrophages as well as T cel ls 
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in the CNS and spinal cord of EAE mice +/- TSA were determined. An increase in numbers of 
microglia in EAE mice injected with TSA was observed, which could be due to the influence of TSA 
on microglial proliferation under in vivo condition (Figure 3, Panel 3 and 5, Gate A). 

Further, we determined the inflammatory responses of microglia and macrophages acutely 
isolated from control as well as EAE mice with or without TSA. From RT-q PCR we found that 
TSA treatment did not result in a significant suppression of inflammatory gene expression 
of pro-inflammatory cytokine like (TNF-a) in microglia (Figure SA). On the other hand we 
observed an induction of this cytokine in peripheral macrophages which infiltrated to the 
brain in TSA treated EAE mice (Figure SB). Expression level of phagocytic marker (LGALS3) on 
the other hand was seems to be induced in microglia of TSA treated EAE mice in comparison 
to that of macrophages treated with TSA, suggesting an increased phagocytic capa bility of 
microglia in EAE mice after TSA administration. Collectively, our results suggest that in vivo TSA 
administration did not attenuate the inflammatory response of microglia as well as in peripheral 
macrophages in TSA EAE treated mice. Besides microglia, astrocytes are other major glial cells 
in the CNS involved in immune function and also play an important role in the maintenance of 
CNS homeostasis (Nedergaard et al., 2003; Ransom et al., 2003). In line with this it was shown 
that astrocytes are key players to evoke a CNS inflammatory response in trauma stroke (Farina 
et al., 2007), Alzheimer's disease (Olabarria et al., 2011) as well as in demyelinating disorders 
(Nair et al., 2008; Yang et al., 2012). These observations were further confirmed by additional 
lines of evidence suggesting that "reactive astrogliosis" is a prominent feature occurring in 
MS as well as in EAE (Bannerman et al., 2007; Guo et al., 2011). Next, we used in vitro primary 
astrocytes to determine the effect of HDACi on the inflammatory response in these cells. We 
observed that 30 nM TSA further increased the expression of the IL-1�, TN Fa and iNOS genes 
and TGF� in response to LPS/IFNy stimulation (Figure 6A and 6B). In contrast, the expression 
of IL-6 gene alone found to be suppressed in response to pretreatment with TSA followed by 
stimulation with LPS/IFNy and this disprepancies of IL-6 with other inflammatory cytokines 
may be due to differences in the biology of different cytokine. Interestingly, we showed that 
a similar dose of TSA suppressed inflammatory cytokines expression in microglia in response 
to LPS/IFNy (Chapter 2, Suppl Figure 1). These data suggest that it might be possible that the 
TSA administration in the EAE mice resulted in an increased inflammatory profile of astrocytes 
which could have contributed to the observed inability of TSA to attenuate EAE progression. 
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SUPPLEMENTARY MATERIALS 
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H DACi in MS (EAE) model 

Supplementary S1 : Effect of TSA on EAE score on individual mice. Mice with EAE were i njected 
intraperitonia l ly ( i .p) with TSA (7.5 mg/kg da ily) or 10% DMSO on the 5 day of MOG injection for subsequent 
9 days. The data depict the number of mice with a particular EAE score. 
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1 .  ABSTRACT 

We have recently provided evidence for a neuroprotective function of ramified microglia in 
Organotypic hippocampal slice cultures (OHSC) subjected to NMDA-induced neurotoxicity. 
We here investigated the mechanism underlying this neuroprotective property of microglia. I t  
is shown here that the purinergic receptor P2X7 in microglia is  involved in protective function 
of these cells. This assumption is based on the following findings: i) high concentrations of ATP 
were neuroprotective in NMDA-induced excitotoxicity, but only when microglia where present 
in the O HSC. ii) Specific P2X7 agonists or antagonists induced or blocked neuroprotection, 
respectively and also these effects where dependent on the presence of microglia in the 
system. iii) Slices from P2X7 deficient animals showed similar neuronal death in response to 
NMDA as microglia free slices, and ATP (or specific P2X7 agonists) did not have an influence on 
neuronal survival .  iv) Specific staining for P2X7 was only found in microglia and v) up-regulation 
of P2X7 expression in microglia by VPA treatment enhanced the neuroprotective capacity of 
these cells. Taken together these results clearly show that P2X7 is crucial for microglia to exert 
their neuroprotective role. 

--------- - - -- ---
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2. INTRODUCTION 

M
icroglia are the brain's first-line of defence in case of injury, infection or other 
inflammatory events (see for review: Streit, 2002; Biber et al., 2007; Ransohoff and Perry, 

2010; Kettenmann et al., 2011). Introduced by Pfo del Rfo Hortega in the 1920's and 1930's, 
microglia have originally been divided into "resting" and "activated" cells mainly based on 
morphological characteristics (see for excellent review on the history of microglia research: 
Kettenmann et al., 2011). While ramified microglia are characterized morphologically by a 
small soma and long processes with numerous branches and were suggested to be inactive or 
"resting" cells, so called "activated" microglia are determined by reduced cell complexity and an 
amoeboid cell shape with macrophage-like properties (Kettenmann et al, 2011). Whereas much 
in known about morphologically activated microglia the function of resting microglia is by far 
less understood, which is likely due to the fact microglia can not be cultured in a quiescent and 
ramified state (Harry and Kraft, 2008). 

By in vivo 2-photon microscopy it was revealed that ramified microglia cells are highly 
motile and actively scan their surrounding with their processes (Nimmerjahn, 2005) and 
thus are not "resting" at all. This landmark paper was the starting point of a variety of studies 
that concerned the function of ramified microglia. Today it is becoming increasingly clear 
that ramified microglia are involved in several regulatory and developmental processes like 
developmental synaptic pruning (Paolicelli et al., 2011), phagocytosis of apoptotic cells during 
adult hippocampal neurogenesis (Sierra et al., 2010), as well as modulation of neuronal activity 
and neuronal circuitry (Tremblay et al., 2010; Wake et al. , 2010) (see for excellent review: 
Tremblay et al., 2012). Recently, we described a neuroprotective function of ramified microglia 
in organotypic hippocampal slice cultures (OHSC) (Vinet et al., 2012). Using an excitotoxicity
model in OHSC we could show that the survival of neurons upon NMDA treatment was 
dependent on the presence of ramified microglia in the tissue (Vinet et al., 2012). How microglia 
enables neurons to survive excitotoxicity is yet not understood. 

It is well known that numerous microglia functions are controlled by ATP (see for review: 
Inoue, 2008). Adenosine triphosphate (ATP) is a critical signalling molecule used widespread all 
over the body for cell-cell communication purposes (Khakh and Burnstock, 2009; Burnstock, 
2012). Mainly synthesized in mitochondria the intracellular concentration of ATP is as high as 
10 mM and it is released under non-pathological conditions in response to several kinds of 
stimuli (Sperlagh and Illes, 2007). Moreover, ATP is also considered as a danger signal since high 
extracellular concentrations can be reached upon pathological events including cellular damage 
(Sperlagh and Illes, 2007; Inoue, 2008). Microglia express a variety of different ATP receptors 
(P2 Purinergic receptors). Accordingly, different microglia functions, such as chemotaxis, 
membrane ruffling, processes elongation and phagocytosis are controlled by P2 purinergic 
receptor activation (Inoue, 2008). The present study examined the role of ATP signalling in 
the neuroprotective properties of ramified microglia cells in organotypic hippocampal slice 
cultures using NMDA-induced excitotoxicity. It is shown here that functional P2X7 receptor 
expression in microglia is crucial for the neuroprotective property of these cells. Knocking out 
P2X7 blunts microglia neuroprotective function, whereas an up-regulation of P2X7 in microglia 
by epigenetic manipulation enhances the neuroprotective effect of these cells. 
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3. MATERIALS AND METHODS 

3.1 .  Animals 

All animal experiments have been conducted in accordance with the guidelines of the German 
Animal Protection Act and have been approved by the local Regional Commission of Freiburg. 
Animals were house and handled according to the guidelines of the local central animal 
facility of the Medical Faculty of Frei burg. C57BL/6 mice served as wild type controls and were 
purchased regularly from Charles River to avoid genetic drift due to inbreeding. For the VPA 
experiments C57Bl/6NCrl mice were housed and handled in accordance with the guidelines 
of the central animal laboratory facility of Groningen. These animal experiments have been 
approved by the Dutch animal experimental committee. Animals were treated for three or 
eight consecutive days with 300 mg per kg bodyweight twice a day by intra peritoneal injection. 
The animals were sacrificed, the microglia was isolated and the microglial mRNA was extracted. 
P2X7· 1· mice (strain B6.129P2-P2rxrmicab /J) were a kind gift from Dr. Francois Rassend ren (I NS ERM, 
Montpellier, France) and have been described before (Solle et al., 2001) .  

3.2. Organotypic hippocampal sl ice cultures (OHSCs) 

OHSCs were prepared from newborn mice as previously described (Vinet et al., 2012). Briefly, 
animals were decapitated, the brain was removed, and hippocampi were isolated in ice cold Hank's 
Balanced Salt Solution supplemented with 15 mM HEPES and 0.5% glucose. The hippocampi were cut 
transversely by a tissue chopper (Mclllwain) in slices of 375 µm thickness. Six slices were transferred 
to Millicell cell culture inserts (0.4 µm pore size; Millipore) and cultured according to the interface 
method (Stoppini et al., 1991) in 6-well plates containing 1.2 ml culture medium (0.5x MEM, 25% BME, 
25% horse serum, 2 mM glutamax, 0.65% glucose; pH 7.2) at 35°C, humidified atmosphere, 5% CO2 • 

To deplete microglia from O HSCs the slice cultures were placed immediately after preparation 
either on culture medium containing clodronate encapsulated in liposomes (van Rooijen et al., 
1994) or on culture medium containing 100 µg / ml clodronate disodium salt (Kreutz et al., 2008). 
24 hours after preparation, the cultures were washed briefly with prewarmed phosphate buffered 
saline and the cell culture inserts were placed on fresh culture medium. 

3.3. Acute isolation of microgl ia from adult mouse brain 

The acute isolation of microglia from adult mouse brain has been performed as described in detail 
before (de Haas et al., 2007). Briefly, the whole blood from the animal was removed by transcardial 
perfusion and the brain was dissected out of the skull. The cerebellum was removed and the cerebrum 
was mechanically minced into small pieces using scalpels. The tissue was further triturated using a 
homogenizer and by using fire-polished Pasteur-pipettes to reach a single cell suspension. Microglia 
was isolated from this suspension by density gradient centrifugation using percoll solutions. Purity of 
the isolated microglia was determined by flow cytometry (de Haas et al., 2008) and was usually >95%. 

3.4. Treatment of OHSCs and induction of excitotoxicity 

Before treatment the cultures were kept for at least 7 days in vitro to allow the tissue and 
especially the microglia cells to recover from the slicing procedure (Hailer et al., 1996). In 
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advance of excitotoxic insults OHSCs were treated for 30 min with adenosine 5'-triphosphate 

(ATP) at different concentrations (1, 10, 100, or 500 µM) to activate P2 receptors. To selectively 

activate either P2X7 or P2X4 receptors OHSCs were treated for 30 min with 500 µM 3' -O-(4-

benzoyl)benzoyl adenosine 5'-triphosphate (BzATP),or with 100 µM 2-Methylthio-adenosine 

5'-triphosphate (MeSATP), respectively; to inhibit either P2X4 or P2X7 receptors 50 µM or 3 µM 

Brilliant Blue G (BBG), respectively, were used or lO µM A438079, a selective inhibitor of  the P2X7 

receptor. Treatments with 0.5 or 1 mM valproic acid (VPA) were either for 30 min or 3 days and 

treatment with 200 nM trichostatin A or sodium butyrate (1 or 2.5 mM) was for 3 days. 

Excitotoxicity was induced by treatment for 4 hours with 10 or 25 µM N-methyl-D-aspartic 

acid (NMDA). Afterwards the medium was changed and the cultures were kept for further 24 

hours at 35°C before fixation. To analyze the amount of cell death, the cellular marker propidium 

iodide (1.5 µg / ml) was used during the NMDA challenge until fixation. For fixation the OHSCs 

were briefly washed with prewarmed PBS and treated with 4% paraformaldehyde in PBS (w/v) 

for 2 hours at 4°C. The paraformaldehyde was removed and the slices were washed 3 times for 

10 min with cold PBS. 

3.5. Cryosectioning of adult mouse brain; immunofluorescent staining of sections 
and OHSCs 

To stain adult mouse brain tissue, the animals were sacrificed and the whole blood was removed 

by transcardial perfusion. The brain was fixed overnight in 4% paraformaldehyde in PBS (w/v), 

dehydrated in 30% sucrose in PBS (w/v), embedded with Tissue-Tek (Sakura), frozen on dry-ice 

and stored at -80°C. Coronal sections with 40 µm thickness were prepared with a cryostat. 

Sections were stained free-floating for immunofluorescent imaging. 

Staining of OHSCs or cryosections of adult mouse brain for fluorescent imaging was performed 

as previously described (van Weering et al., 2010). Briefly, the tissue was blocked and permeabilized 

by incubation for 2 hours with 5% normal goat serum in PBS with 0.3% triton-Xl00. Incubation 

with the primary antibody (mouse anti-NeuN, 1:1000, Millipore; rabbit anti- lbal, 1:1000, Wako

Chemicals; rat anti-P2RX7, 1 :100, antibodies-online) in PBS with 0.3% triton-Xl00 and 1% normal 

goat serum was overnight at 4°C. After 3 washing steps for 10 min with cold PBS, the slices were 

incubated with the secondary antibody (donkey anti-mouse Alexa 488, 1:1000; donkey anti-rabbit 

Alexa 647, 1:1000; donkey anti-rat Alexa 594, 1:1000; goat anti-rabbit Alexa 488, 1:1000; all lnvitrogen) 

in PBS with 0.3% triton-Xl00 and 1% normal goat serum overnight at 4°C. After 3 washing steps for 

10 min with cold PBS the slices were mounted on slides using Mowiol supplemented with Dabco. 

3.6. mRNA isolation and quantitative PCR 

Total RNA was extracted from OHSCs by the single step method introduced by Chomczynski 

and Sacchi (Chomczynski and Sacchi, 1987). Total mRNA was transcribed into cDNA using 

random hexamer primer and the M-MLV reverse transcriptase (Promega) as recommended by 

the manufacturer. Expression of the genes P2X7, CDllb, f3-actin, GAPDH, or Sl2 (Table 1) was 

determined on 96-well plates by quantitative real time PCR using the iQ SYBR green Supermix 

(Biorad) according to the instructions of the supplier. Samples were analyzed using a ClO00 

Thermal Cycler (Biorad). 
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Table 1: Primers used for quantitative rea l  time PCR 

Gene Accession number Primer sequence (5' -> 3') 

P2X7-R NM_Ol1027.2 FORWARD AAGCTGTACCAGCGGAAAGA 

REVERSE AGAATGAGTTCCCCTGCAAA 

CDll b NM_001082960.1 FORWARD CGGTGGCAGTGTGAAGCTCTTCTC 

REVERSE GGCGCCTATGATCCGCTGGCT 

GAPDH NM_008084 FORWARD TGTCCGTCGTGGATCTGAC 

REVERSE CCTGCTTCACCACCTTCTTG 

�-actin NM_007393.3 FORWARD CTAAGGCCAACCGTGAAAAG 

REVERSE ACCAGAGGCATACAGGGACA 

Sl2 NM_0l1295.6 FORWARD GCCCTCATCCACGATGGCCT 

REVERSE ACAGATGGGCTTGGCGCTTGT 

3.7. Western blot 

To analyze protein contents in OHSCs, the tissue was harvested in lysis buffer (42 mM Tris/HCI, pH 
6.8; 1.3% SOS; 6.5% glycerine; 100 µM Na3VO ), sheared using a 1-mL syringe and needle with 26G, 
cel l debris was pelleted by centrifugation for 20 min at 15.000 g, 4°C. The protein concentration 
was determined from the supernatant by OD measurement at 570 nm using the bicinchonicin acid 
(BCA) assay (Pierce). 25 µg per sample were electrophoresed by SOS-PAGE and the proteins were 
transferred to a PVFD membrane by semi-dry transfer. P2X7-receptor protein was labelled using the 
rabbit anti-P2X7 receptor antibody ATTO-550 (1:500, Alomone Labs). Actin protein was labelled using 
the rabbit anti-actin antibody (1:5000, Sigma). Secondary antibody was the horseradish-peroxidase 
conjugated anti-rabbit lgG (1:25000, GE Healthcare). Proteins were detected by enhanced 
chemiluminescence using the Fusion image acquisition system (SL 3500, Peqlab). The amount of 
protein was quantified by densitometric analysis of the bands using the NIH Image J software. 

4. RESULTS 

4.1. ATP is neuroprotective depending on the presence of microg l ia 

Excitotoxicity induced by NMDA treatment leads to severe neuronal cel l  death in organotypic 
hippocamapal slice cultures in a concentration-dependent manner, as was shown recently (Vinet 
et al . , 2012). In the absence of microglia, the cel l death was much more pronounced indicating 
an important role of microglia in neuronal survival .  To examine the putative involvement of 
microglial purine receptors, OHSCs were treated for 30 min with different concentrations of ATP 
prior to the chal lenge with 10 or 25 µM NMDA. Whereas ATP concentrations from 1 to 100 µM did 
not have an effect on neuronal survival, pre-treatment with 500 µM ATP significantly reduced 
NMDA-induced neuronal death as can be appreciated by reduced propidium iodine (Pl) staining 
in the neuronal layers (Fig lA). The quantification of the Pl staining revealed that at both NMDA 
concentrations 500 µM ATP reduced neuronal cell loss by approximately 50% (Fig. 18). 

In the absence of microglia, neuronal cel l death was much more pronounced with 47.7 ± 3.3% 
cel l  death upon chal lenge with 10 µM NMDA and 67.3 ± 3.8% at 25 µM NMDA (Fig. lA and B), 
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Figure 1: Effect of ATP treatment on NMDA-excitotoxicity in OHSCs. A) After 10 days in culture, 
hippocampal slice cultures were treated with concentrations of O (control), 10 and 25 µM NMDA in the 
presence (upper panels) or absence of microglia (lower panels). O HSCs where stained neuronal nuclear 
marker N euN (green fl uorescence) and treatment with NMDA induced neuronal loss in the slice as 
determined by propidium iodide uptake (Pl; red signal). B) The quantification of the Pl signal revealed 
significant neuroprotection by 500 µM ATP in microglia containing slices only. Data in B are shown as mean 
± SD from at least 3 independent experiments with n=6 slices per experiment. *p < 0.005. 

confirming earlier findings (Vinet et al., 2012). I nterestingly, in the absence of microglia ATP 
pre-treatment did not have any neuroprotective effect, suggesting a purine receptor mediated 
mechanism that is vital for the neuroprotective function of microglia. 

4.2. P2X7 receptor activation is mediating the effect of ATP 

Microglia express a variety of P2 receptors that control different microglia functions (I noue, 2008; 
Pocock and Kettenmann, 2007) among the generally found P2 purinergic receptors in microglia 
is P2X7. Our results that only high concentrations have neuroprotective effects implicate the 
involvement of P2X7 receptors, since P2X7 receptors are only activated at high concentrations 
of 100-1000 µM ATP (Abbracchio et al., 2008; Pocock and Kettenmann, 2007). To examine this 
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hypothesis, OHSCs were treated with the P2X7 receptor agonist BzATP and antagonist BBG prior to 
the NMDA chal lenge. Activation of P2X7 by BzATP significantly reduced neurotoxicity induced by 10 
or25 µM NMDA by22.2% and28.9%, respectively, a similareffect asseenwithS00 µMATP (Fig2A). Co
treatment with 3 µM of the P2X7 receptor antagonist BBG completely blocked the neuroprotective 
effects of ATP as well as of BzATP (Fig 2A). Moreover, in slice cultures prepared from P2X7 receptor 
deficient mice (P2x,1·) the NMDA-induced neuronal death was much more pronounced with 74.8 ± 
4.1% (Fig. 2B) compared to wild type OHSCs with 38.6 ± 4.9% (Fig. 1B) and neuronal surviva l was not 
reduced by either ATP or BzATP treatment (Fig. 2B). To confirm the expression of P2X7 receptors in 
microglia, cryosections from adult mouse brain were immunofluorescently stained. P2X7 receptor 
co-stained with the microglial marker lbal, the astrocytic marker GFAP, or the neuronal marker 
NeuN. In adult wild type mouse brain, P2X7 receptor was detected only in structures co-labelled for 
lbal (Fig. 2C). No specific fluorescent signal for P2X7 in microglia was obtained from cryosections 
prepared from adult P2X,1· mice (Fig. 20). Similar results were obtained from immunofluorescent 
staining of OHSCs prepared from wild type or P2X7-I- mice (not shown). 
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Figure 2: Role of P2X7 in ATP-dependent neuroprotection. A) Activation of P2X7 by BzATP significantly 
reduced neurotoxicity induced by 10 or 25 µM NMDA by 22.2% and 28.9%, respectively, a similar effect as  
seen with 500 µM ATP. Co-treatment with 3 µM of the P2X7 receptor antagonist BBG completely blocked 
the neuroprotective �ffects of ATP as well as of BzATP. B) In s l ice cultures prepared from P2X7 receptor 
deficient mice (P2X7 ) the NMDA-induced neuronal death was not reduced by either ATP or BzATP 
treatment. C and D) lmmunofluorescent staining revealed specific staining for P2X7 receptors in microglia, 
but not in astrocytes or neurons. Data in A and B are shown as mean ± SD from at least 3 independent 
experiments with n=6 slices per experiment. *p < 0.005. Scale bars indicate 20 µm. 
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4.3. Long term treatment with valproic acid is neuroprotective 

Treatment of OHSCs with va lproic acid (VPA) for a short-term period of 30 min in advance of the 

chal lenge with 25 µM NMDA did not i nduce any effect on neu rona l  su rvival (data not shown). 

I n  contrast, t reatment for a long -term period of 3 days prior to NMDA treatment ma rked ly 

reduced neu rotoxicity in concentration -dependent manner. 500 µM VPA decreased Pl u ptake to 

22.7 ± 3.3% compared with s l ice cu ltu res chal lenged with 25 µM NMDA o nly showing 38.7 ± 3.2% 

cel l  death. Treatment with 1 000 µM VPA d imin ished the ce l l  death to 13.7 ± 2 .7% (Fig .  3A). This 
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Figure 3: Effects of the neuroprotective drug VPA on NMDA-induced excitotoxicity in OHSCs. 
A) Treatment of OHSCs with 500 µM and l mM VPA for 3 days prior to NMDA treatment markedly 
reduced neurotoxicity in concentration-dependent manner. 500 µM VPA decreased Pl uptake to 22. 7  
± 3.3% compared with slice cultures cha l lenged with 25  µM NMDA only showing 38 . 7  ± 3.2% cel l death . 
Treatment with 7000 µM VPA diminished the cell death to 13 . 7  ± 2 . 7%. This strong neuroprotective effect 
was completely lost u pon depl etion of microglia with 60.4 ± 4.1%, 59.9 ± 3.5%, and 59.4 ± 3.6% Pl u ptake 
in OHSCs cha l lenged with 25 µM NMDA alone, or combined with 3 days pre-treatment with 500 µM or 
7000 µM VPA, respectively. B) Neuroprotection induced by 3 days treatment with VPA was diminished by 
treatment of OHSCs with the P2X7 receptor antagonist BBG for 30 min in advance of the NMDA cha l lenge 
and C) in OHSC from P2X7-/- animals VPA treatment did not cause any neuroprotection. Data are shown as 
mean ± SD from at least 3 independent experiments with n=6 slices per experiment. *p < 0.005. 
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strong neuroprotective effect was completely lost upon depletion of microglia with 60.4 ± 4.1%, 
59.9 ± 3.5%, and 59.4 ± 3.6% Pl uptake in OHSCs chal lenged with 25 µM NMDA alone, or combined 
with 3 days pre-treatment with 500 µM or 1000 µM VPA, respectively (Fig. 3A). As the P2X7 
receptor is mediating neuroprotection upon increased ATP-levels, it was tested whether this 
receptor might be also involved in the effect of VPA. Indeed, neuroprotection induced by 3 days 
treatment with VPA was diminished by treatment of OHSCs with the P2X7 receptor antagonist 
BBG for 30 min in advance of the NMDA chal lenge. As shown in Figure 3B, OHSCs challenged with 
25 µM NMDA and co-treated with 3 µM BBG and 500 µM or 1000 µM VPA exhibited 32.8 ± 1.9% 
and 32.1 ± 2.3% Pl uptake, respectively (Fig. 38). Similar results were obtained when OHSCs were 
treated with 10 µM of the specific P2X7 receptor antagonist A438079 (data not shown). Moreover, 
in OHSC from P2X7-/- animals VPA treatment did not cause any neuroprotection (Fig. 3C). These 
results show the crucial involvement of P2X7 in the neuroprotective effect of VPA. 

4.4. Valproic acid treatment enhances expression of P2X7 receptor 

To investigate the mechanism by which VPA improves neuronal survival in NMDA-chal lenged 
OHSCs, the expression of the P2X7 receptor was examined by immunofluorescent imaging 
in VPA treated slice cultures. Treatment for 3 days with 500 µM or 1000 µM VPA increased the 
signal intensity for P2X7 (red) in lbal-labelled microglia (green) in OHSCs (Fig. 4A). Western 
blot analysis of OHSCs that were treated for 3 days with 500 µM or 1000 µM VPA showed similar 
findings, as VPA treatment significantly increased P2X7 protein expression (Fig. 4B). Moreover, 
levels of P2X7 mRNA in OHSCs upon VPA treatment were determined by qPCR. 3 days treatment 
with 500 µM VPA increased the relative expression level of P2X7 receptor 1. 3-fold (±0.1), while 
treatment with 1000 µM VPA enhanced the expression 1.9-fold (±0.2) (Fig. 4C). In microglia
depleted OHSCs, expression of P2X7 mRNA was reduced by 83% compared to undepleted OHSCs 
and VPA treatment did not significantly change P2X7 mRNA expression in OHSC without microglia 
(Fig. 4C). Moreover, we investigated the potential effect of VPA treatment on microglial P2X7 
receptor mRNA in vivo. Herefore, wild type mice were treated with 300 mg VPA per kg body 
weight, injected intraperitoneally twice a day for 3 days or 8 days. The animals were sacrificed and 
the microglia cel ls were isolated from the brain to extract the mRNA. qPCR analysis of microglial 
mRNA revealed the upregulation of P2X7 receptor in VPA treated animals. Treatment for 3 days or  
for 8 days increased the mRNA level 1.48-fold (±0.05) and 1.47-fold (±0.03), respectively (Fig. 4D). 
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Figure 4: Effect ofVPA treatment on microgl ial P2X7 receptor expression in vitro and in  vivo. A) Treatment 
for 3 days with 500 µM or 1000 µM VPA increased the s ignal intensity for P2X7 immunofluorescence (red) 
in lbal- label led microg l ia (green) in OHSCs. B) Western blot ana lysis of OHSCs that were treated for 3 days 
with 500 µM or 1000 µM VPA showed simi l a r  fi ndings, as VPA treatment significantly increased P2X7 protein 
expression compared to CDl lb  protein. C) P2X7 mRNA expression levels i n  OHSCs were significantly 
increased upon VPA treatment by 3 days treatment with 500 µM VPA (1.3-fold ±0.l) and lmM VPA (1.9-fold 
±0.2). This effect on P2X7 mRNA was absent in microg l ia-depleted OHSCs. D) In vivo treatment of mice 
with 300 mg VPA per kg body weight per day for 3 and 8 days caused a significant up-regulation of P2X7 
mRNA expression in microglia rapidly iso lated from the bra ins of these animals. Data a re shown as mean 
± SD from at least 3 independent experiments. *p < 0.005. 
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5. DISCUSSION 

We have recently provided evidence for a neuroprotective function of ramified microglia in 
OHSC subjected to NMDA-induced neurotoxicity. Treatment of slice cultures with different 
concentrations of NMDA induced concentration-dependently neuronal cell death with 
neurons in the hippocampal CAl region being most susceptible to excitotoxicity and neurons 
in the dentate gyrus being most protected. Importantly, the depletion of microglia in slice 
cultures strongly enhanced neuronal cell death in response to NMDA-treatment (van Weering 
et al., 2011; Vinet et al., 2012). Addition of primary mouse microglia on top of depleted slice 
cultures induced the re population of the slice with microglia. The cells distributed themselves 
throughout the depth of the tissue, adopted a ramified morphology and regained their 
neuroprotective function (Vinet et al., 2012). Thus, without the presence of microglia in the 
slices neuronal cell loss was significantly enhanced in all regions after NMDA-challenge. 
Moreover, the differences in neuronal sensitivity towards the NMDA challenge were almost 
completely abolished, suggesting that the presence of microglia strongly influenced the 
sensitivity of neurons towards toxic insults. Intriguingly, morphological activation of microglia 
was not required for these cells to exert their neuroprotective effect, showing for the first time 
that ramified microglia have neuroprotective functions (see for summary: Vinet et al. ,  2012, 
see also commentary on this work by Howe and Barres, 2012). The mechanism behind this 
neuroprotective property of microglia, however, remained to be established. An impressive 
amount of studies has shown beyond any doubt that ATP is a crucial extracellular messenger 
in and outside of the CNS (Brake and Julius, 1996). Intracellular ATP concentrations can reach 
up to l OmM whereas the extracellular concentration of ATP is low but can rise dramatically 
up to micromolar ranges under conditions of intense cellular stimulation, tissue damage and 
inflammation. These properties have made ATP an evolutionary early signal with multiple 
functions in physiology and pathology. Nearly all cells are able to release and to respond to ATP, 
making ATP one of the most abundant signals used by mammalian cells. In the CNS, extracellular 
ATP functions as a neuromodulator or neurotransmitter on its own (Abbrachio et al., 2009). ATP 
is stored in synaptic vesicles that are released in an activity dependent manner. In addition, ATP 
is also released from glial cells (astrocytes, oligodendrocytes and microglia) through a variety 
of different pathways (Fields and Stevens, 2000). 

Besides its role in physiology, a number of pathophysiological functions have been 
attributed to ATP. Leakage of ATP from damaged cells serves as a chemotactic and activating 
signal for surrounding immune cells. Since ATP is massively released from injured or dying cells, 
it is moreover regarded as a so-called damage-associated molecular pattern (DAMP) (di Virgilio, 
2005; 2007; di Virgilio et al., 2009). ATP exerts its effects via a large group of purinergic P2 
receptors that are subdivided into two families. P2X receptors are classical cationic ligand
operated channels that upon ATP binding are permeable for Na+, K+ and Ca2+. There are currently 
7 members of this family (P2Xl-7) known. P2Y receptors are seven-transmembrane receptors that 
signal via heterotrimeric G-proteins. P2Yl, 2, 4, 6 and 11 couple to G/G

11 
and activate the PLC/I P3 

pathway, whereas P2Yl2, 13 and 14 are coupled to G i/0 
proteins and inhibit adenylate cyclase activity 

(Filippov et al., 2004). It is generally assumed that all mammalian cells express at least one P2 
receptor, but most cells express several P2 receptors. More than 10 years ago, it was recognised 
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that microglia respond to AT P with chemotaxis or cytokine release. Since then, numerous papers 
have been published concerning the role of P2 receptors in microglia (Inoue, 2008; Oshawa and 
Kohsaka, 2011). At least 4 different P2 receptors (P2Y6, P2Yl2, P2X4 and P2X7) are mainly found 
in microglia (Inoue, 2008; Oshawa and Kohsaka, 2011) and control various important aspects of 
microglia function. The elongation of processes, the first morphological reaction of microglia 
to tissue injury, is controlled by P2Yl2 (Haynes et al., 2006), whereas the subsequent migratory 
response is controlled P2X4 by and/or P2Yl2 (Oshawa and Kohsaka, 2011). For the phagocytosis of 
neuronal debris microglia utilize P2Y6 another P2 receptor subtype (Koizumi et al., 2007). Apart 
from these basal functions, microglial P2 receptors have been reported to control the activity 
of various kinases, cell proliferation and the release of numerous cytokines, chemokine's and 
neurotrophic factors making extracellular ATP an important signal to control microglia function 
(Inoue, 2002; Franke et al., 2007, Inoue, 2008; Kettenmann et al., 2011). The fourth P2 receptor 
mainly found in microglia is P2X7, which is atypical among the P2 receptors because besides the 
non-specific cation channel P2X7, its activation also opens a non-selective pore that allows the 
passage of molecules up to 900 kDa (North 2002). These features may allow a massive influx of 
Ca2+ ions and subsequently cell death, which is why P2X7 has originally been regarded as a "cell 
death receptor". It has moreover been recognized that P2X7 is essential for the release of various 
pro-inflammatory cytokines from microglia (Inoue, 2002; Franke et al., 2007). The expression of 
P2X7 is usually up-regulated in brain diseases, like AD, MS, ALS, peripheral nerve damage, stroke, 
which is why this receptor has gained interest as a potential therapeutic target. In addition, 
numerous trophic roles of P2X7 in microglia have been published, indicating that the activity of 
this receptor is vital for proper functioning of these cells (Mon if et al., 2009; Adinolfi et al., 2010) . 
Subsequently, protective properties of P2X7, for example in focal cerebral ischemia (Yanagisawa 
et al., 2008), in pilocarpine-induced seizures (Kim et al., 2011) and in vitro (Suzuki et al., 2004) 
have been published. The presented data corroborate the idea that P2X7 in microglia is related 
to the protective function of these cells. This assumption is based on the following findings: 
i) high concentrations of ATP were neuroprotective in NMDA-induced excitotoxicity, but only 
when microglia where present in the OHSC. ii) Specific P2X7 agonists or antagonists induced or 
blocked neuroprotection, respectively and also these effects were dependent on the presence 
of microglia in the system. iii) Slices from P2X7 deficient animals showed similar neuronal death 
in response to NMDA as microglia free slices, and ATP (or specific P2X7 agonists) did not have an 
influence on neuronal survival. iv) Specific staining for P2X7 was only found in microglia and v) 
up-regulation of P2X7 expression in microglia by VPA treatment enhanced the neuroprotective 
capacity of these cells. Taken together, these results clearly show that P2X7 is crucial for microglia 
to exert their neuroprotective role. 

These results are in agreement with the report by Suzuki and coworkers, who reported 
neuroprotection by activation of microglial P2X7 receptors in a neuron-glia coculture system. 
Stimulation of P2X7 led to production and release of TN Fa, which reduced glutamate-induced 
neuronal death (Suzuki et al., 2004). Whether or not P2X7-dependent release of cytokines from 
microglia is also responsible for their neuroprotective effect in O HSCs remains to be established. 
We found that VPA enhanced expression of the P2X7 receptor. Since VPA is an efficient HDAC 
inhibitor it would be reasonable to assume that the effect of VPA is mediated by HDAC inhibition. 
However, another HDAC inhibitor, sodium butyrate did not affect P2X7. Since VPA has also been 
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reported to enhance DNA demethylation (Ou et al., 2007) it could well be that demethylation of 

the P2rX7 promoter underlies the effect of VPA. Indeed it has been reported that demethylation 

of CpG islands of exon 1 of the P2X7 receptor gene is shown to suppress gene expression (Zhou 

et al., 2009). Future experiments will have to establish to what extent DNA methylation of the 

P2X7 gene is involved in the effect of VPA that was observed in this study. 

Another mechanism by which microglia might be implicated in neuroprotection from 

excitotoxicity involves the famous chemokine fractalkine (CX3CL1) and its receptor CX3CR1. In 

the CNS microglia are the cells expressing the fractalkine receptor while neurons produce and 

release the ligand CX3CL1 (Harrison et al., 1998). In a set of studies the group of Cristina Limatola 

examined the role of fractal kine in glutamate-induced neurotoxicity. Upon glutamate treatment 

the release of fractal kine was detected in primary neuronal cultures. When primary microglia 

cultures were treated with fractalkine, the conditioned medium from these cultures protected 

primary hippocampal neuronal cultures from glutamate induced excitotoxicity. The implicated 

mechanism involves the release of fractalkine from glutamate-treated neurons acting on 

microglia via CX3CR1. Fractalkine-stimulated microglia release adenosine acting on neuronal 

adenosine Al- receptors. Thereby the open probability of neuronal AMPA-receptor channels 

might be reduced and thus the threshold of excitotoxicity to occur is increased (Lauro et a I., 2008; 

Lauro et al., 2010; Limatola et al., 2005; Ragozzino et al., 2006). These findings were corroborated 

in an animal model for permanent focal cerebral ischemia in which intracerebroventricularly 

injected fractalkine reduced the infarct size and ameliorated persistently the performance of 

rats in neurological tests. As these effects were abolished in Al receptor knock-out mice, this 

study also confirms the involvement of the adenosine receptor (Cipriani et al., 2011). Thus there 

are various ways of microglia to exert a neuroprotective function and our data add P2X7 into the 

list of beneficial receptors. However, this may only be one aspect of P2X7 biology in the brain. 

Indeed, there are some few reports showing that an inhibition of P2X7 signalling ameliorates 

brain diseases. It was for example shown in OHSC that LPS and ATP strongly enhance IL-l f3 

release from microglia, thereby increasing excitotoxicity (Bernardino et al., 2008). Similarly, in 

microglia neuronal co-cultures P2X7 stimulation caused neuronal death (Sakper et al., 2006). 

The deficiency or blockade of P2X7 suppressed EAE development in mice, although it was not 

clear whether P2X7 in microglia or other cells was responsible here (Matute et al., 2007; Sharp et 

al., 2008). In a mouse model of Alzheimer ' s  disease, it was recently found that microglial P2X7 

expression is accompanied by neuronal damage (Lee et al., 2011). The role of P2X7 in microglia 

may therefore not be solely being beneficial and more research is thus required to understand 

the function of microglial P2X7 in brain disease. 

Taken together we provide here compelling evidence for a neuroprotective function of P2X7 

in microglia. Our data add up to the concept that ATP is crucially involved in neuron-microglia 

signalling and furthermore offer a potential mechanism how ramified microglia exerts their 

beneficial role in NMDA-induced neuronal death. Given the fact that also numerous detrimental 

effects of microglia P2X7 in brain disease models have been published, it is suggested here that 

P2X7 may be a key element for the double-edged function of microglia in the brain. A deeper 

understanding of the control of microglial P2X7 expression and function is therefore required 

before conclusions concerning P2X7 as drug target can be drawn. 
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1. Background and purpose: Induction of cellular migration is the primary effect of chemokine 
receptor activation. However, several chemokine receptor-like proteins bind chemokines 
without subsequent induction of intracellular signaling and chemotaxis. It has been suggested 
that they act as chemokine scavengers that may control local chemokine levels and contribute 
to the function of chemokine's during inflammation. This has been verified for the chemokine
like receptor proteins D6 and DARC as well as CCX-CKR. Here, we provide evidence for an 
additional biological function of hCCX-CKR. 

Experimental approach: We used transfection strategies in HEK293 and human T cells. 

Key results: Co-expression of hCCX-CKR completely inhibits hCXCR3-induced chemotaxis. 
We found that hCCX-CKR forms complexes with hCXCR3, suggesting a relationship between 
CCX-CKR heteromerization and inhibition of chemotaxis. Moreover, negative binding 
cooperativity induced by ligands both for hCXCR3 and hCCX-CKR was observed in cells 
expressing both receptors. This negative cooperativity may also explain the hCCX-CKR-induced 
inhibition of chemotaxis. 

Conclusions and Implications: These findings suggest that hCCX-CKR prevents hCXCR3-
induced chemotaxis by heteromerization thus representing a novel mechanism of regulation 
of immune cell m igration. 

Keywords: chemokine receptors, T cells, heteromerization 
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2. I NTRODUCTIO N  

C 
hemokine's, small proteins that regulate cell migration, play important roles in the immune 
system, angiogenesis, hematopoiesis, cell differentiation and development (Horuk, 2001; 

Rossi and Zlotnik, 2000). Chemokine's and their receptors have been classified into four different 
subgroups based on the presence and position of conserved cysteine residues i.e.: CXC, CC, C and 
CX3C (Murphy et al., 2000). Chemokine receptors are G-protein coupled receptors (GPCRs) that 
signal via Gi proteins to various signaling pathways (Sanchez-Madrid and del Pozo, 1999; Thelen, 
2001). In addition, atypical chemokine receptors represent a subfamily of chemokine binding 
proteins that do not signal along classic GPCR-mediated pathways but efficiently internalize their 
cognate ligands and act as chemokine scavengers (Hansell et al., 2006). In addition to DARC and 
D6, CCX-CKR belongs to this family of proteins and scavenges its ligands CCL21, CCL19, CCL25 
and CXCL13 (Comerford et al., 2006; Gosling et al., 2000; Townson and Nibbs, 2002). CCX-CKR 
is widely expressed in several tissues, including the brain and is expressed in many immune cells 
such as microglia, dendritic cells and T cells together with other chemokine receptors (Brouwer 
et al., 2004; Gosling et al., 2000; Murphy, 2002; Townson and Nibbs, 2002; Zuurman et al., 2003). 
It is well known that chemokine receptors like other GPCRs can, when co-expressed, form 
heteromers that exhibit altered intracellular signaling properties (Rios et al., 2001; Rodriguez
Frade et al., 1999; Springael et al, 2005; Springael et al, 2006). Since CCX-CKR is found co
expressed with other chemokine receptors, we investigated whether co-expression of CCX-CKR 
might change the signaling of other chemokine receptors in addition to its function as scavenger. 

3. METHODS 

3.1. Chemicals 

Media, sera, and reagents used for cell culture were purchased from PAA Laboratories. All 
other chemicals were from Sigma-Aldrich, unless mentioned otherwise. 

3.2. Cel l Cultu res 

Human Embryonic Kidney (HEK)293 cells and HEK293T (gift from Dr. S. Carra, Dept. cell biology, 
UMCG, Groningen, Netherlands) were cultured in growth medium (Dulbecco's Modified Eagle's 
Medium (DMEM), supplemented with 10% heat-inactivated fetal calf serum (FCS), 1% Pen/Strep 
(lnvitrogen) and 1% Sodium Pyruvate) and kept in a humidified atmosphere (5% CO2) at 37°C. 

3.3. T cel l  isolation and activation 

Peripheral blood mononuclear cells were isolated from heparinized blood taken from healthy 
donors using a Ficoll (GE Healthcare) gradient centrifugation for 15 min at 1000g without brake. 
T cells were isolated by co-incubating the mononuclear cells with 2-(2-aminoethyl) isothiourea 
dihydrobromide (AET)-treated sheep red blood cells (Boom) for l 5  min on ice. Erythrocyte rosettes 
were separated from the mononuclear cells by Ficoll gradient centrifugation for 15 min at 1000g 
without brake. Subsequently, the sheep red blood cells were lysed using Gey's lysis buffer (7.0 g/I 
NH4CI, 0.37 g/l KCI, 0.3g/l Na2HPO4.12H2O, 0.024g/l KHlO4, l .0 g/I glucose, 10.0 mg/I phenol red, 8.4 
mg/I MgCl2.6Hp, 7.0 mg/I MgSO JHp, 6.8 mg/I CaCl2 and 45 mg/I NaHCO3), yielding a population 
of 92.5 ± 4.6% CD3· T cells. Freshly isolated T cells were used directly for further experiments or 
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resuspended in growth medium (RPMI 1640 (lnvitrogen), supplemented with 5% FCS (lnvitrogen), 
100 U/ml penicillin, 100 µg/ml streptomycin) and kept in a humidified atmosphere (5% CO

2
) at 37°C. 

T cells were activated by stimulating them with 2µg/ml phytohemagglutinin (PHA; Biotrading) for 
24h and with 25 /ml IL-2 (Peprotech) for another 3-5 days. 

3.4. Plasmids 

The following constructs were used for generating stable cell lines: pcDNA3.l plasmid 
containing the full length sequence of human CXCR3 (hCXCR3; kind gift of C. Tensen and B. 
Moser (Hensbergen et al., 2001); pcDNA3.l containing full length human CCX-CKR (hCCXCKR; 
kindly provided by R. Nibbs (Townson and Nibbs, 2002); pREP9 containing full length CX3CR1 
(kindly provided by P.M. Murphy (Combadiere et al., 1995). The following constructs were used 
for FRET experiments: hCXCR3, hCCX-CKR, GABAB-Rl and hCCR5 coupled both to Venus or 
CFP. pcDNA3.l ( + )-GABAB-Rl (kindly provided by B. van Lith (Molecular Pharmacology & DMPK, 
Schering-Plough Research Institute, Oss, The Netherlands) was used as negative control. hCCR5 
(Missouri S&T cDNA Resource Center (www.cdna.org) served also as negative control. All four 
constructs were subcloned using primers described in Table 1. hCXCR3 and hCCX-CKR were 
inserted into pECFP-Nl and pVenus-Nl vector using EcoRI and Smal as restriction enzymes. 
hCCR5 was inserted using Hindl l l  and Smal while h GABAB-Rl was inserted using EcoRI and 
Sal l .  h GABAB-Rl subcloning was done in presence of 10% glycerol. The pVenus-Nl vector was 
generated using the pECFP-Nl (Clonetech) as backbone. ECFP was cut out of the pECFP-Nl 
plasmid using Agel and Nat l .  Venus was cut out of the pcDNA3.l CFP-EPAC-Venus construct 
using Xhol. Venus was subcloned and inserted into the pECFP-Nl (after deletion of ECFP) 
using Agel and Natl .  The following constructs were used for transient transfection followed 
by chemotaxis assays to verify whether hCCX-CKR is affecting other chemokine receptors: 
hCCR2, hCCR4, hCCRS, hCCR6, hCCR7, hCCR9, hCCRlO and hCXCR4. These constructs have 
been purchased from: Missouri S&T cDNA Resource Center (www.cdna.org) . 

Tablel: Primers used for cloning for FRET constructs 

Gene of 
i nterest Forward primer 

CXCR3 AAAGAATTCTAATGGTCCTTGAGGTGAGTGACC 
CCXCKR AAAGAATTCTAATGGCTTTGGAACAGAACCAGTC 
GABAB-Rl AAAGAATTCTGATGTTGCTGCTGCTGTTACTGGCG 
CCRS AAAAAAGCTTATGGATTATCAAGTGTCAAGTCCAAT 

Reverse primer 

AAACCCGGGCCAAGCCCGAGTAGGAGGCCTC 
AAACCCGGGCAATGCTAAAAGTACTGGTTGGCTCT 
AAAAGTCGACTGCTTATAAAGCAAATGCACTCGACTCC 
AAACCCGGGCCAAGCCCACAGATATTTCCTGCTC 

Venus AAAACCGGTCGCCACCATGGTGAGCAAGGGCGAGGAGCT AAAGCGGCCGCTTACTTGTACAGCTCGTCCATGCCGA 

3.5. Generation of stable HEK293 cel l l ines 

Cells were transfected with either hCXCR3, hCCX-CKR or both constructs using FugeneR (Roche 
Molecular Biochemicals) according to the manufacturer's instructions. Stable polyclonal 
transfected cells were selected using 500 µg/ml G-418 (Omnilabo) for approximately 2 weeks. 
Hereafter, monoclonal cell lines were generated and maintained for maximum 15 passages. 
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3.6. Cell transfection 

HEK293 and HEK293T cells were transfected using calcium/phosphate method. Briefly, cells were 

kept in DMEM without additives and where left with DNA-precipitates for Sh. After transfection, 

cells were rinsed with DMEM and put back in growth medium. Mock transfections were done 

using empty plasmids. For radioligand binding experiments, HEK293T cells were transiently 

transfected with 1 µg receptor-encoding plasmid DNA using 25-kDa linear polyethyleneimine 

(Polysciences, Eppelheim, Germany) as described previously (Verzijl et al., 2008). The total 

amount of transfected DNA was adjusted to 5 µg with the empty vector pcDEF3. hCCX-CKR 

was silenced in freshly isolated T cells using pLKO.1 -puro vectors containing DNA encoding 

for CCX-CKR short hairpin silencing RNA (shRNA) (MISSION® shRNA NM_l6557; Sigma

Aldrich). Five vectors for hCCX-CKR silencing were used for each different T cell donor. Plasmid 

containing GFP-encoding DNA (pmaxGFP; Lonza) was used as positive control for transfection 

and the pLKO.1-puro vector containing DNA encoding for non-targeting shRNA (MISSION® 

shRNA SHC002; Sigma-Aldrich) was used as negative control. T cells were transfected using 

the Amaxa nucleofector kit for human T cells (Lonza) according to manufacturer's instructions. 

Briefly, 2x106 to Sx106 T cells were resuspended in specific nucleofector solution and mixed with 

2�Lg vector DNA. Subsequently, the cells were nucleofected using the T cell-specific program 

V-24 and transferred into growth medium. hCCX-CKR was overexpressed in PHA/IL-2-treated 

T cells using the same method. T cells were resuspended in specific nucleofactor solution, 

mixed with Sµg of hCCX-CKR plasmid DNA or pmaxGFP, and nucleofected by using the T cel l  

specific program T-20. Transfection efficiency and hCCX-CKR expression were assessed by flow 

cytometry 24h (overexpression) or 48h (silencing) post-nucleofection. 

3.7. Flow cytometry 

Expression of surface molecules by human Tcells wasdetermined using flowcytometry. Cells were 

incubated with predetermined optimal dilutions of primary antibody diluted in PBS containing 

0.5% BSA and 0.01% sodium azide for lOmin at RT. Primary antibodies were phycoerythrine 

(PE)-conjugated anti-CXCR3 (clone 49801; R&D systems), fluorescein isothiocyanate (FITC)

conjugated anti-CD3 (clone UCHTl; eBioscience), PE-CyS-conjugated anti-CD4 (clone RPA-T4; 

eBioscience), allophycocyanin (APC)-conjugated anti-CDS (clone RPA-T8; eBioscience), 

APC-conjugated anti-CD44 (clone IM-7; eBioscience), PE-CyS-conjugated anti-CD62L (clone 

DREG-56; eBioscience) and polyclonal goat-anti-CCX-CKR (CCRll; Capralogics). hCCX-CKR was 

detected using PE-conjugated anti-goat lgG (Jackson Laboratories) as a secondary antibody. 

lsotype-matched primary antibodies of irrelevant specificity served as negative controls .  

20.000-30.000 events were measured using a FACSCalibur flow cytometer (BD Biosciences) 

and analyzed by WinMDI software. 

3.8. Chemotaxis assay 

Cell migration in response to chemokine's was assessed using a 48-well chemotaxis 

microchamber (NeuroProbe). lOµM chemokine stock solutions (containing recombinant human 

CCL4, CCL13, CCL17, CCL20, CCL21, CCL25, CCL27, CXCL 9, CXCLl0 or CXCL12; R&D) (Table 2) were 

prepared in sterile PBS and further diluted in serum-free DMEM for use in the assay. Serum-free 
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DMEM without chemokine's served as control. 27µ1  of the chemoattractant solution or control 
medium was applied to the lower well of the chamber. Upper and lower chamber were separated 
by a polyvinylpyrrolidone-free polycarbonate filter (5µm pore size for T cells and 8µm pore size 
for HEK293/HEK293T cells). In the upper wells of the chamber, 50 µI cell suspension containing 
5xl04 cells was applied. The chamber was incubated in a humidified atmosphere (5% CO) at 37°C 
for 2 h. Determinations were done in hexaplicate for each group. After incubation the filter was 
washed, fixed in methanol and stained with toluidine blue. Migrated cells per group were counted 
by a double-blinded person with a scored eyepiece (3 fields (lmm2) per well). 

3.9. Reverse Transcription and Quantitative Real-time Polymerase Chain Reaction (QPCR) 

T-cells were lysed in guanidinium isothiocyanate/mercaptoethanol buffer and total RNA was 
extracted according to Chomczynski and Sacchi (1987) with slight modifications. One µg of total 
RNA was transcribed into cDNA as described (Biber et al., 1997). Primers used for RT-PCR are 
described in Table 1. Real-time PCR, using an iCyclerR (Bio-rad) and iQ SYBR Green supermixR 
(Bio-rad), was performed on 4ng cDNA from T-cells. Primers (See Table 1) for Q-PCR, yielding PCR 
products of approximately 100 base pairs long, were designed by "Primer Designer" (Scientific 
and Educational Software, Version 3.0). PCR reactions with primers for hCCX-CKR and hCXCR3 
were run in parallel with primers for the housekeeping genes glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) and hypoxanthine guanine phosphoribosyl transferase (HPRTI). All 
primers were purchased from Genset. Melt-curve analysis was performed immediately following 
amplification in order to check primer specificity. For analysis, the comparative Ct method was 
used. In each experiment samples were run in duplicate. Results are the averaged data of three 
independent experiments and are given as mean ± S.E.M. 

3.10. lmmunocytochemistry 

HEK293 cells were plated on poly-L-lysine (PLL) coated glass coverslips and fixed in 4% 
paraformaldehyde (PFA) solution. Cells were pre-incubated in PBS containing 10% FCS and 0,3% 
Triton-Xl00 for 30 min at room temperature. Incubation with primary antibodies against hCXCR3 
(R&D, 1:100) and hCCX-CKR (Capralogics, 1:400) was performed O/N at 4°C. The next day, cells 
were incubated with secondary antibodies conjugated with fluorescent labels (Jackson lmmuno 
Research) for 2h at room temperatu re. Cells were washed, stained with Hoechst nuclear dye and 
finally mounted in Vectashield Mounting Media (Vector). Stained cells were analyzed with a Zeiss 
Axioskop 2 microscope and confocal fluorescence microscopy (see FRET section). 

3.11 .  Ligand binding experiments 

The CXCR3 antagonist VUF10085 was first described in literature as AMG 487 (Johnson et al., 2007) 
and resynthesized in our department. [125 I)-CXCLl0 and Na125 I were purchased from PerkinElmer 
Life and Analytical Sciences (Boston, MA). CCL19 was purchased from Peprotech (Rocky Hill, NJ) 
and labeled with Na125 I using iodogen pre-coated tubes (Thermo Fischer Scientific, Waltham, MA) 
according to the manufacturer's instructions. 24 hours post-transfection, HEK293T cells were 
transferred to poly-L-lysine (Sigma-Aldrich, St. Louis, MO) coated 48 well plates. The next day, 
cells were incubated for four  hours at 4°C with 0.5-1 nM [125I ]-CCL19 or 50-100 pM [125I)-CXCLl0 in 
binding buffer (50mM HEPES, lO0mM NaCl, lmM CaCl2, 5mM MgCl2, pH 7.4, 0.5% BSA) containing 
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unlabeled displacer. After incubation, cells were washed three times with ice-cold wash buffer (50 
mM HEPES, 0.5 M NaCl, 1 mM caq, 5 mM MgCl2, pH 7.4) and subsequently lysed. Cell lysates were 
counted in a Wallac Compugamma counter (PerkinElmer, Boston, MA). For ligand binding co
operativity assays, percentages of CXCR3-specific [125 I ]-CXCLl0, [125I ] -CXCLll and CCX-CKR-specific 
[125 I ]-CCL19 binding were calculated by normalizing data to binding in the absence of unlabeled 
displacer (100%) and binding in the presence of 10 µM VUF10085, 100 nM CXCLl l and 100 nM 
CCL19, respectively (0%). For homologous radioligand displacement curves, CXCR3-specific [125 I ] 
CXCLl0, [125 I ]-CXCLl l and CCX-CKR-specific [125 I ]-CCL19 binding were calculated by normalizing 
data to radioligand binding in the absence of unlabeled displacer (100%) and in the presence of 10 
µM VUF10085, 100 nM CXCLl l and 100 nM CCL19, respectively (0%), in cells expressing only CXCR3 
([125 I ] -CXCLl0 and [125 I ] -CXCLl l )  or only CCX-CKR ( [125 I ] -CCL19). 

3.12. CXCR3 ELISA measurements 

Cells were plated in 48 well plates, fixed 30min with 4% PFA in PBS 48h after plating and washed 
two times with T BS. For the permeabilized samples, cells were incubated 30min with 0.5% NP- 40 
(Roche) in TBS after fixation. Samples were blocked for 4h at RT with 1% fat free milk in 0.lM 
NaHCO3 pH 8.6. Primary antibody (R&D MAB160) was diluted 1:1000 in 0.1% BSA in T BS and 
incubated O/N at 4°C and washed three times with T BS. Secondary antibody (Bio-Rad 170-6516 
goat anti-mouse/HRP) was diluted 1:2500 in 1% fat free milk in 0.lM NaHCO pH 8.6 and incubated 
3 h at RT. OPD substrate solution (2.2mM Ophenylenediamine (Sigma P-1526), 35mM citric acid, 
66mM Na2HPO4, 0.015% Hp2, pH 5.6) was added. The reaction was stopped by addition of l M  
H2SO4 and the absorbance at 490nm was measured with a Wallac Victor plate reader. 

3.13. FRET experiments 

HEK 293T cells were transfected with plasmids encoding Venus- or CFP-tagged versions of hCXCR3, 
hCCX-CKR or both. For control experiments Venus-tagged versions of hGABAB-Rl and hCCRS were 
used. Imaging of the expression of the various fusion proteins was performed on a Leica AOBS_ 
TCS SP2 confocal laser scanning microscope using an 63x NA 1.4 oil -immersion objective (Leica 
Microsystems) and the 458nm line of an AR/Kr laser. The microscope was set-up and corrections were 
applied according to Van Rheenen et al. (2004). FRET efficiency was determined using the method 
by Jalink and Van Rheenen (2009). Shortly, images were corrected by subtracting the background 
and correcting for bleedtrough by using CFP- and Venus-transfected cells followed by correction of 
intensity. Values were measured by scaling all samples to the same level of the hCXCR3-CFP/hCXCR3-
Venus homomer followed by measuring the intensity at different ROl's at the membrane. 

4. RESULTS 

4.1. CCX-CKR co-expression inhibits chemotactic signaling of various chemokine receptors 

In order to investigate if co-expression of hCCX-CKR influences the signa'ling of other 
chemokine receptors that don't share ligands with CCX-CKR, chemotaxis experiments were 
performed. We observed that the migration of HEK293 cells transfected with the chemokine 
receptors hCCR6, hCCRlO, hCXCR3 or hCXCR4 was significantly reduced when hCCX-CKR was 
co-expressed (Table 2). Co-expression together with hCCR2 and hCCR4 showed weak, non-
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consistent reduction in the chemotactic response. Chemotaxis toward receptor hCCRS was not 
inhibited by the presence ofhCCX-CKR. Finally, hCCR7 and hCCR9 were also investigated, which 
both share common ligands with CCX-CKR. The chemotactic response of these receptors was 
also blunted when co-expressed with CCX-CKR (Table 2). In order to analyze the effects of 
co-expression in more detail, we generated HEK293 cells stably co-expressing CCX-CKR and 
CXCR3, an important receptor for immune cell trafficking. 

Table 2: Chemokine receptors tested for chemotaxis inh ibition by hCCX-CKR. 

% of migration 
Receptor Ligand (lnM) (control is set to 100% ) n p value 

CCR2 CCL13 125 ± 13 3 0.069 
CCR2+CCX-CKR 92 ± 6  
CCR4 CCL17 139 ± 5  3 0.069 
CCR4+CCX-CKR 111 ± 11 
CCR5 CCL4 143 ± 13 3 0.15 
CCRS+CCX-CKR 121 ± 6 
CCR6 CCL20 135 ± 10  3 0.02 
CCR6+CCX-CKR 96 ± 9 
CCR? CCL21 125 ± 15 3 0.023 
CCR7+CCX-CKR 75 ± 9 
CCR9 CCL25 168 ± 15 3 < 0.001 
CCR9+CCX-CKR 94 ± 5  
CCRl0 CCL27 158 ± 15 3 0.003 
CCRl0+CCX-CKR 84 ± 11 
CXCR3 CXCLl0 148 ± 9  3 < 0.001 
CXCR3+CCX-CKR 82 ± 7  
CXCR4 CXCL12 154 ± 16 3 0.009 
CXCR4+CCX-CKR 83 ± 10 

HEK293T cells were either transfected with a chemokine receptor a lone or with a combination of a 
chemokine receptor and CCX-CKR. Cells were then subjected to a chemotaxis experiment us ing the 
chemokine specific for the transfected receptor d i l uted in medium at a concentration of lnM. Control 
migration was done in presence of medium a lone. In  all control experiments, between 25 to 45 cel l s  
m igrated toward the med ium. Using these numbers, control migration was set to  100%. Data represent 
the mean and SEM of 3 independent experiments. ANOVA was performed to i l lustrate statistical 
differences in migration. p<0.05 i nd icates that the chemotaxis mediated by the chemokine receptor 
toward its l igand was inh ibited by the presence of CCX-CKR. 

4.2. Expression of hCCX-CKR does not affect expression of CXCR3 

First the presence of chemokine receptors expression was examined by immunocytochemistry. Non
transfected HEK293 cells did not show staining for hCXCR3 (green signal) (Fig. lA) and hCCX-CKR (red 
signal) (Fig 18). Staining for hCXCR3 was observed in both hCXCR3-transfected (Fig 10) and double 
transfected HEK293 cells (Fig 1H) and hCCX-CKR expression was observed in hCCX-CKR-transfected 
(Fig. l F) and double transfected HEK293 cells (Fig 1H). Omission of primary antibodies generated 
no signal (Fig. lC, E, G). These findings were also confirmed at mRNA level (see supplementary Fig.1 
; Supplementary Table 2) at the end of the chapter. To exclude the possibility that the presence of 
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hCCX-CKR might hamper the normal expression of hCXCR3, expression levels of hCXCR3 in these 
cells were further investigated by ELISA measurements (Fig. 11). We show that comparable levels 
of hCXCR3 expression were found in hCXCR3-transfected cells and hCXCR3+hCCX-CKR-transfected 
cells. Although there is a decrease in hCXCR3 expression in presence of hCCX-CKR, which is probably 
due to the CMV promoter driving the protein machinery to its limit, it is not sufficient to explain 
the complete inhibition of chemotaxis toward CXCLlO that we observed. Thus the co-expression of 
hCCX-CKR did not affect protein expression of hCXCR3 in HEK293 cells. 

1 5  

j 1 0  

!:! 0 5 

- intlcl cells 
C) permoablllzedcells 

MOCK hCXCRJ hCXCRJ• hCCX-CKR 
hCCX•CKR 

Figure 1: Expression of hCCX-CKR does not influence expression of hCXCR3. lmm unocytochemical 
stainings revealed that non-transfected H EK293 cells did not express hCXCR3 (A) nor hCCX-CKR (B), 
whereas positive labeling was observed in hCXCR3 (D), hCCX-CKR (F), and hCXCR3/hCCX-CKR (H) stably 
transfected H EK293 cells. Cells stained in the absence of primary antibodies or in presence of an isotype 
control antibody with irrelevant specificity were devoid of signals (C, E, G). The magnification used in 
panels A-H was 40X. ( I) ELISA experiments showed no influence of hCCX-CKR co-expression on hCXCR3 
protein levels when compared to single hCXCR3 expressing cells. No hCXCR3 protein expression was 
found in mock- or hCCX-CKR-transfected cells. Data represent the means ± S .E .M of three independent 
experiments. Statistical significance against mock transfected cells was tested by means of multiple 
comparison ANOVA and Tu key's post hoc analysis. Asterisks indicate p s 0.05. 
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4.3. Effect of CCX-CKR on CXCR3-mediated chemotaxis 

Having confirmed the expression levels of our stable cell l ines, we tested the effect of hCCX-CKR 
expression on hCXCR3-mediated migration. Whereas HEK293 cells expressing hCXCR3 cells 
displayed typical chemotaxis responses to CXCL 9 and CXCLl0, HEK293 cells expressing both hCXCR3 
and hCCX-CKR failed to migrate in response to these two chemokines at al l concentrations tested 
(Fig 2A and B). The lack of migration in double-transfected cells could have been due to an artifact as 
a result of the transfection procedure. To exclude this possibility, we transfected hCXCR3-expressing 
HEK293 cells with another chemokine receptor subtype, hCX3CR1 (also known as fractalkine 
receptor), and examined migration in response to CXCLl0 as well as to the CX3CR1 l igand CX3CL1. 
After transfection, these HEK293 cells responded significantly to both CXCLl0 and CX3CL1 (Fig. 2C) 
with no difference compared to single transfected cells (data not shown). 
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Figure 2: Expression of CCX-CKR impairs CXCR3-dependent migration. HEK293 expressi ng stab le hCXCR3 
migrated towards various concentration of CXCLl0 whereas migration of HEK293 expressing hCXCR3 + 
hCCX-CKR was abol ished (A). The same migratory behavior was observed with various concentrat ions of 
CXCL9, another CXCR3 l igand (8) . HEK293 stably expressing hCXCR3 + hCX3CRl show migratory behaviou r 
toward various concentration of CXCLl0 or CX3CL1 (C) .  Data represent the means ± S .E .M of th ree 
independent experiments. Statistical s ignificance was tested by means of mu lti ple comparison ANOVA 
and Tu key's post hoc ana lysis. Asterisks ind icate p :S 0.05. 

4.4. hCCX-CKR heteromerizes with hCXCR3 but not with hCCRS 

To investigate whether hCCX-CKR might form heteromers with hCXCR3 we performed FRET 
experiments in HEK293T cel ls. Co-transfection of hCXCR3-CFP and hCXCR3-Venus revealed 
high level of FRET efficiency, which was set to 100%, indicating that CXCR3 per se shows 
homomerization (Fig. 3A). When the hCCX-CKR-CFP construct was co-expressed with hCXCR3-
Venus, a strong FRET signal was observed (75 ± 2.81%); Fig 3A, indicating heteromerization of 
hCCX-CKR with hCXCR3. On the contrary, when hCCX-CKR was co-expressed with CCRS or a 
completely unrelated transmembrane receptor (hGABA

81 
-CFP) no FRET signal was observed 

(0 ± 3.92 %; Fig. 3A 8). These data indicate that hCCX-CKR is able to heteromerize with hCXCR3 
but not with CCRS or GABAbl and thus inhibition of hCXCR3-mediated chemotaxis probably 
occurs through a di rect interaction between both receptors. 
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(A) 

CFP 

VENUS 

CXCR3 - CFP/ CCXCKR • CFP/ CCXCKR - CFP/ 
CXCR3 - Venus CXCR3 -Venus GABAB - Venus 

CXCR3/CXCR3 CCXCKR/CXCR3 CCXCKR/GABAB1 

(B) 

CFP 

VENUS 

FRET Elf 

CCRS - CFP/ CCXCKR - CFP/ CCXCKR - CFP/ 
CCRS - Venus CXCR3 • Venus CCRS - Venus 

Figure 3: hCCX-CKR forms heteromers with hCXCR3 but not with hCCRS. (A) HEK293T cells transfected 
with both hCXCR3-CFP and hCXCR3-Venus constructs showed high FRET efficiency, indicating that both 
proteins a re forming abundant homomeric complexes. When transfected with hCXCR3-CFP and hCCX-CKR
Venus, H E K293T also displayed a relatively strong FRET signal, demonstrating that both proteins are interact 
and form heteromers. HEK293T cells tra nsfected with hGABABRl-CFP and hCCX-CKR-Venus failed to show 
any FRET signal indicating that these receptors do not interact with each other. (B) FRET experiments were 
performed after co-expression of hCCRS and hCCX-CKR. Strong FRET signals were found for hCXCR3 and 
hCCRS homomers. Whereas the heteromer hCXCR3/hCCX-CKR showed a strong FRET signal, no signal was 
observed after co-expression of contructs containing hCCX-CKR-venus and hCCRS-CFP. FRET efficiencyis 
expressed in % and was scaled on the signal of hCXCR3-CFP and hCXCR3-Venus homomers. 

4.5. Presence of hCCX-CKR affects binding properties of hCXCR3 

Using homologous radioligand displacement assays, we determined the affinities of CXCLl0, CXCLll 
for hCXCR3 and the affinity of CCL19 for hCCX-CKR in cells expressing the receptors alone or co
expressing CXCR3 and CCX-CKR (Fig. 4). Binding affinities of CXCLl0 and CXCLll for hCXCR3 (pK; 
of 9.7 ± 0.1 and 9.2 ± 0.1, respectively) were not significantly affected by the presence of hCCX-CKR 
(pK; of 10.0 ± 0.3 and 9.4 ± 0.1, respectively). However, total binding of (125 I]-CXCLl0 was decreased 
by 47% on co-expression of hCCX-CKR, whereas total binding of (125 I]-CXCLll was decreased by 20% 
(4Fig. 4A, B). Similarly, the binding affinity of CCL19 for hCCX-CKR (pK; of 8.7 ± 0.1) was not significantly 
affected by the presence of hCXCR3 (pK

i 
of 8.9 ± 0.3). Total [125 I] -CCL19 binding was decreased by 

65% on co-expression of CCX-CKR with CXCR3 (Fig. 4C).As negative ligand binding co-operativity 
has been observed for chemokine receptor heterodimers (Sohy et al., 2007 ; Springael et al., 2006), 
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Figure 4: hCXCR3 and hCCX-CKR co-expression decreases the number of chemokine binding sites, but 
not chemokine affinities. Homologous displacement cu rves were obta ined for [125I]-CXCLl0 (A), [125 I ] 
CXCLll (B )  and [125 I] -CCL19 (C) in cel ls expressing hCXCR3 alone (A and B ,  empty symbols), hCCX-CKR 
alone (C, empty symbols) or cel ls co-expressing hCXCR3 and hCCX-CKR (A-C, fi l led symbols) . Data were 
normal ized to specific bind ing in cel ls expressing CXCR3 or CCX-CKR a lone. Data are given as averages 
± SEM of specific binding from three independent experiments performed in trip l icate. 

we investigated whether this allosteric ligand interactions also occur within the CXCR3-CCX-CKR 

heterodimer (Figure 5). Next, [125I]-CXCLlO, [125 1 ]-CXCLll and [125I]-CCL19 equilibrium binding was 

performed in HEK293T cells expressing hCXCR3 alone, hCCX-CKR alone or co-expressing hCXCR3 

and hCCX-CKR , in the absence or presence of lOO nM of the unlabeled chemokine receptor ligands 

CXCL9, CXCLlO, CXCLll (CXCR3) and CCL19, CCL21, CCL25 and CXCL13 (CCX-CKR). Whereas in hCXCR3 

expressing cells [125I]-CXCLlO binding was displaced only by the CXCR3 chemokines, CXCL9, CXCLlO 

and CXCLll (Fig. SA), in cells co-expressing hCXCR3and hCCX-CKR, negative [1251 ]-CXCLlO binding 

cooperativity was found for CCL19, CCL21 and CCL25, but not CXCL13 (Fig. SB). CXCLlO did not 

decrease [125 1 ]-CXCLlO binding in cells co-expressing hCXCR3 and hCCX-CKR (Fig. SB). [125I]-CXCLll was 
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displaced by CXCLl0 and CXCLll in cells expressing hCXCR3 (Fig. SC). On co-expression of hCCX-CKR 

with CXCR3, CCL19 also significantly decreased [125I]-CXCLll binding (Fig. SD). Conversely, in cells 

expressing hCCX-CKR (Fig. SE), the binding of [125I]-CCL19 was only displaced by CCL19 and CCL21, 

whereas in cells expressing hCXCR3+hCCX-CKR (Fig. SF) a negative cooperative effect of CXCLll, but 

not CXCL 9 or CXCLl0, was observed. 
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Figure 5: Negative l igand binding cooperativity occurs in cells expressing both hCCX-CKR and hCXCR3. 
[125 I ] -CXCLl0 (A- B), [125 I ] -CXCLll (C-D) a nd [125 I ] -CCL19 (E-F) equilibrium binding was performed with 
HEK293T cells expressing hCXCR3 a lone (A and C), hCCX-CKR alone (E) or both hCXCR3 and hCCX-CKR 
(B, D, F), in the a bsence or presence of u nlabeled chemokines (100 nM) as indicated. Data are given as 
averages ± SEM of normalized specific binding from 2-5 independent experiments performed in triplicate. 
Statistical significance against vehicle samples was tested by means of multiple comparison ANOVA and 
Tukey's post hoc analysis. Asterisks indicate p s 0.05. 
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4.6. CXCR3 and CCX-CKR expression in  human T-cel l s  

Because CXCR3 and CCX-CKR are among the chemokine receptors present in  T cells (Gosling 
et al., 2000; Loetscher et al., 1996; Thomsen et al., 2003), the inhibition of hCXCR3-medited 
migration by hCCX-CKR could be of relevance for the migratory behavior of T cells. Therefore, 
expression of hCCX-CKR and hCXCR3 mRNA as well as protein was investigated in freshly 
isolated T cells and T cells activated by phytohemagglutinin (PHA) and interleukin-2 (IL-2) 
treatment (Fig. 6A). RT-PCR and Q PCR analysis showed that both mRNAs were present in 
freshly isolated T cells (Fig. 6B). Whereas PHA/IL-2 treatment did not significantly influence 
hCXCR3 mRNA expression, a profound down-regulation of hCCX-CKR mRNA expression 
was observed (Fig. 6B). hCCX-CKR and hCXCR3 protein expression was investigated by 
flow cytometry analysis. It is shown (Fig. 6C) that 54.4 % of the freshly isolated T cells 
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Figure 6: Expression of hCCX-CKR in freshly isolated and in activated T cells. (A) Freshly isolated T cells 
and PHA/I L-2-activated T cel ls were sorted by FACS. (B) RT- PCR analysis show that freshly isolated T cells 
express both hCXCR3 and hCCX-CKR m RNA. Activated T cells d isplay similar levels of hCXCR3 mRNA as 
freshly isolated T cel ls but levels of hCCX-CKR mRNA were considerably lower. *= p<0.0S. (C) FACS ana lysis 
revealed that 54.4% and 18.3% of freshly isolated T cel ls  expressed hCCX-CKR and hCXCR3, respectively. 
hCCX-CKR expression dropped to 43.2% in activated T cel ls whereas a major up-regulation (50.3%) of 
hCXCR3 expressing-T cells was observed following activation. (D) Chemotaxis experiments show that 
freshly isolated T cel ls fa i led to migrate toward CXCLl0 whereas PHA/I L-2-activated T cells demonstrated a 
prominent migratory behaviour toward the chemokine. *= p<0.05 compared to control .  
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expressed hCCX-CKR. This percentage dropped to 43.2% positive cells in PHA/IL-2 treated 
cells (Fig. 6C). In contrast a clear increase in expression of hCXCR3 expression was found 
after PHA/IL-2 treatment, from 18.3 to more that 50.3% CXCR3 positive cells after PHA/ 
IL-2 treatment was observed (Fig. 6C). Thus, the treatment with PHA/IL-2 induced a small 
down regulation of hCCX-CKR and an upregulation of hCXCR3 expression in human T cells. 
Similar data were obtained in primary mouse microglia and primary mouse macrophages 
(supplementary Fig. 2 at the end of the chapter). Indeed, QPCR analysis indicated the presence 
of both CCX-CKR and CXCR3 receptors mRNA in these cells. Moreover, treatment with a 
combination of SOng/ml INF and l OOng/ml LPS in the case of primary macrophages and with 
lOOng/ml LPS in the case of microglia provoked a pronounced downregulation of CCX-CKR 
mRNA in both cell types (supplementary Fig. 2 A-B at the end of the chapter). Upregulation of 
CXCR3 after activation was observed only in primary microglia (supplementary Fig. 2A at the 
end of the chapter). 

4.7. Effect of hCCX-CKR expression on CXCR3 mediated migration in human T cel ls 

Next, chemotaxis of freshly isolated and PHA/IL-2 treated T-cells in response to CXCLl O was 
examined. Whereas freshly isolated T-cells did not show migration in response to CXCLl O at all 
concentrations tested, significant migration was observed in PHA/I L-2 treated T-cells, with a 
peak migratory response at lnM CXCLl O (Fig. 6D). Thus, similar to HEK293 cells, down regulation 
of hCCX-CKR was correlated to the migration of human T cells towards CXCR3 ligands. However, 
since the treatment with PHA/IL-2 caused a robust up-regulation of CXCR3 and does most likely 
induce various other cellular reactions that could account for the observed change in migratory 
behavior, we aimed at modifying CCX-CKR levels in freshly isolated and PHA/IL-2 treated T 
cells. We therefore transfected freshly isolated T cells with ShRNA for CCX-CKR to mimick the 
down-regulation observed after treatment with PHA/IL-2. This treatment indeed caused a clear 
down regulation of hCCX-CKR (Fig. 7A). Whereas the negative control ShRNA did not affect the 
chemotactic response of T cells to 1 nM CXCLlO, treatment with the Sh RNA targeting hCCX-CKR 
clearly enhanced the migration of T cells to CXCLl O (Fig. 7B) .  In addition, hCCX-CKR was over
expressed in PHA/IL-2 treated T cells as demonstrated by flow cytometry (Fig. 7C). Whereas 
a significant migration in response to CXCLl O was observed in GFP-transfected cells (control 
transfection), no migratory response was observed in PHA/IL-2 treated T cells that had been 
transfected with hCCX-CKR (Fig. 7D). Similar data were obtained with primary mouse microglia. 
Since we observed that treatment with LPS provoked a down regulation of CCX-CKR mRNA 
and an up regulation of CXCR3, we hypothesized that activated microglia would migrate more 
towards CXCR3 ligands. Indeed, we observed a significant increase in cell migration towards both 
CXCL 9 and CXCLlO when microglia was activated with LPS (supplementary Fig. 2C), showing that 
the down-regulation of CCX-CKR is correlated to an increased chemotactic response. 
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Figure 7: Presence of hCCX-CKR is associated with suppression of chemotaxis towards CXCLlO in T cells (A) 
Silencing hCCX-CKR using vectors containing DNA encoding for short hairpin RNA targeting hCCX-CKR 
resulted in a down-regulation of hCCX-CKR expression by freshly isolated T cells as determined by flow 
cytometry. Data are representative for 4 d ifferent human donors. (B) Down-regulating hCCX-CKR rescued 
chemotaxis towards CXCLlO. Data are representative for five different human donors and presented as 
mean ± SEM. *P<0.05 (Mann-Whitney U-test). (C) Flow cytometric analysis showed successful transfection 
of PHA/I L-2 treated T cells with hCCX-CKR. The data represent one out of five separate experiments with 
d ifferent human donors. (D) Re-expressing hCCX-CKR in PHA/IL-2 treated T cells inhibited CXCR3-mediated 
chemotaxis towards CXCLlO. The data are representative for 6 separate experiments using different human 
donors and are presented as mean ± SEM. *P<0.05 (Mann-Whitney Li-test). 

5. DISCUSSION 

Atypical chemokine receptors including DARC, D6 have been shown to efficiently internalize their 
cognate ligands and act as chemokine scavengers (Hansell et al., 2006). Also CCX-CKR binds and 
scavenges its ligands CCL21, CCL19, CCL25 a nd CXCL 13 (Comeford et al., 2006; Gosling et al., 2000; 
Townson and Nibbs, 2002). Here, we show that co-expression of hCCX-CKR abolished hCXCR3-
mediated migratory responses towards CXCL9 and CXCLlO, which is not due to scavenging of 
hCXCR3 ligands, as CXCL 9 and CXCLlO have no affinity for hCCX-CKR (Gosling et al., 2000). It has 
been demonstrated that chemokine's can signal through monomeric a nd heteromeric receptor 
complexes (Salanga et al., 2009). Well known chemokine receptor heteromers are CCR2/CCRS 
(El-Asmar et al., 2005; Mellado et al., 2001; Sohy et al., 2009), CXCR1/CXCR2 (Wilson et al., 
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2005), CXCR4/CCR2 (Percherancier et al., 2005; Sohy et al., 2007; Sohy et al., 2009), CXCR4/ 
CXCR7 (Sierra et al., 2007), CXCR4/CCR5 (Contento et al., 2008; Sohy et al., 2009) and DARC/ 
CCR5 (Chakera et al., 2008). In some of these cases heteromerization had essential implications 
for agonist-induced chemotaxis and calcium signaling (Chakera et al., 2008; Sohy et al., 2007; 
Sohy et al., 2009). We therefore decided to investigate possible heteromerization of hCCX-CKR 
and hCXCR3 by FRET. Expressed in HEKT293 cells, hCXCR3 formed homomers and also displayed 
pronounced heteromerization with hCCX-CKR. In contrast hCCX-CKR did not heteromerize with 
hCCR5 or hGABA

81 
receptor, thus confirming the specificity of the FRET assay. Since CCR5-induced 

chemotaxis is not affected by co-expression of CCX-CKR, this suggests that heteromerization 
of hCCX-CKR with hCXCR3 plays an essential role in its inhibitory effect on chemotaxis. 
Heteromerization could induce changes in receptor conformation that possibly would reduce 
the receptor-ligand binding properties leading to chemotaxis inhibition. Accordingly, the 
loss of CXCLlO binding sites observed in binding experiments in cell co-expressing hCXCR3 
and hCCX-CKR as compared to cells expressing only hCXCR3, is larger than the loss of CXCLl l 
binding sites and hCXCR3 cell surface expression as measured by ELISA. Cox et al. (2001) have 
shown that CXCLl0 and CXCLl l occupy distinct binding sites at hCXCR3. In contrast to CXCLl l 
binding, the interaction of CXCLl O with CXCR3 is highly dependent on an active conformation 
of the receptor. The loss of CXCLl0 binding sites in the absence of decreased CXCLl O affinity for 
hCXCR3 observed in the presence of hCCX-CKR may be explained by a relative increase in the 
population of CXCR3 in an inactive conformation. Additionally, negative binding cooperativity, 
induced by ligands both for hCXCR3 and hCCX-CKR was observed. Thus, chemokine's for 
hCCX-CKR suppressed chemokine binding to hCXCR3 and vice versa. In cells co-expressing 
hCXCR3 and hCCX-CKR, CCL19 could displace both radiolabeled CXCLl 0 and CXCLl l, whereas 
CCL21 and CCL25 caused significant displacement of [125 I ] -CXCLl 0 but not [125 1 ]-CXCLl l .  The lack 
of co-operativity between [125 I ]-CXCLl l and CCL21 or CCL25 may be due to the lower affinity of 
these two chemokine's than that of CCL19 for hCCX-CKR as previously reported by Gosling et al 
2000 (i.e. CCL19, CCL21, CCL25, and CXCL13 displaced [125I ] -CCL19 with IC

50 
values of 6, 12, 7 and 140 

nM, respectively). The lack of negative binding co-operativity between [125 I ]-CCL19 and CXCLl0 
may be due to the loss of CXCLl O high affinity binding sites on co-expression of hCCX-CKR with 
hCXCR3. Additionally, the lack of negative binding co-operativity between hCXCR3 radioligands 
and CXCL13 is likely due to the moderate affinity of this chemokine for hCCX-CKR. In cells co
expressing hCXCR3 and hCCX-CKR, CXCLl O actually increased [125 I]-CXCLl 0 binding, possibly 
promoting non-specific binding of the radioligand. This effect was also observed in cells that did 
not express CXCR3 (data not shown).ln order to study the potential influence of hCCX-CKR co
expression on hCXCR3 dependent chemotaxis in primary cells experiments with human T cells 
and mouse microglia and macrophages were performed. Interestingly, in all cells it was observed 
that the presence of hCCX-CKR significantly inhibited the chemotactic response of hCXCR3 
ligands. These results thus suggest that co-expression of hCCX-CKR also in a more physiological 
setting negatively influences the chemotactic response of hCXCR3. In all these cells it was found 
that an inflammatory activation down-regulated hCCX-CKR expression and thus increased the 
migratory capacity of these cells to hCXCR3 ligands. It therefore is tempting to speculate that the 
loss of h CCX-CKR expression is part of the activation program of immune cells that enable them 
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to migrate towards sites of inflammation. Interestingly, Gosling and colleagues (2000) described 
a similar decrease in CCX-CKR mRNA expression for maturing dendritic cells. Whether CCX-CKR 
might also influence the migration of dendritic cells remains to be established. 

Little is yet known about the physiological function of hCCX-CKR. Since no signaling effects 
of this receptor-like protein have yet been described, hCCX-CKR is currently considered to 
function as a chemokine scavenger (Comeford and Nibbs, 2005), similar to the chemokine 
receptor-like proteins D6 and DARC (Jamieson et al., 2005; Martinez de la Torre et al., 2005). 
Our current data suggest that hCCX-CKR forms complexes with hCXCR3. This heteromerization 
might underlie the inhibition of hCXCR3-induced chemotaxis. Negative binding cooperativity 
upon co-expression of hCXCR3 and hCCX-CKR may also serve as inhibitory mechanism. Similar 
inhibitory functions have been reported for the atypical CRAM receptor and CCR? (Catusse 
et al., 2010). However, contrary to CCX-CKR, which do not display affinity for CXCR3 ligands, 
the inhibitory effect of CRAM on CCR? was a combination of ligand competition as well as other 
unknown factors that might include negative binding cooperativity or heterodimerization. 
Recently, a possible role of hCCX-CKR as a regulator of growth and metastasis in breast cancer 
has been reported (Feng et al., 2009). In this study, over-expression of hCCX-CKR inhibited 
cancer cell proliferation in vitro, and a significant correlation between hCCX-CKR expression and 
survival rate in breast cancer patients was found. Whether or not heteromerization of hCCX-CKR 
with other chemokine receptors (as suggested by our chemotaxis experiments (Table 2) is also 
involved in inhibition of chemotaxis and proliferation of breast cancer remains to be established. 

6. CONCLUSION 

Here, we show that hCCX-CKR co-expression has a negative influence on the chemotactic 
response of the chemokine receptor CXCR3. FRET studies and ligand displacement experiments 
in hCCX-CKR and hCXCR3 co-expressing cells showed heteromerization and negative binding 
cooperativity, both of which may influence the migratory capacity of CXCR3. Moreover, we 
demonstrate that CCX-CKR co-expression also inhibits CXCR3-mediated chemotaxis in human 
T cells, and mouse myeloid cells. The loss of CCX-CKR expression in these primary cells by 
activation caused a prominent increase in chemotaxis towards CXCR3 ligands. The inhibition 
of CXCR3-mediated chemotaxis by CCX-CKR co-expression may therefore be part of the 
downregulatory program of non-primed immune cells. Thus CCX-CKR apart from being a 
scavenger for chemokines may have direct influence on the activity status and chemotactic 
properties of immune cells. 
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SUPPLEMENTARY MATERIALS 

Supplementary Table 1: Primers used for quantitative rea l -time PCR. 

Gene 

GAPDH 

H PRn 

CXCR3 

CCX-CKR 

Accession number Forward 

AF106860 ATGGCCTTCCGTGTTCCTAC 

BC000578 TGACACTGGCAAAACAATGCA 

X95876 CCACTGCCAATACAACTTCC 

AF233281 TCAAGTTCTGCCGAGCCATA 

Backward 

GCCTGCTTCACCACCTTCTT 

AGCTTGCTGGTGAAAAGGACC 

ATAGCAGTAGGCCATGACCA 

TGTGACTTGGATGGCGATGT 

Supplementary Table 2: Threshold cycle number for hCXCR3, hCCX-CKR and the housekeeping gene 
GAPDH for all HEK293 cel l l ines. 

Mock CXCR3 CCX-CKR CXCR3+CCX-CKR 

Ct CXCR3 33.5 ± 1 .5 22.6 ± 2.7 35.2 ± 4.6 24.3 ± 0.7 

CT CCX-CKR 36.3 ± 3.3 35.2 ± 4.6 27.9 ± 1 .l 28.l ± 1 .5 

Ct GAPDH 23.2 ± 1 .1 23.5 ± 1 .4 23.5 ± 1 .2 22.7 ± 0.9 

mRNA for hCXCR3 and hCCX-CKR were observed in respectively hCXC3 and hCCX-CKR transfected 
H EK293 cel ls, and not in non -transfected cel l s .  In addition, mRNA for both receptors was found in 
hCXCR3+hCCX-CKR transfected cel ls . 
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Supplementary Figure 1: In situ hybridization visualizing hCXCR3 and hCCX-CKR mRNA expression 
in HEK293 cells stably transfected with hCXCR3 + hCCX-CKR. Stably transfected HEK293 cells were 
hybridized with sense hCXCR3 (A, 200x magnification) or hCCX-CKR (B, 200x magnification) probes to 
determine background stain ing .  Antisense probes for both hCXCR3 (c, 200x magnification and E,  400x 
magnification) and hCCX-CKR (D, 200x magnification and F, 400x magnification) revealed perinuclear 
mRNA accumulation. 
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Supplementary Figure 2: Primary mouse microglia and macrophages behave similarly as human T 
cells. Treatment of primary mouse microgl ia with LPS induced a s ignificant reduction of CCX-CKR m RNA 
expression, whereas CXCR3 mRNA l evels were increased (A). mRNA levels of CCXCKR were a lso down 
regulated in  mouse macrophages when they were treated with LPS and interferon gamma (B). Stranagely, 
levels of CXCR3 a lso were greatly reduced. Chemotaxis experiments with primary mouse microgl ia show 
that there migration significantly increase towards ATP, CXCLlO AND CXCL9 when treated with LPS (C) .  
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GENERAL D ISCUSSION 

Microglia and its regulating factors 

Summarizing discussion 

M 
icroglia, the innate immune cells of the CNS, are of the monocytic lineage and are 
derived from the fetal yolk sac around embryonic day 8.5. Microglia migrate into the 

brain early during gestation (El0.5) and colonize the CNS parenchyma (Alliot et al. ,  1999; 
Chan et al., 2007; Ginhoux et al., 2010; Ransohoff and Cardona, 2010). Studies over the last 
couple of years have revealed that microglia perform several vital functions in the CNS: tissue 
homeostasis, neuronal plasticity, circuit function, antigen presentation and phagocytosis 
(Ji et al., 2013; Kettenmann et al., 2011; Nakajima and Kohsaka, 1993; Pont-Lezica et al. , 2011; 
Sierra et al., 2010). Since intrinsic factors like HDACs and receptors for extrinsic factors like 
purines and chemokine's have a potential role in microglia inflammation, further progress in 
this research field could open up new insights and strategies for controlling microglial activity. 
Earlier studies have shown that the inflammatory response of immune cells is also regulated by 
epigenetic processes, including DNA methylation (Bird, 2002), covalent histone modifications 
(Bayarsaihan, 2011) and microRNA expression (Lindsay, 2008). In our studies we investigated 
HDACs as intrinsic regulators and purinergic, chemokine receptors as extrinsic regulators 
of microglial inflammation as well in other immune cells. Additionally, a link between these 
intrinsic as well as extrinsic factors in the modulation of microglial activity is not fully studied. 
Therefore, the work described in this thesis had three main objectives: 

(a) To study the role of HDACs in modulating the glial inflammatory responses as well as their 
role in demyelinating disorders. 

(b) To determine the effect of HDAC inhibition on the expression and function of purinergic 
receptor and its impact on microglial functionality. 

(c) To explore the role of chemokine receptor signaling in microglia as well in other immune cells. 

Summary of results described in this thesis 

Chapter 2 describes the role of HDACs as an intrinsic regulator of the glial (microglia, astrocyte) 
inflammatory response. Various in vitro studies have suggested a stimulating effect of HDACi 
in response to inflammatory stimuli in macrophages (Aung et al., 2006), mouse microglia cell 
lines (Huuskonen et al., 2004) and primary rat microglia (Suuronen et al., 2003, Suuronen 
et al., 2006). On the other hand, suppressive effects of HDACi on inflammatory responses 
have been reported in primary mouse dendritic cells (Bode et al., 2007), macrophages (Han 
and Lee, 2009), human rheumatoid arthritis synovial fibroblasts (Choo et al., 2010), in a mouse 
endotoxemia model (Li et al., 2009) and in mixed CNS glia (Faraco et al., 2009). Therefore, the 
role of HDACi in the modulation of inflammatory responses is still a subject of debate. Thus 
we decided to investigate the role of HDACs in modulating the inflammatory response in two 
different glial cells, microglia and astrocytes. Here we provide evidence about endogenous 
transcript levels of HDACs expressed in microglia and in astrocytes, were we observed that 
certain HDACs (6, 7, 8, 9, 10 and 11) are low in microglia and 6, 9, 10 in astrocytes (Chapter 2, 
Fig 1), however the physiological relevance of this differential HDAC expression level in both 
of these glial cells is unclear. Next we observed that upon stimulation with LPS, there is a 
transient increase of HDACs and pro-inflammatory transcript levels and further the level of 
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these transcripts decline at later time point after LPS stimulation in microglia (Chapter 2, Fig 2A 
and 4A). This transient induction of HDAC expression levels might be essential to limit the 
microglial inflammatory response (Chapter 2, Fig 10) which is in agreement with the previous 
fi ndings as HDACs are shown to modulate TLR mediated signaling (Shakespear et al., 2011) or 
HDACs negatively regulate their own expression levels by acting on their own promoters, has 
been observed in macrophages (Aung et al., 2006). A similar effect of LPS on HDAC expression 
was also observed in in vivo microglia, when mice were exposed to LPS. 

On the other hand, we observed an induction of only HDACl and HDAC7 in astrocytes in 
response to combined LPS and IFNy stimulation (Chapter 2, Fig 3B). The inflammatory cytokine 
profile of microglia and astrocytes (Chapter 2, Fig 4A and 4B) supported the view that microglia 
are the initial responders towards an LPS induced inflammatory response where astrocytes 
respond at a later stage (Saijo et al., 2009). Since the relative levels of HDACs were found to 
be increased in microglia on stimulation with LPS, we decided to investigate whether small 
molecule HDACi could alter the inflammatory response mediated by LPS in these microglia 
cultures. From our study, we concluded that HDACi suppressed the LPS induced inflammatory 
response in microglia with respect to the cytokine transcript levels (Chapter 2, Fig SC and 6C), 
cytokine secretion (Chapter 2, Fig 7), activation marker expression (Chapter 2, Fig 8) as well 
as cellular migration (Chapter 2, Fig 9) suggesting that HDACi suppressed the innate immune 
activation in primary mouse microglia (Kannan et al., 2013). 

In Chapter 3, the effect of TSA (as an HDACi) on EAE etiology was studied. Mu ltiple sclerosis 
is an autoimmune disorder characterized by cortical demyelination (Ransohoff and Brown, 
2012), axonal damage as well as gliosis (Kieseier and Stuve, 2011 ) and loss of blood brain barrier 
integrity (Dhib-Jalbut, 2007). We observed that T SA did not attenuate the onset (Chapter 3, 
Fig 2a), progression (Chapter 3, Fig 2b) or inflammatory response of microglia and peripheral 
macrophages in EAE (Chapter 3, Fig Sa & Sb). It is therefore important to elucidate the 
response of other glial cells towards TSA. It has been reported that astrocytes might play a 
role in demyelinating disorders (Leech et al., 2007). Interestingly, our in vitro experiments with 
primary astrocytes showed that 30 nM TSA potentiated the inflammatory response in these 
cells (Chapter 3, Fig 6A). However, a similar dose of TSA suppressed inflammatory cytokines 
expression in microglia in response LPS/IFNy (Chapter 3, suppl Fig 1). Summarizing, these 
in vitro data suggest that TSA administration in EAE mice might have resulted in an increased 
inflammatory profile of astrocytes which could be a possible reason for the observed inability 
of TSA to suppress the progression as well as the inflammatory response of EAE. However, a 
better understanding of the dosage effect of TSA on the microglia and astrocytes inflammatory 
response in EAE is essential in order to draw a strong conclusion about the role of TSA in the 
glial inflammatory response in EAE. Chapter 2 and Chapter 3 of this thesis suggest a central role 
for HDACs in modu lating glial inflammatory responses. 

In chapter 4, the role of purinoreceptors as extrinsic regulators (in particular P2X7) of the 
neuroprotective function of microglia was studied. Earlier studies showed that microglia under 
ramified conditions not only survey their microenvironment but also protect neurons after 
pathological insult (Bannerman et al., 2007; Holley et al., 2003). In the same study, it was found that 
treatment of organotypic slice cultures with varying concentration of NMDA resulted in neuronal 
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death in hippocampal regions however neurons in the dendrite gyrus seemed to be protected. 
Our results showed that depletion of microglia enhanced neuronal death upon treatment with 
NMDA (Chapter 4, Fig lA, lower panel) which is in agreement with the previous findings of van 
Weering and co-workers., (Vinet et al., 2012b). Several reports showed that ATP is a ligand for the 
P2X7 receptor (van Weering et al., 2011). Hippocampal slice cultures, prepared from P2X7 1· mice, 
revealed that NMDA-induced cell death was more pronounced in P2X7-deficient mice compared 
to wild type mice (Chapter 4, Fig 2C, 20) suggesting that P2X7 is required for microglia mediated 
neuroprotection. Further, we determined whether expression of P2X7 was regulated by HDACi. In 
our study we found that long term treatment of slice cultures with VPA prior to NMDA treatment 
conferred neuroprotection (Chapter 4, Fig 3A). Moreover, our data suggested that VPA treatment 
resulted in increased P2X7R expression levels (Chapter 4, Fig 4A and 4B) .. It has been previously 
reported that HDACi induce DNA demethylation by Detich et al., 2003; Dong et al., 2010. A study 
of Zhou et al., 2009 showed that the human P2X7 receptor gene is regulated by CpG islands 
downstream of its promoter. Future experiments will have to determine whether VPA treatment 
resulted in demethylation of these CpG islands in the P2X7 gene promoter. 

Chapter 5, describes chemokine's as well as chemokine receptors which regulate cell migration. 
Generally, chemokine receptors belong to G-protein coupled receptor (GPCRs) which mediate 
cytoskeleton rearrangement resulting in polarization as well as cellular migration (Chakfe et al., 
2002; Ferrari et al., 1997). Additionally, atypical orphan chemokine receptors that do not signal 
via classic GPCR pathways exist which sequester chemokine's and act as chemokine scavengers 
(Sanchez-Madrid and del Pozo, 1999; Thelen, 2001). These atypical orphan chemokine 
receptors include human Duffy antigen receptor for chemokine's (DARC), D6 receptor, CCRL2, 
chemocentryx chemokine receptor (CCX-CKR) and CXCR7 (Borroni et al., 2006; Fra et al., 2003). 
Earlier studies have shown that CCX-CKR is expressed in the brain as well as in various immune 
cells including microglia, dendritic cells and also in T cells (Zuurman et al., 2003; Townson and 
Nibbs, 2002). Since CCX-CKR is co-expressed with other chemokine receptors, we investigated 
whether co-expression of CCX-CKR could alter the signaling of other chemokine receptors. 
In our study we used HEK293 cells expressing hCXCR3, hCCX-CKR or both. Our results showed 
that HEK293 cells overexpressing CXCR3 display a chemotactic response towards its ligands 
(CXCL 9 and CXCLl0). However, co-expression of both hCXCR3 and hCCX-CKR abolished CXCR3 
mediated HEK293 migration (Chapter 5, Fig 2A, B). In contrast, in HEK293 cells expressing 
hCXCR3 and hCX3CR1, we observed a significant migration towards chemokine ligands like 
CXCLl0 and CX3CR1 suggesting that inhibition of cellular migration occurs only when HEK293 
cel ls co-expressed with CXCR3 and CCX-CKR. F luorescence Resonance Energy Transfer (FRET) 
experiments showed that hCCX-CKR heterodimerized with hCXCR3 in HEK293T but not with 
other chemokine receptors such as hCCR5 or hGABA81 (Chapter 5, Fig 3A, B). Collectively 
our data suggest that heteromerization of CXCR3 and CCX-CKR could induces a receptor 
conformation change which in turn reduced the receptor-ligand binding property causing 
inhibition of chemotaxis (Vinet et al., 2012). Additionally it was shown that CXCR3 and CCX-CKR 
receptors are also present on T cells (Loetscher et al., 1996; Gosling et al., 2000). 

Therefore we decided to use T cells for studying the effect of inhibition of hCXCR3 mediated 
migration by hCCX-CKR. Interestingly in these cells we observed an down regulation of CCX-CKR 
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expression on stimulation with PHA/IL-2. Further we observed an increased migration of these 

cells towards hCXCR3 ligands (Chapter 5, Fig 6C, 6D) which could be due to the fact that loss of 

CCX-CKR expression after inflammatory challenge will enable the cells to migrate towards the 

sites of inflammation. Further, similar findings were confirmed in primary mouse macrophages 

as well in primary mouse microglia (Chapter 5, Suppl Fig 2) suggesting that CCX-CKR forms 

a complex with CXCR3 which in turn results in the inhibition of CXCR3 induced chemotaxis. 

Collectively these investigations suggest that CCXCK R  signaling could open up new field of 

research for understanding the chemotactic properties of immune cells. 

Summarizing, the data presented in this thesis show that HDACs have an important role in the 

glial inflammatory response (Chapter 2) and are possibly important targets in demyelinating 

disorders (Chapter 3) . Additionally, we demonstrate that purinergic (Chapter 4) and chemokine 

receptors (Chapter 5) have an important role in the regulation of inflammatory responses as 

well as cellular migration in microglia and in other immune cells. 
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M
icroglia, die het niet-adaptieve immuunsysteem van het centrale zenuwstelsel vormen, 

behoren tot de monocytaire lijn van cellen en ontstaan in de muis vanaf embryonale dag 

8,5 in de foetale dooierzak. Rond embryonale dag 10,5 migreren de microglia naar het parenchym 

van het centrale zenuwstelsel en koloniseren het brein (Alliot et al., 1999; Chan et al., 2007; 

Ginhoux et al., 2010; Ransohoff and Cardona, 2010). Uit recente studies is gebleken dat microglia 

diverse essentiele functies hebben in het centrale zenuwstelsel: weefsel homeostase, neuronale 

plasticiteit, functie van neuronale circuits, antigen presentatie en fagocytose (Ji et al., 2013; 

Kettenmann et al., 2011; Nakajima and Kohsaka, 1993; Pont-Lezica et al., 2011; Sierra et al. ,  2010). 

Cel-intrinsieke eiwitten als histon deacytelases (H DAC) en receptoren voor extrinsieke 

factoren zoals purines en chemokines spelen een mogelijke rol in microglia inflammatie en 

vooruitgang in dit onderzoeksveld kan leiden tot nieuwe inzichten en strategieen om microglia 

activiteit te controleren. Eerdere studies hebben aangetoond dat de inflammatoire respons van 

immuun cellen mede gereguleerd wordt door epigenetische processen, zoals DNA methylatie 

(Bird, 2002), covalente histon modificaties (Bayarsaihan, 2011) en microRNA expressie (Lindsay, 

2008). In het onderzoek beschreven in dit proefschrift is onderzoek verricht naar H DAC eiwitten 

als intracellulaire regulatoren van inflammatie en purinerge en chemokine receptoren voor 

extracellulaire stoffen als regulatoren van inflammatie in microglia en andere immuun cellen. 

De connectie tussen intracellulaire en extracellulaire factoren in de modulatie van microglia 

activiteit is beperkt bestudeerd. Het werk beschreven in dit proefschrift had drie doelen: 

(a) Het bestuderen van de rol van H DAC eiwitten in het moduleren van de inflammatoire 

respons in glia cellen en hun rol in demyeliniserende aandoeningen. 
(b) Het vaststellen van het effect van H DAC remmers op de expressie en functie van purinerge 

receptoren en de invloed op microglia functie. 

(c) Het onderzoeken van de rol van chemokine receptor signalering in microglia en in andere 
immuun cellen. 

Samenvatting van de in dit proefschrift beschreven resultaten 

Hoofdstuk 2 beschrijft de rol van H DAC eiwitten als intracellulaire regulatoren van de gliale 

(microglia, astrocyten) inflammatoire respons. Diverse in vitro studies suggereerden een 

stimulerend effect van H DAC remmers op de inflammatoire respons in macrofagen (Aung et al. , 

2006), muis microglia eel lijnen (Huuskonen et al., 2004) en primaire rat microglia (Suuronen 

et al., 2003, Suuronen et al., 2006). Echter een onderdrukkend effect van HDAC remmers op de 

inflammatoire respons is beschreven in primaire muis dendritische cellen (Bode et al., 2007), 

macrofagen (Han and Lee, 2009), humane reumato"ide artritis synoviale fibroblasten (Choo 

et al., 2010), in een muis endotoxemia model (Li et al., 2009) en gemengde glia culturen uit het 

centraal zenuwstelsel (Faraco et al., 2009). Kortom, de rol van H OAC remmers in de modulatie 

van inflammatoire responsen is nog niet duidelijk . De rol van H DAC eiwitten in het moduleren 

van de inflammatoire respons werd in twee verschillende glia celtypen, microglia en astrocyten, 
bestudeerd. Er werd door ons aangetoond dat H DAC genen in microglia en astrocyten tot 

expressie gebracht werden, en dat sommige HDAC genen (6, 7, 8, 9, 10 and 11) laag tot expressie 
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kwamen in microglia en dat andere HDAC genen (6, 9 en 10) laag tot expressie kwamen in 

astrocyten (Hoofdstuk 2, Fig 1 ). De fysiologische betekenis van deze verschillen in HDAC expressie 

niveaus tussen deze twee soorten glia cellen is onduidelijk. Vervolgens werd vastgesteld dat 

stimulatie met lipopolysacchariden (LPS) leidde tot een tijdelijke verhoging in de expressie van 

HDACs en pro-inflammatoire genen in microglia (Hoofdstuk 2, Fig 2A en 4A). Een vergelijkbaar 

effect van LPS op HDAC expressie niveaus werd ook waargenomen in microglia in vivo. 

Deze tijdelijke verhoging in HDAC expressie is mogelijk essentieel om de inflammatoire 

respons van microglia te beperken (Hoofdstuk 2, Fig 10), een observatie in overeenstemming 

met eerdere resultaten waarin werd aangetoond dat HDAC eiwitten TLR-gemedieerde signaal 

overdracht moduleren (Shakespear et al., 2011). Tevens is gesuggereerd dat HDAC eiwitten hun 

eigen gen expressie negatief reguleren (Aung et al., 2006). 

I n  astrocyten werd alleen een toename van de expressie van HDACl en HDAC7 

waargenomen na een gecombineerde stimulatie met LPS en interfon y (IFNy; Hoofdstuk 2, 

Fig 38). Het inflammatoire cytoki ne expressie profiel van microglia en astrocyten (Hoofdstuk 2, 

Fig 4A en 48) ondersteund de visie dat microglia als eerste reageren op een LPS-ge·induceerde 

ontstekingsreactie terwijl astrocyten op een later moment reageren (Saijo et al., 2009). 

Omdat het niveau van HDAC gen expressie verhoogd was na LPS stimulatie in microglia, 

werd onderzocht of remmers van HDAC eiwitten de ontstekingsreactie die door LPS werd 

ge'induceerd in microglia konden moduleren .  Deze studie toonde aan dat HDAC remmers de 

LPS-ge·induceerde inflammatoire reactie van microglia konden onderdrukken op het n iveau 

van cytokine gen expressie (Hoofdstuk 2, Fig SC en 6C), cytokine secretie (Hoofdstuk 2, Fig 7), 

expressie van activatie merkers op het eel oppervlak (Hoofdstuk 2, Fig 8) en cellulaire migratie 

(Hoofdstuk 2, Fig 9); suggererend dat HDAC remmers de niet-adaptieve immuunrespons van 

primaire muis microglia onderdrukten (Kannan et al., 2013). 

In Hoofdstuk 3 werd het effect van HDAC remmer trichostatine A (TSA) op de etiologie 

van experimentele auto-immuun encefalitis (EAE), een diermodel voor multiple sclerose, 

bestudeerd. Multiple sclerose is een auto-immuun aandoening gekarakteriseerd door 

demyelinisatie van zenuwcellen (Ransohoff and Brown, 2012), axon ale schade en gliose (Kieseier 

and Stuve, 2011)  en verlies van integriteit van de bloed hersen barriere (Dhib-Jalbut, 2007). Er 

werd waargenomen dat TSA geen invloed had op het tijdstip van aanvang (Hoofdstuk 3, Fig 2A), 

progressie (Hoofdstuk3, Fig 28) of inflammatoire res pons van microglia en perifere macrofagen 

in EAE (Hoofdstuk 3, Fig SA en SB). Het is door anderen gerapporteerd dat astrocyten mogelijk 

een rol spelen in demyeliniserende aandoeningen (Leech et al., 2007). Opmerkelijk is dat in 

in vitro experimenten met primaire astrocyten, 30 nM TSA de inflammatoire respons in deze 

cellen zelfs versterkte (Hoofdstuk 3, Fig 6A). Echter, een zelfde dosis TSA onderdrukte de 

expressie van inflammatoire cytokines in microglia in respons op LPS en IFNy (Hoofdstuk 3, 

suppl Fig 1). Samenvattend, deze in vitro data suggereren dat de toediening van TSA bij EAE 

mogelijk leidde tot een verhoogd inflammatoir profiel van astrocyten hetgeen een mogelijke 

reden kan zijn voor het feit dat TSA de progressie en het niveau van inflammatie van EAE n iet 

onderdrukte. Echter, een beter beg rip van het dosis-respons effect van TSA op de inflammatoire 

reactie van microglia en astrocyten tijdens EAE is essentieel alvorens een conclusie te kunnen 

trekken wat betreft de rol van TSA in de gliale inflammatoire response bij EAE . Hoofdstuk 2 
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en Hoofdstuk 3 van dit proefschrift suggereren een centrale rol voor HDAC eiwitten in het 
moduleren van de inflammatoire respons in glia cellen. 

In hoofdstuk 4 is de rol van purinereceptoren (met name P2X7) als receptor van extracellulaire 
regulatoren in de neuroprotectieve functie van microglia bestudeerd. Eerdere studies toonden 
aan dat geramificeerde microglia niet alleen hun micromilieu verkennen maar ook neuronen 
beschermen na een beschadiging (Bannerman et al. ,  2007; Holley et al., 2003). In dezelfde studie 
werd beschreven dat de behandeling van organotypische kweken met varierende hoeveelheden 
N-methyl-D-aspartaat (NMDA) resulteerde in neuronale dood in hippocampale gebieden maar 
dat neuronen in de dentate gyrus beschermd waren. Onze resultaten toonden aan dat microglia 
depletie leidde tot meer NMDA-geinduceerde dood van neuronen (Hoofdstuk 4, Fig lA, onderste 
panel) wat in overeenstemmming is met eerdere observaties van Van Weering en medewerkers 
(Vi net et al., 2012b ). Diverse studies hebben gerapporteerd dat adenosi ne trifosfaat (ATP) een ligand 
is voor de P2X7 receptor (van Weering et al., 2011). Organotypische hippocampale slice kweken, 
gegenereerd uit P2X7 1 muizen, toonden aan dat NMDA-ge·induceerde eel dood uitgebreider 
was in P2X7-deficiente muizen vergeleken met controle muizen (Hoofdstuk 4, Fig 2C en 2D), 
suggererend dat P2X7 noodzakelijk is voor microglia-gemedieerde bescherming van neuronen. 
Verder werd bepaald of de expressie van het P2X7 gen gereguleerd werd HDAC rem me rs. In onze 
studie werd gevonden dat langdurige behandeling van hippocampale, organotypische kweken 
met valpro"inezuur (VPA) bescherming bood tegen een daaropvolgende NMDA behandeling 
(Hoofdstuk 4, Fig 3A). Daarnaast suggereerden onze data dat VPA behandeling leidde tot een 
verhoogde P2X7R expressie (Hoofdstuk 4, Fig 4A en 4B). Opvallend was dat andere HDC remmers 
als TSA en natriumbutyraat geen effect hadden op het P2X7 receptor expressie niveau. Eerder 
is beschreven dat HDAC remmers leidden tot verlaagde DNA methylatie niveuas (Detich et al., 
2003; Dong et al., 2010). Een studie van Zhou en medewerkers (Zhou et al., 2009) liet zien dat 
het humane P2X7 receptor gen gereguleerd werd door CpG eilanden 3' van de P2X7 promoter. 
Toekomstige experimenten zullen moeten uitwijzen of VPA behandeling resulteerde in verlaagde 
methylatie van de CpG eilanden in de P2X7 gen promoter. 

In HoofdstukS is beschreven hoe chemokines en chemokine receptoren eel migratie reguleren .  
In  het algemeen behoren chemokine receptoren tot de klasse van G-eiwit gekoppelde 
receptoren (GPCRs) die het cytoskelet reorganiseren leidend tot eel polarisatie en cellulaire 
migratie (Chakfe et al., 2002; Ferrari et al., 1997). Daarnaast bestaan atypische chemokine 
receptoren die niet via G-eiwitten signaleren maar chemokines binden en ze zo weg vangen 
(Sanchez-Madrid and del Pozo, 1 999; Thelen, 2001). Tot deze atypische chemokine receptoren 
behoort de humane Duffy antigen receptor voor chemokines (DARC), de D6 receptor, CCRL2, de 
chemocentryx chemokine receptor (CCX-CKR) en CXCR7 (Borroni et al., 2006; Fra et al., 2003). 
Eerdere studies toonden aan dat CCX-CKR tot expressie komt in het brein en in diverse immuun 
cellen waaronder microglia, dendritische cellen en T cellen (Zuurman et al., 2003; Townson and 
Nibbs, 2002). Omdat CCX-CKR tot expressie komt samen met andere chemokine receptoren, 
werd onderzocht of co-expressie van CCX-CKR de signalering van andere chemokine 
receptoren be"invloedde. In  deze studie werden HEK293 cellen gebruikt die CXCR3, CCX-CKR of 
beide genen tot expressie brachten. Onze resultaten lieten zien dat HEK293 cellen die CXCR3 
tot expressie brachten een chemotactische response vertoonden naar de liganden CXCL 9 en 
------------------------------- - - ---
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CXCLl0. Echter, co-expressie van CCX-CKR met CXCR3 blokkeerde de CXCR3-gemedieerde 

migratie van HEK293 cellen (Hoofdstuk 5, Fig 2A en 2B) . Daarentegen, HEK293 cellen die CXCR3 

en CX3CR1 tot expressie brachten, lieten een significante migratie naar chemokine liganden 

CXCLl0 en CX3CR1 zien, suggererend dat remming van cellulaire migratie alleen optrad in 

HEK293 cel len die zowel CXCR3 als CCX-CKR tot expressie brachten. Fluorescence Resonance 

Energy Transfer (FRET) experimenten toonden aan dat CCX-CKR heterodimerizeerde met 

CXCR3 maar niet met andere chemokine receptoren zoals CCR5 of GABA
61 

(Hoofdstuk 5, Fig 3A 

en 3B). Samengenomen, suggereerden deze data dat heteromerizatie van CCX-CKR met CXCR3 

leidde tot een verandering in receptor conformatie hetgeen resulteerde in verminderde 

receptor-ligand binding eigenschappen met een remming van chemotaxis als gevolg (Vinet 

et al., 2012). Omdat CXCR3 en CCX-CKR receptoren ook aanwezig zijn op T cellen (Loetscher 

et al. ,  1996; Gosling et al., 2000), zijn T cellen gebruikt om het remmende effect van CCX-CKR 

op CXCR3-gemedieerde migratie te bestuderen. In T cellen werd een afname in CCX-CKR 

expressie waargenomen na co stimulatie met phytohemagglutinine en interleukine 2. Tevens 

werd een toegenomen migratie van T cellen naar CXCR3 liganden waargenomen (Hoofdstuk 5, 

Fig 6C en 6D) wat veroorzaakt zou kunnen worden door de verminderde CCX-CKR expressie na 

een inflammatoire stimulus en dit stelt de cellen mogelijk in staat te migreren naar de bron van 

de ontsteking. Vergelijkbare resultaten werden waargenomen in primaire muis macrofagen en 

microglia (Hoofdstuk 5, Suppl Fig 2) suggererend dat CCX- CKR een complex vormt met CXCR3 

dat vervolgens CXCR3-ge"induceerde chemotaxis remt. Samengevat, suggereren deze data dat 

CCX-CKR signalering een nieuw onderzoeksveld kan vormen aangaande de chemotactische 

eigenschappen van immuun cellen. 

Samengevat, de data gepresenteerd in dit proefschrift laten zien dat HDAC eiwitten 

een belangrijke rol vervullen in de inflammatoire respons in glia cellen (Hoofdstuk 2) en dat 

ze mogelijk belangrijke doelwitten zijn in demyeliniserende aandoeningen (Hoofdstuk 3) . 

Daarnaast, hebben we aangetoond dat purinerge (Hoofdstuk 4) en chemokine receptoren 

(Hoofdstuk 5) een belangrijke rol hebben in de regulatie van de inflammatoire respons en 
cellulaire migratie in microglia en in andere immuun cellen. 
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