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1 Summary

Necdin is a member of the MAGE (melanoma antigan)ily genes. The deletion of the necdin
gene is implicated in Prader-Willi syndrome andnigternally imprinted in human and mouse.
To date, expression and physiological function @fdin is associated with neuronal cell cycle
of the central nervous system (CNS). In this stway,identify a previously unknown role of

necdin for microglial proliferation.

In resident microglia of mouse brain, necdin wagressed at low levels, but increased
significantly following brain ischemia, seen both vitro and in vivo. Downregulation of
endogenous necdin expression (via intra-arteriggction of lentiviral particles coding
microRNA targeting necdin) resulted in increasingliferation of ionized calcium binding
adaptor molecule 1 (Ibal)-positive cells. In adaitinecdin mediated proliferative Ibal-positive
cells were restricted to a subtype of resident ogica which assumed a reactive phenotype.
This reactive subpopulation of resident microglimswrecognized as CD116D45""
expressing cells. Furthermore, a putative postatiosal modification of necdin was identified
in microglial cells. Taken together, necdin is aduwator that negatively regulates the

proliferation of reactive resident microglia followg ischemic conditions.

There is some debate as to whether the presemeaatfve microglia in higher amount at the
lesion sites are beneficial or detrimental, thushier study is required to elucidate the impact of
necdin in brain ischemia. Furthermore, necdin ma&xyes as a therapeutic target in modulating

microglial proliferation in the pathophysiologiczdscade after brain ischemia.
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2 Introduction

2.1 Cerebral Ischemia

2.1.1 Prevalence, mortality, treatment options and prognsis

Stroke is the third leading cause of death and nm@gase of permanent disability worldwide.
Ischemic stroke accounts for 80% of the total casewl the rest is represented by the
hemorrhagic strokes (1). Ischemic stroke is calse@ transient or permanent reduction in
regional cerebral blood flow, which is essentiabupplying oxygen and nutrients to the brain.
The occlusion that renders declining blood flowaisresult of either an embolus or local
thrombosis (2). This pathological condition renddtsnately to the dysfunction and/or death of
brain cells, which is manifested by long-term néagical impairments that reflects the severity
of the insult and vulnerability of the neurons e taffected brain regions. To date, the only
FDA (US Food and Drug Administration) approved tneent is the thrombolytic therapy,
whereby recombinant tissue plasminogen activat®Aris administered to re-open occluded
blood vessels. However, the application of rtPArastricted to a narrow therapeutic time-
window of 4 and a half hours after stroke onsgt {@hich is the limiting factor of the
treatment, thus failing to reach most of the pasiefiherefore, a thorough understanding of
underlying mechanisms and molecular players in d@gmgecascades after stroke are instructive,
as well as imperative, in the identification of rbdrug targets to allow the emergence of new

avenues for therapeutic intervention in cerebiciaesia.

2.1.2 Experimental Stroke Models in mice

In humans, ischemic stroke occurs most frequentlthé brain region of the middle cerebral
artery (MCA) (4). Thus, rodent models of focal ¢ee ischemia are being used to make new
discoveries on novel therapeutic approached. Pemtaor transient occlusion of MCA is
performed in mice or rats in order to simulate hnrettoke patients. There are generally two
durations of MCAo widely used for transient strakedel, one reflecting a milder ischemic
injury with a 30 min occlusion and the other with ®in occlusion for a severe ischemic insult
(5). Depending on the model used, certain mechanimay predominate as described in detall

below.
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Selective neuronal vulnerability has been descried characterized in a 30 min transient
MCAo, a model in which caspase-dependent delayegtapc death predominates (6, 7) but is
associated with intact energy metabolism in medispmy neurons of the striatum (6).

Katchanov et al have shown that there is a suliatdoss of medium spiny projection neurons
at day 3 within the ischemic lesion. In contrabge humbers of cholinergic, GABAergic, and
somatostatin-containing interneurons in the isclestiiatum were not different from those in

the contralateral hemisphere at 3 and 14 day (6)cdntrast to this selective parenchyma
necrosis of distinct neuronal populations more seepisodes of ischemia (60 min occlusion
time followed by reperfusion) leads to an aggraratof the infarct area and necrosis of all
neurons within the core of the infarct (7). Undeede conditions, the evolution of injury is

predominated by a failure of the cerebral energiest

2.1.3 Mechanisms of ischemic brain injury

The "neurovascular unit" consists of neurons, agtes, pericytes, extracellular matrix (ECM)
and microvascular endothelium which are the anatahsubstrate of the blood brain barrier
(BBB). The complex and dynamic interplay betweemsth different cell types in the
neurovascular unit is very essential for propercfioming of the brain under physiological
conditions, as well as in determining the extemeironal damage in the pathogenesis of brain
ischemia. The reduction in blood flow compromisasctional neuronal activity in the ischemic
brain. Moreover as ischemia progresses, metabdlivitg is suppressed to maintain the
structural integrity of the cells (8). This leads & complex sequence of pathophysiological
events that impairs neurological functions mediabgdnecrosis, excitotoxicity, periinfarct
depolarizations, oxidative stress, inflammation aubptosis (2, 4). The pathogenic events
evolve in an overlapping manner, occurring over utés, while others over hours to days

(Figure 1), which contributes to the demise of nesr glia and endothelial cells (2, 9, 10).
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Dirnagl et al., 1999

Figure 1 Putative cascade of damaging events in falccerebral ischemia The x-axis reflects the
evolution of the cascade overtime, while the y-aiias to illustrate the impact of each elementhef t

cascade on final outcome.

Under physiological conditions, the normal cereliylod flow is around 50 to 60 ml/100
g/min. However during cerebral ischemia, the bldlmdv at the ischemic core (infarction)
region drops to <7 ml/100 g/min, which leads tewarsible cellular damage that leads to the
death of the regional brain tissue. This is theoregvhere excitotoxicity is first triggered and
consists mainly of necrotic cells. The ischemicects surrounded by the penumbra region,
where blood flow ranges from 7 to 17 ml/100 g/miihis is the region where collateral blood
flow is able to buffer the full-blown ischemic efteand remains metabolically active but
electrically silent (11). Nevertheless, the outconfethe cells in the penumbra region is
determined by the intensity and duration of théésuic insult. Given that remnants of ATP are
still presence, the penumbra region is viable algifofunctionally impaired. It is a site where a
delayed mode of cell death predominates, mainly michanisms such as apoptosis and
inflammation (2, 10). Therefore, the penumbra regga potentially salvageable tissue region,
and this is where the ultimate goal of neuropridecties. Nevertheless, the core region can
gradually spread to the penumbra region over tinighoat treatment, owing to ongoing
excitotoxicity or to secondary damaging phenomesach as spreading depolarization,
inflammation and apoptosis. Existing evidences detrate that a penumbra region exists in
ischemic stroke patients. However, the extent amapbral dynamics of this area is not well
defined, it could exist for a shorter time perimad smaller in humans (12). The pathogenic

events that follow ischemia are discussed belomane detail.
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Figure 2 A scheme of brain damage during cerebralsthemia. The core is a region where cells
undergo necrosis and is surrounded by anothernmeagibied ischemic penumbra, a site of delayed mode
of cell death (apoptosis) due to availability of RTMoreover, a transient zone occurs between thee co
and penumbra region is likely to merge to the dbtlee cerebral blood flow is not restored earlyegh.

The penumbral region is surrounded by a regioriaijle tissue.

2.1.4 Energy failure and Excitotoxicity

Following brain ischemic insults, the first pathageevent to be triggered within minutes is
excitotoxicity. Moreover, excitotoxic mechanismsnceause acute cell death (necrosis) and
initiate the subsequent molecular events, sucheaddlayed mode of cell death (apoptosis), and
post-ischemic inflammation. With energy depletiaredo regional failure of substrate delivery
to the brain, in particular oxygen and glucoseulted in impairment of ATP dependent ionic
gradient pumps (N&*-ATPase and C&ATPase), which is important in maintaining the
membrane potential. Subsequent depolarizations lagma membranes mediates influx of
sodium (N&) and calcium (C&), and outflow of potassium (I, which consequently triggers
the release of neurotransmitters (13). Glutamatkasmajor excitatory neurotransmitter which

functions as a key mediator in intracellular commaton, plasticity, growth and

-9-
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differentiation of the central nervous system (CN®hese neurotransmitters are released
excessively in the mammalian brain following isclenil4). The excessive presence of
glutamate at the extracellular matrix during pathaal conditions, such as focal ischemic
stroke leads to overactivation of glutamate reasptdhe activation of ionotropic glutamate
receptors, including N-methyl-D-aspartate (NMDA)-amino- 3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) and kainate recepabtypes, eventually leads to N&*
and/or C&" permeability. The NMDA receptor is a major route intracellular calcium influx.
Under physiological functions, a mild depolarizatimediated by AMPA and kainate receptors
dislodged the magnesium ion (K1pfrom voltage-dependent NMDA receptors (15), which
subsequently led to the influx of €aBesides ionotropic receptors, the metabotropieptors
that mediate their action through G proteins cajuyér the release of €drom the intracellular
calcium storage (16, 17). This in turn leads t® #ctivation of calcium dependent proteases,

lipases and endonucleases causing cell death sictiemic core.

2.1.5 Oxidative and nitrosative stress

Influx of Ca* through NMDA receptors may lead to the activatidm C&*-dependent enzyme
neuronal nitric-oxide synthase (nNOS) and subsdgsgnthesis of NO, which results in the
formation of superoxide (9, peroxynitrite (ONOQ and hydroxyl (OH radicals (18) that is
deleterious to the ischemic brain tissue (19). @&dgih reactive oxygen species (ROS) are
important for normal physiological functions, howebrain tissue is extremely vulnerable to
ROS in excess, which is in part due to the highdlgpntent. Mitochondria are a major source
for ROS production. During oxidative stress in &ea¢ischemia, rapid overproduction of ROS
easily overwhelms the scavenging capacity and #atively low levels of endogenous
antioxidant enzymes, such as superoxide dismut&€eD), catalase (CAT), glutathione
peroxidise (GPx) and non-enzymatic antioxidantda(min E, C and glutathione) (19, 20).
Additionally, oxidative stress causes the oxidatdmproteins that facilitates electron transport
in the inner mitochondrial membranes, leading to extrusion and ATP production (21).
Subsequently, mitochondrial transition pores aremém that caused the leakiness of
mitochondrial membrane and thereby promoting mibochial swelling, cessation of ATP
production and induction of cellular apoptosis (22).
Another source of ROS production is derived from tbperfusion under thrombolytic therapy,
which further generates,Oand HO, from the oxidation of xanthine and hypoxanthine by
xanthine oxidase, thereby mediating neuronal inj@4;, 25). The damage caused by the surge
-10 -
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of oxidative and nitrosative stress with delayeperéusion in part set the narrow therapeutic

time limit of 3 hours.

2.1.6 Peri-infarct depolarizations

After the onset of a focal reperfusion deficit,hemic neurons and glia undergo an anoxic
depolarization in the core region. With energy d&ph, these cells are unable to repolarize
again. In contrast, cells in the penumbra regiohef@ some perfusion is preserved due to
collateral arteries) have the ability to repolaribewever at the expense of further energy
consumption. Thus, as the cycle of depolarizatio r@polarization increases, the infarcts can
grow larger without therapeutic interventions (2@he ability of repetitive peri-infarct

depolarization at the penumbra zone is the mahardistinguished it from the core region.

2.1.7 Apoptosis

Transient or permanent deficits in cerebral blotalvftrigger either cellular necrosis or
apoptosis. Necrosis is the predominant mechanidimeimsschemic core region minutes after the
onset of stroke. On the contrary, as shown in &glrapoptosis is a relatively delayed process
following ischemic brain injury, predominating aetpenumbra region due to ATP preservation
from sustained mild perfusion (10). Apoptosis cartriggered by ionic imbalance, oxygen free
radicals, death receptor ligation, and DNA damagevell as protease activation. The intrinsic
apoptotic cascades become activated when cytoch@ieeaeleased from the outer membrane
of mitochondria, an event mediated by members efbiti-2 protein family, thereby activating
an apoptosome complex [apoptosis-activating fd&BAF) plus pro-caspase 9] in the presence
of dATP (27). Caspases exists as zymogens in celid,they function as aspartate-specific
cysteine proteases. It has been identified thataszes 1 and 3 out of a total of 12, have a pivotal
role in ischemia-mediated apoptosis. The genesdspases and genes that suppress (i.e. Bcl-2,
IAP) or augment (i.e. Bax, p53) cell death are egped and activated in both early and late
stages after ischemic onset. Activated caspaseprateases that modify crucial homeostasis

and repair proteins that, in turn, kill cells. Faetmore, emerging data shows that genetic
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manipulation or drugs that block caspase-family ioers is neuroprotective during the

pathogenesis of ischemic injury (28).

On the other hand, the extrinsic apoptosis pathwayitiated by inflammatory signals, such as
ligands from TNF family, in ischemia (29, 30). Sahsent events consist of activated
downstream effector caspases targeting the substithnt dismantle the cell by cleaving

homeostatic, cytoskeletal, repair, metabolic ardldsggnaling proteins (31).

2.1.8 Inflammation

Post-ischemic inflammation is a delayed mechanisat tontributes to the demise of brain
tissue following focal perfusion deficit, which mdsst for days and weeks (2, 32). It is
characterized by a rapid activation of residentragita and by infiltration of neutrophils and

macrophages in the ischemic tissue, as demonstiratatimal models (33, 34) and in human
stroke patients (35-37). Additionally, €aelated signalling of intracellular second-messeng

systems, increase in ROS and hypoxia per se, teggepression of proinflammatory genes,
such as transcription factors i.e. nuclear faeB®ItNF-«B) (38), hypoxia inducible factor 1 (39),

interferon regulatory factor 1 (IRF1) (40) and sibtransducer and activator of transcription 3
(STAT3) (41), which leads to the production of plat-activating factor (PAF), tumour

necrosis factora (TNFa) and interleukin & (IL-1B) by the injured brain cells (42).

Consequently, increased levels of cytokines andmokées enhance the expression of
adhesion molecules, such as intercellular adhesiolecules 1 (ICAM-1), P-selectins and E-
selectins on microvascular endothelial cells (35, 44). Upregulation of ICAM-1 results in

adhesion and transmigration of infiltrating polymleonuclear (PMN) leukocytes, such as bone-
marrow derived neutrophils and followed by monosytenacrophages, through the
compromised BBB into the injured brain parenchyMareover, it has been demonstrated that
chemokines, such as interleukin 8 and monocyte oh#mactant protein 1, are produced by the
injured brain cells and have a role in guiding bheod-borne circulating leukocytes towards
their destination (45, 46). The accumulation ofstheells in the cerebral capillaries may further
impair the blood flow and extravasates the injubedin. Whereas production of neurotoxic
substance, such as pro-inflammatory cytokines, okeras and oxygen/ nitrogen free radicals,

by these cells share the same consequences (47).
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Ischemic insult

o
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Figure 3 Main mechanisms/ pathways of post-ischemimflammation. CBF, cerebral blood flow;

MIP-1a, macrophage inflammatory protein-1 alpha; ROS;trea oxygen species.

2.2 Innate immune system in the CNS

2.2.1 Microglia

Microglia are specialized macrophages of the CNS were recruited and differentiated in the
central nervous system (CNS) during embryogeneds 49). These specialized cells are
distinguished from other glial cells such as oligodrocytes, astrocytes and neurons, by their
origin, morphology, gene expression pattern andtfans. After a long-lasting debate, the
ontogeny of microglia has finally reached a conssrtbat it was of myeloid lineage. This is
confirmed by their absence from the CNS of PU.In®poietic-specific transcription factor)-

null mice and the repopulation of microglia in thin of these mice following bone marrow
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transplantation is performed (50). However, thaldey factors that influenced the progenitor
cells into microglia remains to be elucidated. Mmer, the lineage relationship between
microglia and macrophages is well established, eterchined by genome-wide microarray
analysis (Figure 4). Despite the technical lim@atin isolating microglia in this analysis which
may lead to cell activation, microglia is most dlys related to bone marrow-derived
macrophages and followed by thioglycollate-elicitedcrophages. Nevertheless, microglia can
be distinguished from macrophages by several festu) One of the striking features of
microglia is their particular downregulated phematyvith fine and long protrusions. These so-
called ‘ramified’ resting microglia, are actually orstantly screening their local
microenvironment in the CNS (49, 51) as demonsdratein vivo imaging (52, 53). In contrast
to most other macrophages, the downregulated 'rathiphenotype of microglia is profoundly
influenced by their local microenvironment whichdsprived of serum proteins due to the
integrity of BBB (54). One of the stimuli that cdulead to the activation of microglia is the
presence of serum constituents, such as fibrinoggr-urthermore, in contrast to peripheral
macrophages, microglial cells are in immediate @cinwith the other cells types in the CNS.
Thus, expression of receptor-ligand pairs on theraglia and other adjacent cells will
influence their phenotype and status of activatieor. instance, CX3CRL1 is expressed by all
monocytes, including microglia, in humans as waeallia mice. It has been suggested that
microglia are actively repressed from inhibitorgreil through the CX3CL1 receptor, CX3CR1
(55). CX3CL1 is a chemokine that is released frodMSCneurons through the action of a
disintegrin and metalloproteinase domain-contrgrprotein (ADAM) proteases. Thus, the loss
of the CX3CL1 inhibitory signal through systemidlammation or injured neurons will lead to
the activation of microglia in the local microerauitment. iii) Neurotransmitters are the medium
of communication between neurons and with otheal glells in the CNS, therefore altered
synaptic activity altering the availability of netiransmitters can affect microglia in a more
diverse and pervasive manner. In contrast to pergthmacrophages, in which the regulation by
neurotransmitter signalling is more intermittens, @emonstrated from the cholinergic anti-

inflammatory response (56).
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Bone marrow
macrophage
Microglial
—— cell

Peritoneal

macrophage
— Follicular B cells @
— CD4* T cells "

CD8* lymphoid
dendritic cells

Liver cells

Cerebral cortex-
derived cells

Saijo and Glass, 2011

Figure 4 Relationship of resident microglial cellsto the other myeloid-lineage cellsThe figure
depicts the molecular relationships between diffeF@ematopoietic lineage cells, liver cells, bragtlis

and microglia isolated from wild-type mice based geme expression as determined by genome-wide
microarray analysisBioGPS website). The relationship between microglia andebaarrow-derived
macrophages are more closely related comparedetthtbglycollate-elicited macrophages. In contrast,

microglia are more distantly related to other ha®mpaietic and non-haematopoietic cell types.
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2.2.2 Microglia in ischemic brain injury

Upon injury or infection, microglia are the firshé of defence in the CNS (57, 58), which

become rapidly activated by adopting an ‘amebaedctive phenotype, producing a plethora of
pro-inflammatory compounds such as cytokines, ctkémag, ROS and nitric oxide (59), higher

proliferative capacity, chemotaxis, phagocytotipragulated expression of immunomodulatory
surface antigens (60, 61), such as MHC class Hnable them to present antigen to T cells
through T cell receptor (TCR) (62).

P e B S TS
R o oy
xES S

draw?ngsfrom F#’o de/ Rio Hortegé
Figure 5 Diversity of microglia phenotype, rangingfrom ‘ramified’ phenotype with long branches

(protrusions) to reactive ‘ameboid’ phenotype.

Four to six hours after the onset of brain ischem@strocytes become hypertrophic, followed by
the activation of resident microglial cells, resgdt in the production of a wide range of
proinfammatory mediators, which contribute to pagtmw clearance (63). Twenty-four hours
after MCAo, a fully developed microglial reactios particularly found in the core and
predominantly in the penumbra region, and withigsdeost microglia became phagocytotic
(32, 64, 65). Moreover, the proliferative capaafymicroglia surges and peaks at 48-72 h and

may last for several weeks after the initial inj(8g, 67).

Infiltration of blood-borne macrophages in the mejd brain parenchyma due to the impairment
of the BBB, are not distinguishable from the reactiesident microglial cells (68), thus it is

impossible to determine their distinct contributtorthe ischemic stroke injury. Therefore, GFP
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bone marrow chimeric mice are used in experimestaties to distinguish the two cell
populations following ischemic injury, and revelht resident microglia dominate over blood-

borne macrophages by cell count during the firdtd&ys of cerebral ischemia (33, 34, 64).

The role of microglia in ischemic stroke remainsitcoversial. Existing data demonstrates that
microglia can be detrimental, as well as benefigiahe ischemic brain tissue. Several studies
proved that minocycline confers neuroprotectionrtybiting the activation and proliferation of
resident microglia in stroke model (69-71). On thther hand, other studies showed that
accumulation of microglia can be beneficial in teatischemia. In a study, a transgenic mouse
system expresses a mutant form of the herpes simples thymidine kinase driven by myeloid
specific CD11b promoter QD11b-TK™® mice) was utilized, whereby proliferating
microglia/macrophages is selectively ablated bycgdovir treatment. These animals were
treated with ganciclovir 48 hours before subjectior60 min transient MCAo, resulting in a
significant increase in the infarct size (66). Rertnore, neurotrophic growth factors such as
Insulin-like growth factor 1 (IGF-1), were produckyg proliferating microglia and thus help
reduce inflammation. This study indicates that ipgchting microglial cell population confers
neuroprotection in ischemic injury. On another apph, a series of studies using
transplantation of isolated microglia in the isclheitorain proves to be neuroprotective. In one
study, cultured microglia (4000-50,000) were ingecinto the ventricles of adult rats after 2
hours of transient MCAo, significantly smaller indasize were observed at the third day, as
well as improved behavioural outcome at day 8 (F2)another study, Imai and co-workers
injected 16 of isolated microglia intra-arterially from braimltures in Mongolian gerbils before
ischemia or after reperfusion. Neuronal death amtttional deficit could be reduced when
challenged by global ischemia induced by two-vesselusion. Moreover, the administrated
exogenous microglia triggered a higher expressfdirain-derived neurotrophic factor (BDNF)

and glial cell line-derived neurotrophic factor, et promotes neuronal survival (73).

The production of neurotoxic and neuroprotectiveides are of importance in determining the
neuronal survival and regeneration in responsesthemic injury. Thus, microglia and
macrophages may contributes to brain tissue regobsr mediating plasticity and by
scavenging the necrotic debris (47). Furthermitwe protective role of microglia in eliminating
excess excitotoxins may be in part through phagstytof infiltrating neutrophils (67) and
through production of various neurotrophic fact@mgch as neurotrophins and growth factors
(fibroblast growth factors, TGF-R1) (74-77).
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Figure 6 Diversity of microglial activity states throughout the activation process.The traditionally
termed ‘resting’ state of resident microglial cedlee constantly screening for potential threat dSC
homeostasis. Stimuli causing activation of micralgtiells include infection, trauma or cell impaimhe

as well as the loss of constitutive ‘calming’ silgndnitial response of microglia activation mayther
commit to distinct reactive phenotypes, constitutgdtranscriptional profiles and nontranscriptional
changes, and enter their executive phase (for ebeamglease of cytokines and chemokines, phagadcytot
activity). In the scheme, three examples illustigitthe main stream of phenotypes (1,2,3) afterainit
activation, however the diversity could be widembSequently, reactive microglia may further charage,
depicted by phenotypes 2.1 and 3.1, depending ®mlteration (by elimination or fading) of the ialt
activating signals as well as signals received fithin resident cells from the microenvironment and
invading immune cells (feedback signals). The ckangf reactive microglia may shift and eventually
leading to a more repair-orientated profile, wherethers may emigrate to the blood system or die
(indicated by an ‘X' over cell, others may reved & ‘resting’ state). Alternatively, postactivated
microglia which have acquired some experience ¢eitgid as memory in the figure by a floppy disk jcon
may not retransform back to completely naive statereby keeping subtle changes, such as in
transcriptional activity that affect their sendityvto constitutive (calming) signals or alter resges to

subsequent stimulation.
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2.3 Necdin

2.3.1 Location of human necdin gene and its pathologicamplications in

human and animal model

Nicholls and coworkers showed that human necdinufally differentiated Embryonal
Carcinoma-Derived proteIN) gene is mapped to chsmme 15911-g13 (78). Human and
mouse necdin genes are maternally imprinted amsdrédoed only from the paternal allele. As
shown in figure 2, necdin is one of the four impeohgenes (SNRPN, ZNF127, IPW) mapped
to the deleted region implicated in the PraderiWdlyndrome (PWS). This is a
neurodevelopmental disorder caused by genetic efpaternal deletions, maternal disomy, or
imprinting mutations), resulting in the loss of decexpression. Symptoms manifested by PWS
patients are variable, which include transient hgpma, respiratory distress, hypogonadotropic
hypogonadism, and cognitive failure to strive, hybagia leading to severe obesity,
somatosensory deficits, behavioral abnormalities raild to moderate mental retardation (79,
80). Mice deficient in necdin gene (i.e. necdin ¢kamut mice) mimic aspects of this disease,
including neonatal respiratory depression, behalidefects, reduced luteinizing hormone
releasing hormone- and oxytocin-producing neurontghé anterior hypothalamus, as well as

congenital deficiency of central respiratory drirgneonatal mice (81-83).

A o
N <Q
cen ’l,$Q V\OV\ Ic "oV\G \Q$ tel
/a == —y——l /a

—
200 kb
Gérard et al. 1999

Figure 7 Genetic map of human chromosome 15g11-g13he mouse genome contains a region of
conserved synteny on chromosome 7. The four gewlésaied are either deleted or not expressed in PWS

patients. IC, imprinting centre.
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2.3.2 Classification of Necdin

Necdin is a 325 amino acid residue protein. It fiest identified in 1991 by isolation from
neuronally differentiated P19 embryonal carcinoraisc(84). The necdin gene is reported to
lack introns in the mouse and consist of a singlengFigure 4)(85). The necdin gene shares
about 30% homology with other MAGE (Melanoma Antigéene Expression) protein family.
It belongs to the basic type Il MAGE group, whidnde found in various normal tissues (86,
87). The physiological roles of most of the progeim this class are unknown except for necdin,
which is implicated in cell cycle control. The MAGEMmiIly proteins share certain homologous
region, including a 200 amino acid MAGE homologyndin (MHD). Each member of the
MAGE family possesses a unique N- and C-terminglore surrounding a large central and

conserved region termed MHD (86).

Lau et al., 2004

Figure 8 Schematic diagram of necdin.(A) The coding region of necdin indicates an intresle
structure. B) Necdin contists of 325 amino acids and share®rsarved MAGE domain which is

indicated by the red box. In addition, this reggemves for interaction with other proteins.

2.3.3 Implication of necdin in physiology and pathology 6the CNS

The necdin gene is expressed predominantly in ptmio neurons throughout the central
nervous system (CNS) and peripheral nervous sy¢NE) (85, 88), as well as in non-
neuronal cells such as skeletal myocytes, chrogtiEscadipocytes and skin fibroblasts (81, 89-
91). To date, there were no direct studies of mecdheurodegenerative animal models, such as

Alzheimer’s disease, Parkinson’s disease, braiumieaand stroke. However, necdin has been
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demonstrated to be a multifunctional protein, all a@a major key molecule in mitotic arrest,
promoting differentiation and survival of postmitoheurons in in vitrastudies using cell lines
and primary neuronal cultures. Furthermore, inapgpate activation of cell cycle regulators is
implicated in the pathophysiology of a variety oNE& diseases, including both acute and
chronic neurodegenerative disorders.

Accumulating evidence indicates that necdin mediajpowth arrest. For instance, ectopic
necdin restricts proliferation in NIH3T3 embryoniibroblast cells (92), and SAOS-2
osteosarcoma cells by interacting and thereby mgbtranscription elongation factor E2F1
(93). E2F1 is a member of a family of transcriptifators which are essential for cell cycle
progression (94). Additionally, necdin can act a=h cycle regulator by interacting with cell
cycle promoting protein, such as the SV40 largenfigan, adenovirus E1A and transcription
factor E2F1, by trans-activating relevant genes iRB-regulated pathway (93). A separate
study demonstrated that necdin restricts prolif@na in hematopoietic cells during
hematopoietic regeneration (95).

Necdin can serve as a neuroprotectant, by promatetigsurvival through inhibition of p53-
induced apoptosis in osteosarcoma U20S cells (86d E2F1-induced apoptosis of
differentiated neuroblastoma cells was inhibited dmtopic necdin (97, 98). Furthermore,
endogenous necdin mediates survival of postmitptimary cerebellar granule neurons by
suppressing the E2F1-Cdc2 apoptotic pathway, whish activated under various
neuropathological conditions (99). The localizatishnecdin is mainly in the cytoplasm of
postmitotic neurons and shown to be translocatdde@erinuclear compartments under certain
conditions, possibly to enable its transcriptioactivities (100). In addition, apoptosis induced
by DNA damage can be rescued by necdin, forminglalescomplex with p53 and Sirtl, which
downregulates p53 acetylation levels (101). Onlaroapproach, necdin mediated the terminal
differentiation and survival of neurotrophin growflactor (NGF)-dependent dorsal root
ganglion (DRG) neurons and that necdin-deficiersceat neurons were destined to undergo
caspase-3 dependent apoptosis (102).

Kuwajima and colleagues demonstrated that the rdifteation of GABAergic neurons was
facilitated by the association of necdin with Dlgnmeodomain protein via MAGE-D (103).
The differentiation of GABAergic neurons in the nseuembryonic brain was rather selective
since no appreciable changes in the distributiorpattern of the number of glutamaergic
neurons was observed, which indicates that thecteffd necdin on maturation and

differentiation is only in selective subtypes ofirens.
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Taken together, necdin is a multifunctional proteia well as a major key molecule in mitotic
arrest, promoting differentiation and survival @lspmitotic neurons in in vitretudies using cell
lines and primary neuronal cultures. To date, thke rof necdin is primarily related to
neurodevelopmental processes of the CNS, howehvisrptotein proves to be neuroprotective
through suppression of several apoptotic pathwayshware predominant in neurodegenerative

disorders.

2.3.4 Posttranslational modification: SUMO and NEDD8

The posttranslational modification via NEDDylatiddEDDS8) has been shown to be essential
for cellular function. Furthermore, it is involvad cell cycle progression, cell growth and
survival (104, 105). NEDDB8 belongs to one of thequhltin-like proteins (UBLs) family (106).
Human deneddylase 1 (DEN1), also known as NEDD8iBpgrotease (NEDP1) or SENPS, is
responsible for processing the precursor form oDRNE into the mature form by removing 5
amino acid residues from its C-terminal tail, asl\ws deconjugating NEDD8 from its modified
substrates. NEDDS8 is an 81-amino acid protein @ikiDa relative molecular mass and is 60%
identical and 80% homologous to ubiquitin.

Another class of UBLs is the small ubiquitin-retht@odifier (SUMO) conjugation system. The
SUMO conjugation pathway plays a key role in thgutation of a diversity of cellular
processes. There are at least four isoforms exisertebrate (SUMO 1-4), their activity is
generally enhanced in response to stimuli, sudmeas shocks, ischemic injury and high levels
of oxidative stress. Furthermore, SUMO can be matedl by altering the expression levels or
activities of the E1, E2 and E3 ligases (enzymeshé pathways. Precursor form of SUMO can
be catalyzed to its mature form by sentrin spegficteases (SENPs) in humans. Moreover,
Senps belongs to cysteine proteases that consisis members (SENP1-3 and SENP 5-7) are
able to deconjugate SUMO from its modified protaibstrates (107).

These UBLs are structurally related to biquitin airdilarly form conjugate with a broad range

of different substrates through discrete E1-E2 (@omdetimes E3) cascades.

-22-



Necdin and microglial proliferation Introduction

2.4 Hypotheses

The goal of this doctoral thesis is to validateftiilwing hypotheses:

The penumbra region is the salvageable area déthemic brain, whereby partial blood flow
is maintained and thus delayed modes of cell degaddominate, such as apoptosis and
inflammation.

We were interested in necdin, which is expressed@ninantly in postmitotic neurons. It is a
multifunctional protein involved in cell cycle relgtion, and acts as a potent growth suppressor.
Apart from being present in neurons, necdin haseen characterized in other cell types of the
CNS. Since microglia originate from the bone marramnd necdin has been shown to regulate

the proliferation of hematopoietic cells, we hypesized:

1.1 Necdin may be expressed by, and is the moleculautstrate that regulates the

activation and proliferation of reactive resident microglia, in the ischemic brain in vitro

and in vivo.

Posttranslational modification pathways may alter tunction of a protein target in a diverse
way, from relocalization or half life of the prateito cell survival. Thus, it plays a pivotal role
in cellular homeostasis. We identified a higher ecalar weight necdin protein band (~10

kDa), that is immunoreactive to the necdin antibody

1.2 we identified a putative posttranslational modifiation of the necdin protein in

microglial cells.

Cerebral ischemia triggers the activation of mitieoglong with infiltrating macrophages,

which accumulate at core of the lesion site anth& penumbra region. As the blood brain
barrier (BBB) is impaired, these accumulated catlghe lesion site represent a mixture of
intrinsically activated microglia and infiltratindlood cells. Both populations can be
distinguished via bone marrow chimera with GFP egging cells entering the brain. So far, it
is not clearly understood whether these two ceplutations may have differing impacts on
stroke outcome. Taken together, the number of mier@nd invading macrophages might be
crucial for the size of the ischemic lesion andsitherefore of high biological relevance to

understand the endogenous mechanisms underlying d¢b# cycle control in
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microglia/macrophages in the ischemic tissue. Simee are interested in necdin as the

molecular regulator of microglia,this leads us o next hypothesis/ question to be solved.

2 Necdin is expressed and regulated in one of theseo subpopulations of monocytic cells

(resident microglia versus blood-borne macrophages)

3 Necdin expressing cells belong to one of these pobulations of monocytic cells (i.e.

‘ramified’ phenotypic microglia, reactive microglia and infiltrating macrophages)
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3 Materials and methods

3.1 Materials

3.1.1 Cell culture media and materials

Product

Supplier

B27 Supplement

Collagenase

Collagen-G solution

D-(+)-glucose

Dulbecco’s Phosphate Buffered saline (PBS)
Dulbecco’s phosphate-buffered saline (DPBS)
Eagle's minimal essential medium

Fetal calf serum (FCS)

Fetal calf serum, Gold (FCS, Gold)
Glutamate

HEPES

L-Glutamine

Lipofectamine 2000

MEM non essential amino acids

Neurobasal medium (NBM)

PEG-IT

Percoll

Penicillin/ Streptomycin

Poly-L-Lysine

Roswell Park Memorial Institute (RPMI)-1640

Roswell Park Memorial Institute (RPMI)-1640 without

phenol red

Sodium pyruvate
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Gibco (Germany)
Serva (Germany)

Biochrom (Germany)

Sigma (Germany)
Bioch{@ermany)
Bioeh(Germany)
Biochrom (Germany)
Biochrom (Germany)
PAA (Austria)
Sigma (Germany)
Biochrom (Germany)
Biochrom (Germany)
Invitrogen (Germany)
PAA (Austria)

Gibco (Germany)
System Biosciences (USA)
GE Healthcare (United Kingdom)

Biochrom (Germany)
Biochrom ( Germany)

Biochr¢Germany)

Biochrom (Germany)
PAA (Austria)
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3.1.2 Chemicals

Product

Supplier

Acetone

Ampicillin (50 ug/ml)
b-mercaptoethanol

Bovine albumin (BSA)
Bromphenol blue

Coomassie brilliant blue G
Dimethylsulphoxide (DMSO)
DMSO

DTT

Dual color Precision Plus protein standards
EDTA

EGTA

Ethanol (99.9%)

Ethidium Bromide

Glycerol

Glycine

Hydrogen peroxidase ¢8,) 30%
Hydrochloric acid (HCI)
Isofluorane (Forene)
ImmunoFluor Mounting Medium
Isopentane

Kanamycine (5Qug/ml)

Kodak Biomax Light-1 X-ray films
LumiGLO reagent and peroxide
Lauryl sulphate (SDS)
Magnesium chloride (MgG)
Methanol

Milk powder (blocking grade)
Monosodium phosphate (NaPOy)
Monopotassium phosphate (KPO,)
Nonidet P 40 (NP40)
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Roth (Germany)
Roth (Germany)
Merck (Germany)
Sigma (Germany)
Sigma (Germany)
Fluka (Germany
Sigma (Germany)
Sigma (Germany)
Bio-mol (Germany)
BIOERAISA)
Roth (Germany)
Roth (Germany)
Sigma (Germany)
Sigma (Germany)
Merck (Germany)
Sigma (Germany)
Roth (Germany)
Sigma (Germany)
Abbott (Switzerland)
ICNdg8hemicals (USA)
Roth (Germany)
Sigma (Germany)
Sigma (Germany)
NEB (Germany)
Sigma (Germany)
Serva (Germany)
Roth (Germany)
Roth (Germany)
Sigma (Germany)
Sigma (Germany)

Sigma (Germany)
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Paraformaldehyde (PFA)
Phenylmethanesulfonylfluoride (PMSF)
Potassium chloride (KCI)
Propidium iodide

PAGETr Precast Gel 4-20%
Prolong gold antifade reagent
Protease Inhibitor tablets
Sucrose

Sodium bicarbonate (NaHGPD
Sodium chloride (NaCl)

Sodium deoxycholate ¢gH3zNaQy)
Sodium fluoride (NaF)

Sodium orthovanadate (N&D,)
Sodium pyruvate (CECOCOONa)
Sulphuric acid (HSOy

TEMED

Tris

Triton-X

Trizol

Trypsin/EDTA

Tween-20

Unmasking Fluid C, Citrate based, pH 6
Xylol

3.1.2 Antibodies, reagents and kits

Merck (Germany)
Sigma (Germany
Sigma (Germany)
Sigma (Germany)
Lonza (USA)
Invitrogen (Germany)
Sigma (Germany)
Sigma (Germany)
Sigma (Germany)
Roth (Germany)
Sigma (Germany)
Sigma (Germany)
Sigma (Germany)
Sigma (Germany)
Roth (Germany)
Sigma (Germany)
Sigma (Germany)
Roth (Germany)
Invitrogen (Germany)
Biochrom (Berlin, Germany)
Sigma (Taufkirchen, Germany)
Bioprimer{@any)
J. T. Baker (Netherlands)

Product

Supplier

Alexa Fluor dyes-488, donkey anti-rabbit IgG

Alexa Fluor dyes-488, donkey anti-sheep IgG
Alexa Fluor dyes-488, donkey anti-mouse IgG
Alexa Fluor dyes-647, anti-EdU

Alexa Fluor dyes-594, donkey anti-guinea pig
Biotinylated anti-rabbit

Biotinylated anti-mouse
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Inegen (Germany)
Ingigno (Germany)
Ingeo (Germany)
Invitrogen (Germany)
Irogien (Germany)
Invitrogen (Germany)

Invitrogen (Germany)
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Block-iT™ Poal Il miR RNAIi Expression Vectors

Kits
Bradford Protein Assay

diaminobenzidine (DAB) staining (SigmaFast™DAB)

CalPhos™-Kit

CD11b microbeads

Click-iT® EdU Alexa Fluor® 647 Imaging Kit
Donkey anti-mouse HRP-linked

Donkey anti-rabbit HRP-linked

Donkey anti-guinea pig HRP-linked

ECL Plus Western Blotting Detection

Guinea pig anti-necdin (GN1, GN2)

Hoechst 33258, bis-benzimide

Materials & Methods

Invitrogen (Germany)

BIO-RAD (USA)
188y (Germany)
Clontech (Germany)
Miltenyi Biotech (Germany)
Invitraan (Germany)
Amersham (USA)
Amersham (USA)
Abcam (United ¢aiom)
GE Health Gdueited
Kingdom)
Dr. Yoshikawas(itute for
Protein Research, Japan)

Sigma (Germany)

LumiGlo, enhanced chemiluminescence (ECL) Reagenell Signalling (USA)

Mouse anti-EGFP (SC9996)
Mouse anti-GAPDH (MAB374)
Protease inhibitor cocktail
Phosphatase inhibitor cocktail
Qiagen plasmid maxi kit
Qiagen PCR purification kit
Rabbit anti-necdin (NC243)

Rabbit anti-HDAC1 (SC7872)

Rabbit anti-CD11b (AB75476)

Rabbit anti-GFAP

Rabbit anti-lbal

Rat anti mouse CD45 PE-linked

Rat anti mouse CD11b BV-linked
Sheep anti-NEDD8

Sheep anti-SUMO 2 (BML-PW0510)
Streptavidin anti-biotinylated antibody

ViraPower™ Lentiviral Expression Systems
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3.1.3 Tools and equipment

Product Supplier

autoMACS separator Miltenyi Biotech (Germany)
Blotting chamber Trans-Blot Semi-Dry Transfer Cell Biorad (Germany)

Biofuge Fresco Centrifuge Heraues (Germany)
Centrifuge, Eppendorf 5810R Eppendorf (Germany)
Confocal microscopé,eica LFSA Leica (Germany)

Cryostat, Cryo-Star HM 560 diim (Germany)

Criterion cassettes Bio-rad (Germany)
Cytospin 3 Centrifuge Shandon (Germany)
Electrophoresis chamber Biorad (Germany)
Eppendorf Mastercycler epgradient S Eppendorf (Gegn
FACSDiva analyzer BD Biosciences (Germany)
Flasks, multi-well plates, tubes Cornington( Nelidneds)
Fluorescent microscope, DMRA2 Leica (Germany)
Fuchs-Rosenthal cell count chamber Roth (Germany)
FUSION chemiluminescence system Peglab (Germany)

Hera Cell 240 incubator Heraeus (Germany)

Hera Safe laminar flow hood Heraeus (Geramny)

Inverted epifluorescence microscope, IX81 Olympus  lyn@pus (Germany)

Julabo waterbath SW 22 Julabo (Germany)

Magnetic resonance Imaging (MRI) Pharmascan 7@Bsrhany)

Microtome, HM330 Microm (USA)

Nanodrop® ND-1000 Spectrophotometer MontchaninAUS

Polyvinylidene Fluoride membrane (PVDF) Roth (Germany)

transfermembrane

OGD chamber, Concept 400 Ruskinn Technologies édnit
Kingdom)

pH meter, pH100 VWR International (Germany)

Power supply, Power Pack 200 Bio-rad (Germany)

Sonicator, Sonorex Super 10P Bandelin Electronarif@ny)

Table centrifuge, 5417R Eppendorf (Germany)

Whatman paper Biometra (Germany)

Vortex Genie 2 Bohemia (USA)
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3.1.4 Animals
Animals Suppliers
C57BI/6N mouse @és River Laboratories (Germany)
C57BI/6N Postnatal day 3 (P3) Charles River Lalwores (Germany)
EGFP transgenic mice self-made/generated
Bone marrow chimeras self-made/generated
3.1.5 Celllines
Cell line Supplier
HEK 293 FT American Type Culture Collection

(USA)
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3.2 Methods
3.2.1 Primary cell cultures

3.2.1.1 Mixed glial culture

Culture plates were pre-treated by incubation witty-L-lysine (5 pug/ml in PBS w/0). After at
least 2 hours of incubation time at room tempeggttite plates were rinsed twice and mixed
glial cells were seeded in either 24-well plates (fnmunocytochemistry) or in 6-well plates
(for western blotting analysis) in wells with mediuDulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum (FC$)0 units/mL penicillin, and 100
pg/ml Streptomycin.

Mixed glial cultures were prepared from newborn emibrain (postnatal day 3, P3) of
C57BL6/N wild type mouse strain, using techniquesdascribed previously (108). Briefly,
meninges, bulbus and (hippocampus/corpus callosueng removed from the cortical tissue.
Tissue was cut into small pieces and trypsinized fomin at 37°C. The cells were then washed
twice with media and once in PBS. The cells wermédia suspension before the dissociation
step was carried out with a pipette. The suspensamcentrifuged for 5 min at 161 x g, pellet
was resuspended and filtered with 70 pm filter.I<Celere cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetalf cserum (FCS), 100 units/ml
penicillin, and 100 pg/ml Streptomycin, kept at @7nd maintained at 5% G\ext day, the
cultures were washed once with PBS and maintaime@¢omplete media. All following
experiments were done between DIV 10 - 15 in caltirior usage, the condition of the

cultures was assessed by light microscopy.

3.2.1.2 Microglial cells

Microglial cells were isolated from the astrocytityer of the mixed glial cultures by gentle
shaking of the flask for 1 hour at 250 rpm. Thdscelere then seeded on 24 well plates at a
density of 5 x 16to 10.
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3.2.1.3 Primary peritoneal macrophages

About 5 ml of medium [Roswell Park Memorial Insteu(RPMI)-1640, 10% fetal calf serum
(FCS), 100 units/ml penicillin, and 100 pg/ml Steepycin] was intraperitoneally injected into
each mice, followed by a few minutes of short betlgssage. Harvested suspensions were
centrifuged and cultured for 2 hours before beirghed with media without serum. The cells
were returned with complete medium cultured forag Before obtaining the cell lysates for

western blotting analysis or fixed with 4% Parafaldehyde (PFA) for immunocytochemistry.

3.2.2 Lentiviral particles coding for control and necdin microRNA

3.2.2.1 Construction and screening of microRNA target sites

The target sequences within murine necdin (NM_02D&8 the starting point of 132, 444 and
855 were designed using an online software systémitrpgen). The pre-microRNA
sequencing oligonucleotides were: microRNA 132: TB&ET CAA CAT CTT CTATCC GTT
CTG TTT TGG CCA CTG ACT GAC AGA ACG GAG AAG ATG TT@,; microRNA_444:
TGC TGATTT CTT GTA GCT GCC CAT GAG TTT TGG CCA CTBCT GAC TCATGG
GCC TAC AAG AAA T; microRNA_855: TGC TGT AAT TCT GT GGA CGA ACT CCG
TTT TGG CCA CTG ACT GAC GGA GTT CGC AGC AGA ATT AandLac Z as a non-
targeting negative control. Third-generation leinéiiv particles were generated as described
previously (109-111) with the following modificatio A 216 bp DNA fragment with necdin
targeted microRNAs or non-targeting control micrdRNLac Z) were subcloned from
pcDNAG6.2-GW-EmGFP (Invitrogen) using Xhol-BsrGl anthe Sall-BsrGl site to the parental
lentiviral transfer plasmid (pRRL-SIN-cppt-PGK-GWPPRE), attained from the Trono lab
(Addgene plasmid 12252). Positive clones were sempieerified and tested for the highest
interfering efficiency in 293FT cell line via westeblotting analysis. Transfection was done

using Lipofectamine 2000 (Invitrogen).
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3.2.2.2 Lentiviral particles production

Two of the pcDNA containing the highest interferef§jciency of pre-microRNA cassette were
recombined into a lentiviral expression plasmid KP@ctor) respectively, with a specific
cloning strategy. The lentiviral expression plasmietaining the pre-microRNA 132 and pre-
microRNA_855 cassette were co-transfected with ggiclg plasmids psPAX and pMD2G into
293FT cells using CalPhos™-Kit (BD-Biosciences).Ttwo harvests of viral particles
supernatants from the 293FT culture medium werauraatated after 48 and 72 hours of
transfection. The supernatants were centrifugdd @ xg for 15 min and filtered with 0.45 um
PVDF membrane. The viral particles were concerdratith Peg-it solution overnight at 4°C,
aliguoted in PBS and stored at -80°C for later diged glial cultures were transduced on days
in vitro (DIV)-8. Transduction efficiencies and rtiplicities of infection were determined and
calculated from serial dilutions in neuronal cudtsirusing enhanced green fluorescent protein

(EGFP) fluorescence as a reporter after 96 hours.

3.2.3 Injury paradigms

3.2.3.1 Oxygen-glucose deprivation (OGD) as injury paradignaitro

Culture medium was removed, rinsed twice with wedr®BS and replaced by a deoxygenated
balanced salt solution containing (in mmol/L):'N&3.8, K 5.5, C&" 1.8, Md" 0.8, C1125.3,
HCO* 26.2, (HSO)* 1.0, (SQ% 0.8, glycine 0.01 at pH 7.4. The same solutionhwit
additional of 25 mmol/L D-glucose under normoxiaveel as control. The cultures were
exposed to oxygen and glucose deprivation (OGD)rdptacing the culture medium with
deoxygenated balanced salt buffer and by placinthénhypoxia chamber for different time
points, such as for 90 min and 180 min, respedgtiv€lxygen—glucose deprivation was
terminated by returning the cultures the condittbreedium and the normoxic incubator. After
24 hours of reoxygenations, cells were lysed forsterm blotting analysis or fixed for

immunocytochemistry.
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3.2.3.2 Transient middle cerebral artery occlusion (MCAS)rgury
paradigm in vivo

Animal experiments were performed in accordanceh wiite institutional and international
guidelines. All surgical procedures were approvgdthe local authorities (animal proposal
number: G0385/08). Mice were anaesthetized with%l.Bofluorane for induction and
maintained in 1.0% Isofluorane in 70%@ and 30% @with the use of a vaporizer and a face
mask. The mouse stroke model with focal middle lmedeartery occlusion (MCAo) was
performed as described by Endres and colleagu@s {1B). Briefly, focal MCAo was induced
with a silicone-coated 8.0 nylon monofilament. Tilament was introduced into the left
internal carotid artery up the anterior cerebrakrgy thereby occluding the middle cerebral
artery and anterior choroid arteries. Filamentsewethdrawn after 1 hour of occlusion to allow
reperfusion. To ensure equivalent levels of isclagmiall animals, regional cerebral blood flow
(rCBF) was measured using laser-Doppler-flowmefgrimed, Jarfalla, Sweden). An rCBF
that is lower than 20% of the baseline measuremeat occlusion during the procedure was
considered as successful, and it was returned poomjnately 100% within 5 min after
reperfusion. Core temperature during the procedwr® maintained at 36.5°C + 0.5°C with a

heating pad.

Animals were sacrificed for histological analysis?d, 72, and 96 h after MCAo/ reperfusion,
the brains snap-frozen in isopentane on dry ice sdackd at -80°C until further use. For 5-
bromo-2-deoxyuridine (BrdU) labeling experimentsinaals received intraperitoneal injections
of 50 mg BrdU/kg body weight at a concentratiorfl®fmg/mL BrdU (Sigma, St. Louis, MO)

dissolved in sterile 0.9% NacCl solution.

3.2.4 Bone marrow transplantation

Bone marrow (BM) transplantation was performed ascdbed previously (114). BM cells
were obtained from EGFP transgenic 8-12-week-olier@&7BL/6. All recipient mice received
5 x 10 cells by tail vein injection. Four weeks after BMnsplantation, ischemia was induced

in chimeric mice by filament occlusion of the miealerebral artery.
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3.2.5 Real Time RT PCR

Total RNA was extracted using the Invisorb RNA Ki{(Invitek, Berlin, Germany) and real-

time-RT-PCR was performed as described previouklp). Primers were designed to amplify
mouse transcripts of necdin and tripeptidyl-peg@d (TPP2). Amplification products were
controlled by melting curves. No-RT- and non-tertgleontrols were run for all reactions. The

values were normalized to the stably expressed TPP2

3.2.6 Western blotting

For total cellular protein extraction, cells weysdd in TNN lysis buffer (150 mM NaCl, 10%
glycerol, 0.5% Triton-X-100, 1 mM DTT, 0.5 mM PMSB, mM orthovanadate, protease
inhibitor and phosphatase inhibitor) for 20 minubated on ice and clarified at 12 000 xg for

10 min at 4°C. Supernatants were collected anedtat -80°C for later use.

For extraction of nuclear proteins, cells were tiyge cytoplamic lysis (CL) buffer [10 mM
HEPES, 2 mM magnesium chloride, 1 mM EDTA, 1 mM EGTO mM potassium chloride, 1
mM dithiothreitol (DTT), 10 mM sodium fluoride, OrbM sodium vanadate, 1% Nonidet P-40,
protease inhibitor cocktail (Roche)] (200 ul CL fenfwas used per 6 well plate), incubated on
ice for 15 min and clarified at 12 000 xg for 1 mBupernatants were collected as cytoplasmic
protein fraction and stored at -80°C. Pellets warther used for extraction of nuclear proteins
in nuclear lysis (NL) buffer [25 mM HEPES, 500 mMdium chloride, 5 mM magnesium
chloride, 10 mM sodium fluoride, 1 mM dithiothrditthbTT), 10% glycerol, 0.2% Nonidet P
40, protease inhibitor cocktail (Roche)], incubadedice for 10 min, sonicated for 3 x 10 sec on

ice and clarified at 12 000 xg for 5 min. Supernttavere collected and stored at -80°C.

Twenty to fifty micrograms of cytoplamic or nucldgsates were denatured by boiling at 95°C
in equal volume of sample buffer (4% SDS, 20% glgkel0% 2-mercaptoethanol, 0.004%
bromphenol blue and 0.125 M Tris HCI pH 6.8) fomin. Samples were electrophoretically
separated using pre-cast 4-20% SDS-PAGE, trandfemé&o nitrocellulose membranes and
blocked in blocking buffer (5% w/v milk in PBS) fdr hour at room temperature. Primary
antibodies (0.2 to Lig/ml) were incubated in blocking buffer overnight4a°C on a rotary

platform with gentle agitation. Membranes were sgpently probed with secondary HRP-
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conjugated anti-rabbit IgG or anti-mouse antibodiitited 1:2500) in blocking buffer for 1
hour at room temperature on a rotary platform wgdmtle agitation. Equal loading was
confirmed by probing the membranes with anti-GAPQER000; Santa Cruz) or anti-HDACL1
(1:50; Santa Cruz) antibodies. Detection was cdwigt using the enhanced chemiluminescence
assay (Cell Signaling Technologies). The image weaptured with a FUSION
chemiluminescence system (PEQLAB) and processad églobe Photoshop.

3.2.7 Immunocytochemistry

For immunocytohemical analysis of mixed glial, &eld microglia or peritoneal macrophages,
cells were fixed with 4% PFA at room temperature I6 min, before permeability step in
blocking solution (10% goat serum and 1% Triton 0Glin PBS) for 30 min at room
temperature. Fixed cells were incubated with prinsatibody (10% serum and 0.1% triton in
PBS) raised against necdin (GN1; 1:500), Ibal @5GFAP (1:200), NEDDS (1:500), SUMO
2/3 (1:500), respectively overnight at 4°C. Nexy,deells were rinsed and developed with
fluorescence dye-conjugated secondary antibodidex@AFluor® Dyes: 488, 594 or 647;
1:1000) for 1 hour at room temperature. Slides waminted with ProLong Gold antifade
reagent with 4’,6-diamidino-2-phenylindole (DAPNlicroscopic images were taken with an
inverse IX81 Olympus epifluorescence microscope igmpd with an ORCA camera
(Hamamatsu) using Cell M™ software with the samgirggs for all pictures of the same
session. Alternatively, isolated microglial cellen taken using upright confocal microscope

(Leica LFSA). All images were processed using AdBhetoshop.

3.2.8 Fluorescence Immunohistochemistry

Paraffin embedded brains sections were prepared fi@ve or MCAo mice. The brains were
fixed by transcardial perfusion of 4% PFA solution0.1 M phosphate buffer (pH 7.4). The
post-fixated brains were transferred to 30% sucins@.1 M phosphate buffer, followed by
dehydration, and paraffin embedding steps. Thenlmactions (3-4 um thick) were mounted on
objective slides coated with gelatine and follonsebaraffinized steps. Subsequently, the
sections were stained with antibodies raised agaiesdin (GN1; 1:500 or NC243; 1:1000),
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Ibal (1:500), EGFP (1:500), EdU (1:4) or BrdU (D20diluted in 10% goat serum and 0.1%
Triton X-100 in PBS (except for EJU staining), fmrernight incubation at 4°C. The following
day, sections were rinsed and incubated flitbrescence dye-conjugated secondary antibodies
(Alexa Fluor® Dyes: 488, 594 or 647; 1:1000) fohdur at room temperature. Sections were
mounted with cover slips in ProLong Gold antifagagent with DAPI. Microscopic images
were taken at the cortical area with an inverselD@ympus epifluorescence microscope
equipped with an ORCA camera (Hamamatsu) using @81l software with the same settings

for all pictures of the same session. All imagesenmocessed using Adobe Photoshop.

3.2.9 Cytospin preparation and DAB staining

Cytospin preparations were prepared (Shandon) &#«2S, a total of 4000-5000 cells per
objective slides were fixed with methanol/acetohd) for 10 min before rinsing. Subsequently,
the cells were immensed in blocking buffer (0.3%04 10% goat serum and 0.1% triton in
PBS) for 2 hours at room temperature before inéabatith primary antibody against necdin
(GN1; 1:500), overnight at 4°C. Next day, immunostay followed the peroxidase method
with biotinylated secondary antibody (1:500, JackdmmunoResearch Laboratories, West
Grove, PA) and diaminobenzidine (DAB) staining (8ajast™DAB; Sigma). Sections were
stained against DNA (DAPI dye) and mounted with ezosglips in polyvinyl alcohol with

diazabicyclooctane (DABCO) as anti-fading agentades were recorded using a Leica

fluorescence microscope with a 40x oil immersiojediive and a digital camera.

3.2.10 MACS-sorted CD11b positive cells

Cells obtained from mice brains (naive or MCAO0) everepared as previously described (116).
Briefly, brains were homogenized mechanically usingcalpel and followed by enzymatic
digestion with RPMI-1640 medium containing 5% fdbalvine serum, 0.16% DNase and 1%
collagenase (10 mg/ml) for 30 min at 37°C. The tieacwas ceased with the addition of 10
mM EDTA. The cell suspension was filtered with 7@ pylon filter and clarified at 252 xg for

10 min at 4°C. Leukocyte cell fraction is separated Percoll™ reagent. The obtained

leukocytes cells were rinsed once with PBS, incedbatith CD11b microbeads for 15 min at
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4°C and followed by positive selection via magnetparation with the autoMACS™ Separator.
Next, the CD11b-magnetic activated cell sorting (@) sorted cells were either lysed for

western blotting analysis or stained for fluoreseeactivated cell sorting (FACS) analysis.

3.2.11 Staining and Cell sorting by flow cytometry

Freshly isolated brain cells were prepared as afentioned and incubated with pacific blue
(BV)-labeled antibodies to CD11b (20 pg/ml) andiaorescein isothiocyanate phycoerythrin
(PE)-labeled antibodies to CD45 (20 pg/ml) (BD magen), or with isotype-matched control
antibodies, for 30 min at 4°C. Immunostained celse sorted using a FACSDIVA analyzer

(BD Biosciences).

3.2.12 Magnetic Resonance Imaging

Infarct volumes were measured using a T2-weight&liMaging (MRI). MRl was performed
using a 7 Tesla rodent scanner'#RF quadratur Volumeresonator with an inner diamef

20 mm was usedata acquisition and image processing were caoigdyy using the Bruker
software Paravision 4.0. During the imaging procedaonstant body temperatures (37°C) of
mice were stabilized by a circulating-water blank&haesthesia was induced by 2.5% and
maintained by 1.5-2.0% isoflurane delivered in aMNgD mixture (30/70%) via a facemask. A
T2-weighted 2D turbo spin-echo sequence was usedrfaging the mouse brain (imaging
parameters TR/TE = 4200/36 ms, rare factor 8.4aae). There was 20 axial slices with a
thickness of 0.5 mm/slice, a field of view (FOV)ax6 x 2.6 cm and a matrix of 256 x 256 were
positioned over the brain from olfactory bulb toedgellum. As for Image Analysis, calculation
of lesion volumes was carried out by the programalpzre 5.0. The T2 signal hyperintensity in
the ischemic areas were assigned as a regionesésgitin the program. This enables a threshold
selection for image segmentation by connectingpdels within a specified range of the
selected seed pixel and resulted in a 3D objectah#ipe whole stroke region. The total volume

of the whole object map was automatically calcaate
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3.2.13 Statistical evaluation

Data are presented as dot-plot and mean + 95%dsmde interval (Cl). For comparison of two
groups with parametric data a two tailed student&st was applied (i.e. for stroke volume
measured by MRI). A Mann Whithey Rank Sum test vapplied as indicated for non-
parametric data (SigmaSTAT statistical softward).eXperiments were performed at least in
triplicate unless otherwise stated. P-values < Q8 considered statistically significant. For
in vivo experiments, a prior probability on havistgtistically significant reduced infarct
volumes in the treatment group was based on fatigudefined parameters: effect size: 0.25,
mean standard deviation=0.32 and0.05 and f=0.2 (1-130.8). With these defined
parameters, a calculated number of animals neeeledrpup is 28. An effect size of <0.25 is
not relevantsince the biological impact is questlda. Assumptions on the mean standard

deviations are derived from past data.
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4 Results

4.1 Expression and regulation of necdin in microglial ells in vitro

4.1.1 Necdin expression levels increase in microglial dglfollowing oxygen-

glucose deprivation (OGD) subjection

Accumulating evidence shows that necdin is predantig expressed in postmitotic neurons.
The physiological function of necdin includes prdimg neuronal survival, differentiation and
restricts proliferation in hematopoietic stem c€8S, 99, 103). Thus, the aim of this study was
to investigate the involvement of necdin expressmocell types of the brain other than neurons
and whether the expression pattern of necdin waseal following OGD. For this purpose,
primary microglial cells were isolated from mixetlag cultures on in vitro day (DIV)-12,
prepared as described in Methods, and subject®d on DIV-1 (after isolation) for 3 hours.
After 5 hours of reoxygenation, the cells were dixand immunostained for necdin, Ibal
(ionized calcium binding adaptor molecule 1) andADMecdin expression was identified in
primary microglial cultures by western blotting amidmunocytochemistry. The purity of the
isolated microglial cultures was confirmed by Isddining (>99% lba’lcells) (Figure 9A). The
specificity of the necdin antibody (GN1) was vexifi as shown in figure 9B, in which
immunocytochemistry with the GN1 antibody resulte@ marginal staining after preabsorption

of the antibody with necdin recombinant proteiroptd usage.

In line with the immunocytochemistry results, westblotting analysis showed that necdin
protein levels were increased 24 hours followingansient OGD (Figure 9C).
Fractionated protein samples were collected atdb Zhhours reoxygenation time points and
further analyzed with SDS-PAGE protein electropbkiefollowed by western immunoblotting
using antibodies for necdin and p-Histone H3. Phosgation of Histone-H3 is extensive
during mitosis, thus an indicator of dividing celléecdin levels increased in both cytoplasmic
and nuclear fraction after OGD in comparison to tomtrol sample (Figure 9D). Histone

deacetylase 1 (HDACL1) shown in western blottingysisiserved as a loading control.
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Figure 9 Necdin expression in microglia in vitro atbaseline and after oxygen-glucose deprivation
(OGD). (A, B, C, D) Primary microglial cells were subjedgtéeo OGD for 3 hours. (A) At 5 hours of
reoxygenation time point, the cells were fixed anchunostained for necdin (red), Ibal (green) and®DN
(blue), additionally phase contrast (PC) was takBpale bar. 100 um. (B) Preabsorption with
recombinant necdin protein or secondary antibodpailserved as control staining. (C) 30 pg of pnotei
was subjected to sodium sulphate-polyacrylamideetgdtrophoresis (SDS-PAGE) and membrane was
probed for necdin and HDAC1 antibodies. The imagasresent the results of three independent
experiments. (D) Necdin protein distribution at leac and cytoplasmic fractions in microglia in witat
baseline and after OGD. Mixed glial cultures on EI¥ were subjected to OGD. At the indicated
reoxygenation time points, cell fractionation wetgained and analyzed via western blotting and guiob
for necdin, phospho-Histone H3 and HDACL.
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4.1.2 Necdin is expressed in resident microglial but nan peritoneal

macrophages at baseline and following OGD subjectio

Regarding the lineage relationship between perglhmacrophages and microglial cells, it is
known that both originate from a common myeloidganaitor. Subsequently, the recruitment
and differentiation of resident microglia occurstlie CNS during embryogenesis (117). Since
necdin has been reported to modulate hematopaigtic cells (HSCs) (95), we intended to test
whether it is expressed in peripheral macrophabesietermine the necdin mRNA and protein
levels in resident microglia and peritoneal maceg#s, we used primary microglia isolated
from the mixed glial cultures prepared from murbrain (P1-P3) and peritoneal macrophages
isolated from adult mice (6-8 weeks old). The mRN»@els of necdin were 400-fold higher in
primary microglia in comparison to the peritoneaamphages (Figure 10A). Consistently, in
contrast to the peritoneal macrophages, necdireipretas detected by western blot analysis in
isolated microglial cells (Figure 10B). In additjarecdin protein levels remained undetected in
peritoneal macrophages at 24 hours reoxygenatien @GD subjection. Equal protein loading
was confirmed by probing the membrane with Glyahide 3-phosphate dehydrogenase
(GAPDH).

A _ — 800 * B primary  peritoneal
9 microglia macrophages
12, 600 _
é g 400 necdin - - -
8 o 200 GAPDH —
22 D@l e e ——
primary  peritoneal OGD - + - +

microglia macrophages

Figure 10 Differential necdin expression in microgh versus macrophages in vitro at baseline and
after oxygen-glucose deprivation (OGD)(A) Quantitative analysis of necdin mRNA usinglréme
PCR (normalized to TPP2 as a reference) againgbpeal macrophages using the ddCT method. Data
were pooled from three independent experimentsieitls t-test P < 0.001. (B) Necdin expression in
primary microglial cells and peritoneal macrophafggsanalyzed via western blotting. Membranes were
incubated with necdin, Ibal and GAPDH.
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4.1.3 Necdin mediates growth arrest in primary microgliain vitro

To test the hypothesis that necdin may restriduleel proliferation in glial cells, in particular
microglia, a loss of function approach using leindilv particles (LVPs) targeting necdin by
microRNA expression along with a GFP reporter wstaildished (Figure 11A). HDAC1 and
enhanced green fluorescent protein (EGFP) proteirels were not altered while necdin
microRNA interfered specifically to necdin proteim contrast to the non-targeting control
microRNA.

Due to the laborious and costly method of usingepsolated microglial cells, we intended to
test the function of necdin in mixed glial culturd® test whether microglia were the only cells
expressing necdin in the mixed glial culture, thdtures were fixed and immunostained for
necdin, Ibal or glial fibrillary acidic protein (@P). As shown in figure 11B, necdin positive
cells were not immunoreactive to GFAP, which is aker for astrocytic cells. In contrast, all
necdii cells were immunoreactive to lbal antibody. Furti@e, the necditbal” double

positive cells assumed an ‘ameboid’ phenotype.

We next evaluated a potential role of necdin exgiossfor the survival and proliferation of the
glial culture after OGD subjection. Mixed glial eWere inoculated with LVPs carrying either
control or necdin microRNA. After 5 days of transtlan, the cells were subjected to OGD and
subsequent 24 hours reoxygenation. The ‘lliElls in necdin microRNA-transduced culture
was significantly higher in numbers than that detéén control microRNA-transduced culture,
at the baseline (3.1-fold) and after OGD subject{@®b-fold), with negligible cell loss.
Although, control culture exhibited a higher sualivate (1.2-fold), compared to the necdin
microRNA-transduced culture, albeit statisticallgnesignificant. Furthermore, application of
thymidine analogues, EdU (5-ethynyl-2’-deoxyuridinat 24 hours after reoxygenation and 2
hours prior to fixation demonstrated a higher nundfecells entering S-phase, at baseline (4.8
+2.7vs. 25+ 1.4) and after OGD (0.5 £ 0.8 v& 00.4) in necdin versus control microRNA-

transduced cultures, respectively (Figure 11C).
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Figure 11 Assessment of the role of necdin via RNiaterference. Mixed glial cultures were prepared
as described in the method part. (A) Tihixed glial cultures were transduced respectiveith wVPs
expressing necdin microRNA or control microRNBa€ Z). Protein lysates were obtained at day 5 for
western blotting analysis and probed with necdid HDAC1. (B-C) Mixed glial cultures were fixed and
immunostained for necdin (red) and GFAP (greenlbad (green). (D-E) The cultures were stained for
Ibal (red), EAU (green) and DAPI (blue). Repredemtanicroscopic images of LVPs transduced mixed
glial cultures, expressing necdin microRNA (lowanpl) and control microRNAL&c Z) (upper panel) at
(D) baseline and (E) 24 hours after OGD. (F) Absoloumbers of Ibalcells at baseline and after 24
hours of reperfusion. Data was presented as sedttkat-plot with mean + 95% confidence intervalfp=
One Way RM ANOVA was applied;?< 0.001. Scale bar: 100 um.

4.1.4 Putative posttranslational modification of necdin ty NEDD8 and
SUMO2/3

Interestingly, an additional band of approximateb/kDa was detected during western blotting
(shown in Figure 12A). Moreover, by using microRNM#ediated necdin depletion, the
downregulation of necdin protein followed a diffetekinetic, indicating a different stability
levels of the protein, depending on the posttrdiasial modification (Figure 12A). Since the

molecular weight difference was approximately 1Gakive investigated the co-localization of
necdin with selected members of UBLs (Figure 12B).
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Co-localization of necdin with NEDD8 and SUMOZ2/3 svdetected in the microglial cells
(Figure 12C, D). As for the SUMOylation site, naetdiemonstrated an inverted SUMOylation
motif with exact fit to SUMO sites (highlighted gme Figure 12B).

A
necdin B 43KDa
HDAC1 —
control microRNA[Lae 2]+ - - -
mictoRNA necdin_320 - + - + -
microRNA necdin_854 - - + - +

harvested time point [days] 5 3 3 5 5

B

Putative NEDDylation (highlighted yellow) and SUMOyation (highlighted green) sites in
necdin protein:

Necdin [Mus musculus] protein sequence was obtdirmed National Center for Biotechnology
Information (NCBI) as shown below (NCBI referen@ggence: NP_035012). The highlighted

sequences were the corresponding putative podttiamal modification sites found in necdin.

MSEQSKDLSD PNFAAEVPDC EMIDSDAVPV G PPPASLAA NLAGPPCAPE GPMAAQQASP

70 80 90 100 110 120
PPEERI EDVD PKI LQQAAEE GRAHQPQSPA RPI PAPPAPA QLVCQKAHELM WYVLVKDKR

130 140 150 160 170 180
MWLWFPDWK EVMGSYKKWC RSI LRRTSVI LARVFGLHLR LTNLHTMEFA LVKALSPEEL

190 200 210 220 230 240
DRVALNNRMP MIGLLLM LS LI YVKCRGAR EGAVWWVLRI LG.RPVWKKHS TFGDVRKI | T

250 260 270 280 290 300
EEFVQONYLK YQRVPHI EPP EYEFFWGSRA NREI TKMQ M EFLARVFKKD PQAWPSRYRE

310 320
ALEQARALRE ANLAAQAPRS SVSED

Published motifs:
NEDDylation motif: [IL][VIT][RQ][IS][MLV]K[MAS][RHE ] (118)
Inverted SUMOylation motif: [ED]XK[VILFP] (119)
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50um

Figure 12 Posttranslational modification of necdin in microgla. (A) Putative upper necdin band
detected in western blotting. The membrane wasequtdbr necdin (NC243) and HDACL1 served as a
loading control. (B) SUMO modified proteins contaam acceptor Lys next to ®, which is a
hydrophobic residue. (C) Representative confocarascopy images of microglial cell$he primary
microglial cells were fixed and stained with NEDP@een), necdin (red) and DNA (blue). (D) The
primary microglial cells were fixed and stainedm8UMO2/3 (green), necdin (red) and DNA (blue).
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4.2 Expression and regulation of necdin in microglial ells in the ischemic brain
in vivo

4.2.1 Necdin expression levels at different reperfusiomtervals after MCAo

To test whether necdin protein levels were elevatealparticular time point after MCAo in the
leukocyte population of the brain parenchyma, aricked CD11b cell population were
obtained from NaCl perfused brains and necdin prdévels were further analyzed by western

blotting.

We investigated necdin expression at 24, 48, andot2s after reperfusion. There were 10 to
12 brains collected for each time point, which weeparated into ischemic (ipsilateral) and
non-ischemic (contralateral) hemispheres. Brainthefrespective time points were pooled and
the leukocyte fraction was isolated via Percolldigat and further sorted for CD11lgell

population using magnetic-activated cell sortingA@S). The isolated cells were lysed to

obtain whole cell lysates for western blotting asél.

As expected, CD11b protein expression was incresgedifically in the ischemic hemispheres
at the indicated time points, which was expectedCaxllb is an activation marker for
leukocytes (121-123); the protein levels increafech 24 to 48 hours and remained stably
expressed at 72 hours. A faint necdin band coulddtected in naive brains and contralateral
hemispheres at 24, 48 and 72 hours after MCAo.hkn ipsilateral hemispheres, necdin
expression could be significantly detected at apjerfusion time points. The protein level

dramatically rose at 72 hours after MCAo.
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Figure 13 Necdin expression level at different rep&usion time points after MCAo. Ipsilateral and

contralateral hemispheres of 10-12 mice per groepewwooled prior to leukocyte isolation and magneti
activated cell sorting with CD11b at the indicatiede points after MCAo. Protein lysates were anatlyz
via western blotting and probed against CD11b, meddDAC1 and GAPDH (latter two as loading

controls).

4.2.2 Morphology of necdin positive cells in an ischemimouse model (MCAO0)

and necdin expression level at different reperfusion intervals

After having demonstrated that there was a surgesoflin expression at a specific reperfusion
time point of 72 hours following 60 min MCAo0, weviestigated the specific cell type that was
immunoreactive to necdin. By using immunohistocletryj brain sections with different
reperfusion intervals following transient MCAo wenemunostained for necdin, Ibal and DNA.
Consistent with the western blotting analysis (feggul3), necdin expression was barely
detectable at 24 hours reperfusion in the ischémmisphere (Figure 14A). Seventy-two hours
following ischemic injury, the number of nectlimal cells increased. Moreover, nectiells
were typically ‘ameboid-shaped’, the presumed read¢orm of microglia/macrophages (Figure
14B). At a later time point of 120 hours, nectliml” cells were only sparsely detectable
(Figure 14C). As for the contralateral hemisphems;din immunoreactive cells were not
observed at all indicated reperfusion time poifitsages were shown from the 24 hours after

reperfusion time point of the contralateral hemesels (Figure 14D).

-49 -



Necdin and microglial proliferation Results

Interestingly, ramified microglia (i.e. the ‘regfifsurveillance’ form) did not express necdin in
both ischemic and non-ischemic hemispheres (Figd#s, C, D). Images from 72 and 120

hours reperfusion time points depicted the samerghions (data not shown).

A lpsilateral hemlspheres 24 hours reperfusion afteMCAo

B Ipsilateral hemispheres: 72 hours reperfusion afteMCAo0
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D Contralateral hemispheres: 24 hours reperfusion air MCAo

Figure 14 Necdin expression in subpopulation of mioglia/macrophages.Animals were subjected to
60 min MCAo0. (A) Brains were fixed at 24 hours rdpsion time point. Paraffin embedded brains
sections (3 pum) were fixed and stained with Ibatedg), necdin (red) and DNA (blue). (B)
Immunostaining of ipsilateral hemispheres at 72rbaeperfusion time point. (C) Immunostaining of
ipsilateral hemispheres at 120 hours reperfusiome tipoint. (D) Immunostaining of contralateral

hemispheres at 24 hours reperfusion time pointeSzar: 100 um.

4.2.3 Necdin mediates growth arrest in primary microgliain vivo

Having demonstrated that necdin plays a role asgative regulator in microglia proliferation
at baseline and after subjection to ischemic-ltkess using OGD, we next investigated necdin
proliferation on microglial cells in the ischemican in vivo. To test this hypothesis, LVPs
carrying either control or necdin microRNA wereratrterially injected following MCAO,
which therefore acted predominantly on the ischehgmispheres due to the compromised
BBB. Note: LVPs-transduced EGFFRells were not observed in the contralateral hehgise
and the number of EGFRirculating leukocytes was low as shown by FACSIysis (data not
shown). Briefly, LVPs were intra-arterially injecténto the common carotid artery (CCA) and
further advanced to the proximal internal carotigy (ICA) immediately after retraction of the
filament following transient MCAo0. During 3 dayspexfusion, mice were pulse-labeled with
BrdU to analyze the kinetics and fate of prolifergtcells marked by the thymidine analogue

which incorporates into DNA during S-phase (FigLsé\; for detailed experimental paradigm).
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The coronal brain sections were fixed and immurniosthfor Ibal, EGFP (LVPs) and BrdU as
shown in the representative images (Figure 15B). &dented transduced microglial cells
(Ibal'EGFP(LVPSs")) and proliferating transduced microglial cellbgL’EGFPBrdU") within

the cortical layers of the ischemic hemispheresr&twas a significant 1.9-fold increase in
number of proliferating microglial cells transduceith necdin microRNA compared to the
control microRNA-transduced cells (Figure 15C). &y, this effect was partially mediated
since only approximately half of these IB4&rdU" cells were co-stained for the EGFP reporter.
Transduction rate of IbaXkells were 0.23 + 0.10 (control microRNA) and 0#6.05 (necdin
microRNA).

A
A. cerebri media (MCA)
Circle of Willis
o A. carotis interna (ICA) time [h]: 24 48 7!2
x «—A. Pterygopalatina (PAA) ;/ 3/ ?/
+ A. occipitalis —
A. carotis externa (ECA) BrdU

f—A. carotis communis (CCA)

B

necdin microRNA
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Figure 15 Assessment of the role of necdin in theschemic brain via RNA interference.(A) A
scheme on the experimental setup in investigatiregrole of necdin in microglia. (B) Representative
images and quantitative analysis on cell proliferatafter downregulation of necdin via RNA
interference with lentiviral particles (LVPs) (Upppanel: microRNA with necdin; lower panel: non-
targeting microRNA). Paraffin embedded brains seti (3 pm) were fixed and stained with BrdU
(magenta), Ibal (red), LVPs (green) and DNA (bl&=ale bar: 100 um. (C) Cells were then counted as
Ibal+LVPs+ double positive and BrdU+Ibal+LVPs+l&ipositive cells. Animals underwent a 72 hours
of reperfusion time point, with daily BrdU injectio(Upper panel). For comparing two groups with
parametric data, a two tailed student’s t-test ajaglied. Data was presented as aligned dot-pldt wit
mean = 95% confidence interval (10 high power 8etterived from 3 - 4 representative sections, 5

animals per group). Power for performed test wigtha = 0.05: 0.71; *P < 0.001; scale bar: 50 pum.

4.2.4 Loss of necdin following focal brain ischemia in wio

After demonstrating that loss of necdin promotedliferation of Ibal cells in the ischemic
brain, we next tested whether the higher cell coohtproliferative Ibal cells confers
neuroprotection in an in vivo model of cerebrahismia. Animals were subjected to 60 min
MCAo and followed by intra-arterial injection of IR& carrying either control or necdin
microRNA during reperfusion. MRI was used to dei@erliesion volumes at day 5 after MCAo.
There was no statistic difference between the obrnd necdin microRNA groups (figure
16A). The mortality rate was 0.25 for all three mds of experiments (data not shown). Having

demonstrated that there was no significant diffeeeim lesion volumes between control and
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necdin microRNA which were driven by ubiquitous mater, we designed and generated
constructs which allow selective expression of piRiMAs in a cell typespecific manner. As
shown in figure 16B, the nucleotide sequence ofrobnor necdin-microRNA are inverted and
flanked by loxP sites. In the presence of Ibal+@mmbinase, loxP sites flanked-microRNA
will be excised and flipped to allow transcripti¢h24). Thus, by using this FLEX (flip and
excision) system containing either control or neadicroRNA in combination with Ibal-Cre
recombinase, transcription is only expressed byl'lle®lls. EGFP serves as a reporter for
ectopic necdin expression, whereas mCherry sersves @porter for microRNA (control or
necdin) expression (figure 16C). Western blottingmdnstrated that ectopic necdin was
depleted by necdin microRNA in the presence of 46ad but not with control microRNA
(figure 16D).
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Figure 16 Ubiquitous- and microglia-specific promoér expressing necdin targeting microRNA(A)

For comparing two groups with parametric data, a tailed student’s t-test was applied. Data was
presented as aligned dot-plot with mean + 95% denifte interval, n = 20 vs. 22 (control microRNA vs.
necdin microRNA). Power for performed test withtap= 0.05: 0.17. (B) Schematic diagram on the
FLEX system (C) Representative images of FLEX-miié\ expression (non-targeting- or necdin-

microRNA) in the presence (upper panel) and absélowveer panel) of Ibal-Cre recombinase (upper
panel) and absence of the Ibal-Cre. Expression.BXFmicroRNA (red) and extopic necdin (green) in

HEK?293 cells. Scale bar: 200 um. (D) Protein lysatere obtained at day 5 for western blotting and
probed with necdin, EGFP and GAPDH (loading coiytrol
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4.3 Endogenous necdin expression in a subpopulation oficroglia/mcarophages
in cerebral ischemia

4.3.1 Necdin is expressed in resident microglia but noniinfiltrating
macrophages in MCAo mice model

We have demonstrated that the expression of nesds abundant in microglia and barely
detectable in peritoneal macrophages at proteirelde(Figure 10B). Nevertheless, the
relationship between peritoneal macrophages isasotlose to microglia as to peripheral
macrophages, however, it is a good model for asgessrtain protein expression and function.
The lack of specific markers for discriminationweén microglia and peripheral macrophages
at the histological level prevents the precise fifieation of cellular subpopulations. To
overcome this problem, bone marrow (BM) chimericenivere utilized in this experiment,
since it is the only means available to distinguissident microglial cells from the infiltrating
macrophages, which were tagged with EGFP.

Following 60 min MCAo and subsequent 72 hours regérn, brain sections were
immunostained for necdin. In consistence with thestern blotting data, infiltrating

macrophages marked by EGFP did not express ne€idjuré 17).

BM derived cells

MY Y

. "
.

BM dérive‘d Ce s ~ws”

Figure 17 Necdin expression in resident microgliaersus infiltrating macrophages in the ischemic
brain. The chimeric mice were subjected to 60 min MCAo anbsequent 72 hours reperfusion. Free-
floating brain sections (40 pm thick) were fixedlatained with necdin (red) and DNA (blue). Scade b
50 um.
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4.3.2 Preferential necdin expression in subset of microgl/macrophages in
chimeric mice after MCAo subjection

To assess the transcriptional and translation&l$eaf necdin in subsets of leukocytes, we used
flow cytometry to sort for CD45 and CD11b to diffetiate resting microglia from reactive
microglia and infiltrating peripheral macrophagd$em transient MCAo (125, 126). After
demonstrating that in contrast to BM derived mabeges, only a certain subset of resident
microglial cells were immunoreactive to necdin, atempted to utilize BM chimeras in
combination with flow cytometry to further distinigh ramified (EGFPCD115/CD45"™) from
reactive microglial cells (EGFHED115/CD45""), where both cell populations were negative
for EGFP after transient MCAOo.

Mice were subjected to 60 min MCAo and subsequénidurs reperfusion before the brains
were collected and separated into contralateralipsithteral hemispheres. Leukocyte fraction
was obtained via Percoll gradient and further s@ifor CD45 and CD11b. The samples were
FACS-sorted for EGFRCD1165/CD45™ and EGFRCD11b/CD45"",
EGFP/CD115/CD45"™ and EGFPCD115/CD45"" (Figure 18A). Most of the EGFReells
are BM derived cells which infiltrated the brainrithg the breakdown of BBB. In contrast to the
contralateral hemisphere, the ipsilateral hemisghédemonstrated a prominent cell population
of CD11B/CD45"", irrespective of the origin of the cells (i.e. B&Br EGFP) (Figure 18A).

The collected FACS-sorted cells were used for agsgsecdin mRNA levels. The necdin
MRNA levels of all the FACS-sorted cell populatidinem the ipsilateral hemispheres were
normalized to necdin mRNA from EGFED115/CD45%" fraction. Cell populations that were
below 150 events were excluded from the mRNA aimglyshereas for cytospin analysis more

than 4000 cells were collected per fraction.

Of all the FACS-sorted cell populations from thsili@eral hemispheres, necdin mRNA level of
the EGFRFCD11B5/CD45™" cell population increased for 1.9-fold, whereas ttker cell
population were barely modified, 0.7-fold for EGRFD115/CD45"™ and 1.3-fold increment
for EGFP/CD116/CD45"™ population (Figure 18B).
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The collected FACS-sorted cells were cytospun antthér fixed and immunostained for necdin
and nuclear staining. In consistence with the imosteining (Figure 14B) showing
necdirilbal’ cells adopted an ameboid phenotype, which wakduonfirmed by detection of

necdin expression solely in the EGEID115/CD45"" cell population from the ipsilateral
fraction (Figure 18C).
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C
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Figure 18 Preferential necdin expression in subsedf brain inflammatory cells. (A) Representative
dot-plot scatter analysis of cells isolated fronsilgteral ischemic hemispheres (left panel) and
contralateral non-ischemic hemispheres (right papebled from 5 mice. The EGFP expressing bone
marrow derived cells along with the double stainiiog CD11b (BV conjugatedand CD45 (PE
conjugated) allowed the identification of 3 popidas: EGFRCD11b5/CD45"™ (resting microglia, P2)
and EGFFCD115/CD458"" (reactive microglia and EGFED116/CD45"" (bone marrow derived
cells, P6). (B) Quantitative analysis of necdin mRbbing real time PCR (normalized to TPP2 as house
keeping gene) against EGRED115/CD45"™ (microglia, P2) from the contralateral hemispherasing

the ddCT methodn=5. (C) Representative microscopic images of sthioytospin preparations with

necdin (DAB), DNA (blue), EGFP (green) and phasetiast (PC).
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5 Discussion

5.1 Expression and regulation of necdin in microglial ells in vitro

For the past few decades, numerous studies havecbeeucted on the role of microglial cells
in neurodegenerative disorders. Yet, the role afragjlia in the pathological brain remains
controversial. Furthermore, distinct contributidmacroglia to the pathophysiological cascades
triggered by the ischemic brain is masked by thitrition of blood-borne leukocytes
predominantly during the breakdown of BBB and thewvailability of markers to discriminate

these subpopulations.

Thus, the present work demonstrated the novelrdmdnat necdin was expressed in resident
microglial cells, and its expression was upregualateon ischemic insults. There are three main
parts of the discussion. Part one consists of tiro \data on the expression and regulation of
necdin in microglial cultures. Furthermore, we destoated a posttranslational modification of
necdin protein in microglial cells in vitro. This followed by part two where in vitro findings
(from part one) were corroborated by vivo data endin expression and regulation in MCAo
model. In part three, we addressed the questiomeddin was preferentially expressed in

subpopulations of microglial cells.

5.1.1 Necdin expression levels increase in microglial d¢glfollowing oxygen-

glucose deprivation (OGD)

The loss of necdin due to genetic defect is impdiddn the Prader-Willi syndrome (78). Thus,
necdin plays a pivotal role during the developmieptese of the CNS. Moreover, necdin is a
multifunctional neuronal protein that promotes agitvival, differentiation and cell cycle arrest.
In particular, this protein is involved in the rdgtion of hematopoietic stem cells during

hematopoietic regeneration (95).

The expression and function of necdin have prelydusen described in different cell types, i.e.

neurons, muscle cells and adipocytes.
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As for the CNS, necdin has only been describeaurans. Thus, we tested whether necdin was
also expressed in other cell types of the CNSglial cells, and whether it was regulated under
ischemic conditions. Our immunocytochemistry andsten blotting analysis in primary
microglial cells demonstrated a novel expressiomeddin. These observations were in line
with a study showing the involvement of necdin iermatopoietic stem cells (95), since the
origin of microglia is of the myeloid lineage (5@dditionally, besides the fact that necdin was
expressed in isolated microglia cultures at basatonditions, this protein was also induced in
an ischemic-like stress in vitro model, i.e. OG@nEistently, necdin was previously reported
to have physical interaction with, as well as bjital effect on hypoxia-inducible factor-1
alpha (HIF-I) (127, 128). Moon et al demonstrated that necdiiuces the transcriptional
activity and decreases HlFIprotein levels (127). HIF-1 is a transcription ttacregulated
under hypoxic conditions (129). During hypoxia &s brain ischemia model, this protein
stabilizes and promotes neovascularization (130jthErmore, exposure to hypoxia induces
microglia migration which is abrogated by blockadédIF-1a (131), implying the novel role of
necdin in negatively regulating microglia migratiproliferation via a reduction of HIFd-

under ischemic conditions.

Necdin is initially known as a nuclear protein timiexpressed in differentiated neurons (84).
However, it is now clear that necdin has multikes and interacts diversely with nuclear (96,
128, 132), cytoplasmic (89, 133, 134) and plasmanbmane (135, 136) proteins. By using
large-scale interaction screen analysis togethén tiie combined network established from
previously published interactions, the diverse rofenecdin was further confirmed as a
cytoplasmic adaptor, as well as a nuclear fact®r)1In addition, Lavi-ltzkovitz and colleagues
suggested that the subcellular localization of mepdotein is modulated via the utilization of
multiple karyopherin-dependent pathways, and detratesl that nuclear exclusion of necdin
induces cell death (137). In line with the literatuprotein fractionation on microglial cells
revealed the presence of necdin in both cytoplasamid nuclear subcellular localization.
Furthermore, there was an increase of necdin ih bgtoplasmic and nuclear fractions at 24
hours after OGD in comparison to baseline contmodl @arlier time point. Although the
functional outcome on necdin subcellular localizatremains to be elucidated, the expression
and increment of necdin in both subcellular fratsicuggested that this protein was regulated

upon ischemia and may have a functional role.
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Cellular division and proliferation on the mixedaglcultures after OGD exposure was validated
by upregulation of the phosphorylation of Serl0 Histone H3 (p-Histone H3), which

correlated with chromosome condensation duringsistor meiosis (138-140).

5.1.2 Necdin is expressed in resident microglial but nan peritoneal

macrophages and following OGD subjection

Both resident microglia and peripheral macrophagegnate from myeloid lineage (50). Thus,
after having shown that necdin was regulated imaised primary microglial cells, we next
investigated the expression of necdin in the blbodie macrophages. Due to technical
limitations in culturing blood-borne macrophageattinfiltrate the ischemic hemispheres, we
analyzed isolated peritoneal macrophages as anitia model. The limitation of using
peritoneal macrophages is that these cells werexaudtly similar to circulating monocytes in
the blood stream. Peritoneal macrophages are mtasogcruited into tissues and differentiate
in the absence of inflammation, whereas blood-bonomocytes were recruited into tissues
triggered by inflammation (141Nevertheless, peritoneal macropahges are theifastro
model in exploring the role of infiltrating macragudes in the ischemic brains, since these cells
can be cultured for further subjection to ischetikie-injury paradigm. Besides, the molecular

relationship between blood-borne and peritonealrapdrages is close (142).

Our data demonstrated a significantly higher trapgonal level of necdin in primary microglia
in comparison to peritoneal macrophages. Theseraisens were in consistence with the
absence of necdin proteins in peritoneal macrophagéaseline, as well as after exposure to
OGD. To date, there is no endogenous marker avaiiabdistinguishing resident microglia
from blood-borne macrophages that infiltrates tharbduring pathophysiological conditions.
Thus, necdin may be a potential endogenous mankdiffentiating the infiltrating blood-borne

macrophages from the resident microglia in the CNS.
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5.1.3 Necdin mediates growth arrest in primary microgliain vitro

Several studies showed that cerebral ischemiaseligicroglia activation and resulted in the
accumulation of microglia at the site of injury findocal proliferation and migration (73, 143).
After demonstrating the potential role of necdinrégulating microglial cells, we determined
the impact of this protein in microglia via a lasfsfunction approach using lentiviral particles
targeting necdin by microRNA expression. Mixed lglialtures were used in this study as
microglial cells proliferate better in the presencé astrocytic layer. Additionally, the
expression of necdin was restricted to bedlls and not in GFAPcells. Therefore, they were
suitable to be utilized to test the impact of nacslbecifically in microglial cells in mixed glial

cultures.

We observed that these necdiibal” cells adopted an ‘ameboid’ phenotype and founddbo

attached on top of the astrocytic layers. Thesermbtions were in agreement with our data
showing necdin expression in isolated microglia.nOfe, the in vitro activation status of these
microglia was not reflecting the resting type bather a reactive type of microglia due to their

reconstitution away from its microenviroment (49).

We next evaluated a role of necdin expression enstlrvival and proliferation of the glial
culture after OGD subjection. Cell count of Ibasind EdU incorporated cells suggested that
necdin regulates negatively on IBakll proliferation before and after exposure thamic-like
stress, i.e. OGD, respectively. In addition, a igggle cell loss between the control and necdin
microRNA-transduced cultures were determined, foezewe confirmed that the higher cell
count was not due to lower survival rate of theuwrels. Taken together, these data suggest a
novel role of the MAGE family memberecdin in suppression of microglial cell prolifecat in
vitro at baseline, as well as after OGD subject@ur in vitro observations were in accordance
with previous studies demonstrating necdin’s raeaell cycle arrest in NIH3T3 and SAOS2
cell lines (92, 93), as well as in white adipocgtegenitor (144) and hematopeictic stem cells
(95). Furthermore, necdin is able to interact witltlear transcription factors that regulate cell
cycle progression i.e. p53 and E2F1, and therepsessing their transcriptional activities (93,
96).
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5.1.4 Putative posttranslational modification of necdin ty NEDD8 and
SUMO2/3

We have identified an immunoreactive band at adrigholecular weight (~10 kDa) than native
necdin. Additionally, this protein band was downreged by necdin microRNA. These
observations indicated a high-molecular weight ricalion involving addition of other
peptides/proteins (e.g., SUMOQylation, NEDDylatiajquitination and 1ISGylation) to necdin.
We ruled out ISG15 which has a 17 kDa moleculaghteand focused on NEDDylation (8 kDa)
and SUMOylation (~12 kDa), which have moleculargte$ similar to the shift in size between
the putative posttranslationally modified necdimtpin and the native protein. Futhermore,
necdin contains predictive sites for SUMOylationdaMNEDDylation. This was further
confirmed by confocal microscopy showing co-locatlian of necdin with both SUMO2/3 and
NEDDS, respectively. We showed for the first tirhattSUMO2/3 and NEDD8 were expressed

in microglial cells.

In agreement, both posttranslational modifiers Haeen implicated in ischemic models in vitro.
For instances, SUMO2/3 upregulation is implicatedschemia-like stress (111), and NEDDS8
stabilizes HIF-& in normoxia and further increased its level in ¢wip (145). Both
posttranslational modifiers were reported to bedased in ischemic-like stress or through the
conjugation with substrates, which coincide with western blotting analysis showing a slower
kinetic in the microRNA-mediated necdin downregiglatof the posttranslationally modified

band. Thus, the posttranslationally modified necday have a longer protein half-life.

5.2 Expression and regulation of necdin in microglial ells in the ischemic brain
in vivo

Microglial culture is an important in vitro modedrfexploring the diverse aspect of microglial
cell biology. However, the pitfall of this modeltisat the removal of these microglial cells from
their native microenvironment leads to inherentnges in their phenotype (49). Thus, in vitro
findings may be insightful but are neither entiregflecting the in vivo situation nor easily

translated into in vivo settings.
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The following studies were aimed to corroborate iouritro findings on the expression and

regulation of necdin in microglial cells in the ¢ext of cerebral ischemia in vivo.

As aforementioned, mild and severe MCAo are widedgd depending on the question to be
addressed, as the duration of the occlusion wilkrdgine the infarct area it encompasses.
Throughout the whole study, we used the severe i60tnansient MCAo model, whereby the

infarct area stretches to the cortical layers (5).

5.2.1 Necdin expression levels at different reperfusiomtervals after MCAo

Having shown that necdin is expressed in primarmoglial cells in vitro, we next investigated
necdin expression in the murine brain in vivo, adlvas determining the kinetic of necdin
expression subjected to transient MCAo. The 60 Mh®A0 model consists mainly of necrotic
cell death in the infarct core area (7). Under ¢hesnditions, the evolution of injury is
predominated by a failure of the cerebral energiest

We proceeded with a 60 min MCAo mice model to exenthe expression and function of
necdin. Interestingly, unlike in the microglial tude, where necdin was constitutively
expressed at baseline, necdin was only mildly esga@ in CD11bcell population derived
from naive brains, as well as from ischemic heméseh at early reperfusion time points, i.e. 24
and 48 hours, after MCAo.

In contrast to a later reperfusion time point alt€Ao, i.e. 72 hours, necdin expression was
robust and restricted to the ischemic hemisphengs €onsistently, Farber et al reported that
the number of Ibalcells peak at 72 hour reperfusion in a 60 min MGAadel (146), which
coincides with the peak of necdin expression ingtudies. Thus it is tempting to speculate that

necdin may have a role as a negative regulatdreoinflammatory Iba’lcells.
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5.2.2 Morphology of necdin positive cells in an ischemimmouse model (MCAO0)

and necdinexpression level at different reperfusion intervals

After having demonstrated that necdin expressios significantly expressed specifically at 72
hours after MCAo, we proceeded to investigate thenptype of necdiitbal” cells in the

ischemic hemispheres. Given that the morphologyptedb by resident microglia is highly
diverse and is profoundly influenced by its localvieonment, it is interesting to observe the

morphology adopted by Ibatells that express necdin.

In line with our western blotting results where diecwas abundantly expressed at a later time
point after MCAo, i.e. 72 hours, frequent numbefsnecdirilbal’ cells were observed and
restricted to the ischemic hemispheres only. Fuambee, virtually all these cells adopted a
reactive ‘ameboid’ phenotype. These observatioqdyim de novo expression of necdin protein
in Ibal’ cells upon ischemic insult, particularly in thoseeactive ‘ramified’
microglia/macrophages. Necdin expression was ohBerved in neurons in the contralateral

hemispheres.

Even though necdin was discovered about 2 decaglestlde descriptions of necdin in an in
vivo setting only address the pool of neurons e @NS. Nevertheless, it was clearly detected
in microglial cell culture. The reason for this dispancy may reflect the fact that cultured
microglial cells excluded from their microenvironmeinside of the brain can only be

maintained in their reactive form.

Taken together, we described a previously unknoxgmession of necdin in resident microglia
in the ischemic brain. These studies indicatedl@ @b necdin in anti-inflammation, as necdin
was expressed in the ameboid phenotypic-reactiveroglia only and thereby restricts

proliferative Ibal inflammatory cells from overwhelming the brain gachyma.
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5.2.3 Necdin mediates growth arrest in primary microgliain vivo

Albeit demonstrated in cultured primary microgl@lls in vitro, we wanted to delineate if
necdin plays a role in the modulation of prolifeatof Ibal cells after brain ischemia in vivo.
To test this hypothesis, lentiviral particles cagiior control or necdin microRNA were intra-
arterially injected at the beginning of reperfusi@ntra-arterial injection resulted in transduced
cells restricted to the ischemic territory of th€€® Necdin microRNA-transduced microglia
appeared to proliferate significantly more than doatrol microRNA-transduced cells in the

cortical layers of the ischemic hemispheres

Of note, only roughly half of the pool of proliféirag microglia/macrophages was directly
induced by microRNA-mediated depletion of necdince the other half of the proliferating
cells was not transduced with LVPs. These dataestggrole of necdin as a paracrine mediator
of cell proliferation. Thus far, necdin is capableinteracting with interleukin-1 (IL-1§ and
IL-113, whose attributes include regulating cell lipeoation (91) and inflammatory response
(147). Additionally, IL-Tn and IL-13 are pro-inflammatory cytokines that ciimite
prominantly to ischemic brain injury. We speculéitat necdin mediates cell proliferation via

paracrine signaling by interacting and thereby l&gw cytokines in the ischemic brain.

Taken together, this result suggests that necdatifsp RNA interference impacts on the
proliferating fraction of Iballcells after brain ischemia in vivo, which was wnsistence with
our in vitro data, as well as with the literatu®2,(93, 95, 96, 144).

5.2.4 Loss of necdin following focal brain ischemia in wio

Having demonstrated that necdin microRNA-transducelts proliferated significantly more
than the control microRNA-transduced cells in teehemic brain, we next determined the

effects on the infarct volume of these cells byngVRI .

There was no significant difference in the infarotume between mice injected with control
and necdin microRNA following focal MCAo. Of notstatistical evaluation of this data set

demonstrated that it was prone to a type Il efRe10(83), indicating a high probability (83%) of
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a false negative. Furthermore, a repetition of élxperiment was quickly abandoned after
recalculation of the number of cases needed acuptdi the parameters obtained from this set
of experiment (effect size = 28.9%, mean standekdation = 75.2%¢ = 0.05, B3 = 0.2, Power:
1-3 =0.8).We ended up with a calculation of 13Sesaper group by taking 25% of the
mortality rate into account. A preclinical studytiwsuch a high number of animals would
never have been approved by the animal welfardtitishs. A flaw on the experimental
paradigm was that it incurred a high variance anitifarct volumes. Thus, we decided to work
on improving the experimental setup i.e. by usirgglhtype-specific intervention strategy. Our
rationale for using this ubiquitous promoter in ddnation with a severe MCAo model was that
even though necdin-expressing neurons were affeciarons in the infarct core region are
prone to undergo necrotic cell death. Thus, netdigeting microRNA should only affect
microglial cells invading into this area. Nevertsd, the usage of a ubiquitous promoter was a
failed attempt, since unspecific RNA interferengpra@ach targeting both neuronal and non-
neuronal brain cells might have masked a biologigict of proliferating microglia population.
Therefore, it is essential to target microglia $jpeally, as neurons at the infarct region could be
more susceptible to ischemic stroke since necdbleen reported to be neuroprotective (99,
101, 102, 136).

Although conventional necdin knockout mice have nbgeeviously used (82, 148, 149),
however these transgenic mice do not allow a gpk specific analysis and may suffer from a
higher vulnerability for other CNS-cell types inngeal. Thus, the ideal approach is to use
selective RNA interference in specific cell typehefefore, we generated i) FLEX-cassette
consisting of RNA interference targeting necdin, erdby necdin microRNA will be
conveniently excised and flipped to allow transioip to take place in the presence of Cre
recombinase ii) Cre recombinase driven by Ibal ptem(lbal-Cre). The necdin microRNA-
FLEX cassette in combination with Ibal-Cre recorabmwill allow the expression of necdin
microRNA only in lbal cells. These constructs have been successfullergtn and
established in cell culture models. In the presearidére recombinase driven by Ibal promoter
(Ibal-Cre), inverse necdin microRNA was transcrilzed visualized by the expression of
mCherry fluorescent protein. Furthermore, westdatting analysis demonstated that ectopic
necdin was depleted by necdin microRNA and in tles@nce of Cre recombinase only. Taken
together, for future experiments to assess strokeome from proliferating microglia, we have

established tools for a microglia specific promatecausing the loss of necdin protein.
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5.3 Endogenous necdin expression in a subpopulation oficroglia/mcarophages
in cerebral ischemia

The breakdown of BBB during brain pathology allowe infiltration of blood-borne
macrophages into the local brain parenchyma. Umdlv, no immunomarker is available in
discriminating resident microglia from peripherahenophages that enters the brain. Thus the
impact of the distinct population that may conttéoto the pathogenesis in heurodegenerative
disorders remains obscured. Microglia studies tbatiire this discrimination is circumvent by
using the bone marrow chimeras, whereby infiltgtlaukocytes in the brain parenchyma,

including peripheral macrophages will be marked&EBFP.

Additionally, distinct activation status of residenicroglia can be distinguished by using BM
chimeras in combination with flow cytometry. Thenified microglia were marked by EGFP
/CD118/CD45%, whereas reactive microglia were EGE®115/CD45"™". Following studies

demonstrated that necdin was preferentially expresssubpopulations of microglial cells.

5.3.1 Necdin is expressed in resident microglia but noniinfiltrating
macrophages in MCAo mice model

BM chimeric mice are used in discriminating twolcebpulations (resident microglia vs.
infiltrating blood-borne macrophages) in the brgiarenchyma under pathophysiological
conditions. However, the limitations of this methisdthat these mice are irradiated before
receiving engraftment from the donor cells exprag&GFP, which inevitably causes artefacts
(i.e abnormal proportion of the donor cells in bheod stream and damage of the vessels). Thus,
the search of a marker is pivotal in order to deiee the impact contributed by distinct cell

population towards the CNS pathologies.

After having shown that both transcriptional andnsiational levels of necdin were in
consistence and highly expressed in cultured mierdgut not in peritoneal macrophages.
These observations suggest a preferential expresgimecdin in these two cell populations,

which led us to investigate on the necdin expraeskgeels in the in vivo context (i.e. resident

-69 -



Necdin and microglial proliferation Discussion

microglia vs. blood-borne macrophages). By using Biimeric mice generated from EGFP

transgenic animals, we observed that necdin expresss restricted to resident microglia only.

Thus, our in vitro and in vivo findings indicateldat necdin was preferentially expressed in
these two cell subpopulations, which may be a giaemarker in discriminating these two cell
populations. Since not all Ibatells were necdin only a small subpopulation of the resident

microglial cells can be distinguished from thelirditing blood-borne macrophages.

In agreement, preferential necdin expression has lemonstrated in preadipocytes, brown
preadipocytes have a higher expression levels wigte preadipocytes (150). Additionally,
necdin has been shown to affect differentiatiorGafBAergic neurons but not Glutamatergic
neurons (103).

5.3.2 Preferential necdin expression in subset of microgl/macrophages in
BM chimeric mice after MCAo0 subjection

As we have shown that necdin was expressed onlg pyoportion of the Ibdlcells, and
immunohistochemistry showed that neddiells were restricted to the reactive ‘ameboid’
phenotype in the ischemic hemispheres. In additiwr, have ruled out the infiltrating
macrophages to be immunoreactive to necdin. Thumfsered that necdincells were resident
microglia which was in their reactive state in thaticular time point after MCAOo, i.e. 72 hours.
To confirm this hypothesis, FACS sorting of leukiEcyn the ischemic hemispheres of BM
chimera were used to distinguish ramified phenatypicroglia (CD11CD45"™) from the
reactive microglia (CD1T6CD45""). In line with our hypothesis, necdin mRNA and teio
levels were in consistence and detected in reactim&eroglial cell  population
(CD115/CD45""/EGFP) only, whereas necdin protein levels were not nkeskin resting
state ‘'ramified’ microglia (CD1IBCD45"/EGFP) and granulocytes or infiltrating
macrophages (CD11CD45""/EGFP) populations. The role of resident microglia hasinty
been attributed to morphologically reactive miciag{61). Recently, Vinet and coworkers
showed that ramified microglia are neuroprotective hippocampal excitotoxicity (151).
However, no immunomarker has been described to indissh reactive from

resting/surveillance state microglia, except byngdrACS to sort for CD45 and CD11b. Our
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findings demonstrated that necdicells represent a subpopulation of resident mi@aghich

belongs to the reactive microglial subtype.

In summary, we identified a previously unknown egsion of necdin in resident microglial
cells in the CNS and report that necdin playedle o the proliferation of reactive resident
microglia following cerebral ischemic conditions.oNulation of microglia proliferation might
have an impact on long-term stroke outcome, althdugs still under debate whether reactive
microglia are beneficial or detrimental in the mathysiology of brain ischemia. Thus, necdin
may be used as an endogenous modulator in reguidinnumber of microglial cells or might
interfere with their phenotypic characteristicdlie brain and thereby regulate stroke outcome.
In addition, future studies might identify endogesanicroRNA profiles which impact on the
translation of necdin mRNA and regulate the exposssf necdin. This might impact on the
differentiation of certain subpopulations of midiagduring resolution of the inflammatory

response after brain ischemia.
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6 Conclusion

The most significant findings from this doctorag¢#s are concluded as following:

1 Necdin, a neuronal protein was identified in restdenicroglia cells in vitro and was

upregulated upon ischemic-like injury such as OGlrthermore, a putative posttranslationally
modified necdin band at higher molecular weight weBentified in microglial cells. By using
RNA interference targeting necdin, a significaritigher number of proliferating Ibatells
was observed. These in vitro data suggested tlwalimés a negative modulator in microglia

proliferation in ischemic-like injury in vitro.

2 The morphology of microglia is highly diverse, aheir changes correlate with pathological

conditions. We observed that IGatells that are immunoreactive to necdin exhibitad

ameboid phenotype reflecting the reactive statenmfroglia cells in cerebral ischemia. In
contrast to microglial cells in vitro in which necdwas constitutively expressed, cerebral
ischemia rendered de novo expression of necdinhwigaks specifically in CD11lkells at 72

hours. In line with in vitro studies, the lossracdin in the context of ischemic injury triggers
significantly higher proliferation of Ibdlcells in vivo. However, stroke volumes were not
altered with higher cell number of proliferativealb cells. To further address this question,
contructs that allow selective expression of RN#eiferance in the cell culture model i.e. a

FLEX system in combination with Ibal promoter driv€re recombinase were established.

3 In contrast to isolated microglial cells, peritohesmcrophages did not express necdsy.

using BM chimeric mice, whereby blood-borne monesyiwvhich infiltrate the brain (marked by
EGFP cells) were distinguishable from resident micraglafter cerebral ischemia,
demonstrated that necdin was only expressed byeamisimicroglia in vivo. Furthermore,
necdin expression was expressed by a subpopulaitimsident microglial cells, which are the
CD11b/CD48"" expressing cells (reactive microglia) in the cahtef cerebral ischemia.
Taken together, necdin may be used as a markehdoidentification of the subpopulation of

reactive microglial cells in the brain.
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Experiments on Human Beings

There were no experiments performed on human beingeman samples within this project.

Permission for Cell Culture and Animal Experiments

All cell culture experiments have been approved.-BgeSo (Landesamt fur Gesundheit und
Soziales) on TVA T0046/07 (Tétung von Wirbeltierem wissenschaftlichen Zwecken). An

official authorization for all in vivexperiments was on TVA G0385/08.

Genetic Engineering Experiments

All lentiviral experiments have been approved by thGeSo on TVA G441/06, approval date:
30th November 2006, Project leader: Prof. Dr. Gbpls Harms.
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