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ABSTRACT

Microglial involvement in neurological disorders is weéitablished, being microglial
activation not only associated with neurotoxic consequences, but alspewrtbprotective
effects.

The studies presentéere based on microglia rat primary cell cultures and mainly
on microglial conditioned medium (MCM), show insights into the mechanism of
Superoxide dismutase 1 (SOD1) and Apolipoprotein E (ApoE) secrejionidsoglia as
well as their neuroprotective effect towangismary cerebellar granule neurons (CGNSs)
exposed to the dopaminergic toxishgdroxydopamine (®HDA).

SOD1 and ApoE are released respectively throughctassical lysosomal or the
classical ERGolgi-mediated secretion pathway. Microglial conditioned medium, in which
SOD1 and ApoE accumulated, protected CGNs from degeneration and these effects were
replicated when exogenous SOD1 or ApoE was added to aamufitioned medium.

SOD1 neuroprotectey action was mediated by increased cell calcium from an external
source. ApoE release is negatively affected by microglia activation, both with
lipopolysaccharide (LPS) and BenzoylbenzaylP (BzATP) but is stimulated by
neuronalconditioned mediunas wel as in microglianeurons ceculture conditions. This
neuronalstimulated microglial ApoE release is differently regulated by activation states
(i.,e. LPS vs ATP) and by-Bydroxydopamingnduced neurodegeneration. In-calture
conditions, microglial ApoEelease is essential for neuroprotection, since miaogfpoE
silencing through siRNAabrogated protection of cerebellar granule neurons against 6
OHDA toxicity. Therefore, these molecules could represemarget for manipulation
aimed at promoting neoprotection in brain diseases.

Considering a pathological context, and the microglial ability to adopt a
neuroprotective or neurotoxic profile, wharacterize the microglial M#2 phenotype in
transgenic rats (McGHR-Thyl-APP) which reproduceextensivey t he Allikehei mer
amyloid pathology. Here, for the firstne, cortical hippocampal and cerebellar microglia
of wild type and transgenic adult rats were compared, at both early and advanced stages of
the pathology. In view of possible therapeutim$lations, these findings are relevant to

test microglidneuroprotection, in animal models of neurodegenerative diseases.
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Introduction

1.1 MICROGLIAL CELLS: FROM FIRST CHARACTERIZATION TO LATEST
DISCOVERIES

The fhistory of physiology is rich of examplesof cell typeswhose functionhasbeen
rapidly discoveredafter their first isolation or characterization. This is not the cake
microglial cells or at least, not completelfirst discoveredn the earlyl900, afteiseveral
decadesof studies,there is stillwide space for newnsightsconcerning the rolef this
heterogeneous cell populatiaspecially in pathological situations.

Actually, following the early description of neuroglia by Virchow in the mid
nineteenth entury, other contemporary pathologists and psychiatrists, including Nissl and
Alzheimer, are noteworthy for their remarkable insights on the nature of microglia. In
particular theycommentedon the possibility thatluring its developmenthe CNS was
popukted by cells of nomeuroectodermal origifKettenmann and Ransom, 2012

Speculation aboursdi as to the source of these invading cells, gasticular
attention was focused with increased consistency on the possibility that mesodermally
derived cek were the invads.

This led to theformulation by Cajal okl tercerelementpthe third elemet of the CNS,

referring to a group of cells that was morphologically distinct from both first and second
elements (neurons and astrocytic neuroghwever it was the Spanish neuroanatomist
delRioHor t ega who, in 1932, ghraedi ohegyotfer AfF
di stinction of Cajal 6s third el emenfitst i nt o o
systematic investigation on microglial cellehich remairs quite relevant even today

(Rock et al., 2004Kettenmann and Ransom, 2012

However, following this era of intense scientific investigadjdhe field of research
on microglia &perienced an eclipse that lasted half a cenlock et al., 200¢ In recent
history, the debate over miciay ontogeny haseen followedby another fervent
discussion, this one focusing on the functional significance of activated tratroglls,
that is, whether activation of microglial cells is b&neficial or detrimental process
(Kettenmann and Ransom, 2Q01Rore precisely in tB past 1820 years a surprising
awakerng of interestis withessed byhousand®f published articles containing the term
i mi cr o g liritite.0This rebirth di iaterest is due to tiaell-estallished evidence of
microglial involvement in neurodegenerative disedBexk et al., 2004 being microglial
activation and neuroinflammation common features of these neuropathdi®giaszi and
Monti, 2010.
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1.11 Current consensus on microglial ontogeny

Two main issues characterized a longstanding debate concerning the origin of microglia:
the mesodrmal versus neurectodermalderivation ad when and how do microglia
populate the Central@ivous Sgtem.

Nowadays it seems that both issues have been largely resadvieds widely
accepted that (i) unlike astrocytes, neurons and oligodendrocytes, which are derived from
neuroectoderm, both peée vascul ar and parenchymal- micr ¢
monocytico |l i neage and t herefore deri ved
microglia become part of the CNS parenchyma early during embryonic development at
about the time neurulation has beempletedKettenmann and Ransom, 2012
Microglial precursor cells are an importasdmponenbf the CNS durindoth embryonic
and postnatal developme@ellsd e s ¢ r i fbeetda la sm ai(Takahadhiatple $989
populate the developing neurcegérm as early as embryonic day 8 in rodents and during
the first trimester in humangAlliot et al., 1999 Monier et al., 2007Ginhoux et al., 2010
and are consideretthe earliest detectable microglial precursor cells becausectreype
visualized using lectin histochemical markéra specificallylabd microglia (Sorokin et
al., 1993. Interestingly, this fetalmacrophages can be found in the primitive
neuroectodernbefore it becomesvascularized(Chan et al., 20Q7Monier et al., 200y
which excludeshe possibility thabloodbornemonocytes ardirectmicroglial precursors.

When the embryonic CNS develops toward the perinatal stage vaious neural cell
types mature and differentiate, fetal macrophagesaracterized by a rounded morphology
alsoturn into a more differd@rated embryonic microglia witehort processg¥ettenmann
and Ransom, 20)2

In rodents, during perinatal stages &boutembryonic day 2)) islandsof so called
ameboid microglial cellappearLing and Wong, 1998as aggregated clustes§ rounded
cells in specific anatomical locationgarticularlyin the supraventricular corpus callosum
(Ling and Wong, 1993Hurley et al., 199P After birth, ameboid microglia within these
clusters undergo mitosis, and these supraventricular clusters of proliferating cells were
recognizedand termed thenfountains of microgliaby early microglial researchers
(Kettenmann et al., 20)1
Contemporary neurobiologs might prefer the term microglial progenitors cells instead of
ameboid microglia in order to emphasitheir status of immature precursor cells.

During the first two postnatal weeks, microglial progenitor cells migrata fihe corpus

callosum into theoverlying cerebral cortex, differentiating into fully ramified microglia.
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This perinatal microgliogenesfacilitatesmicroglial colonization of the forebrain, which
presentsts most expansive growth during the postnatal pefficettenmann and Ransom,
2012.

In adult physiological conditionthere is a minimateplacement of microglia from
exogenousaurces, such as thmne marrow(Ajami et al., 201} Furthermore neroglia
have he greatest mitotic potentislmongall parenchymal cells in the CNS and are
therefore capable of selénewal.However, nicroglial proliferationin the normal CNS
occurs at a verlow rate, indicating low turnoveas well asa longcells lifespan(Lawson
et al., 1990 Nonetheless, a small fraction of microgkalls may undergo replacement by
bone marrowderived preursors via perivascular cells, theononuclear phagocytes that
reside in the VirchowRobin (perivascular) spaces surrounding medium and -sizal

cerebral vesselKettenmann and Ransom, 2012

extra-embryonic Primitive
yok sac  hematopoesis

Definitive embryonic

[? J_L hematopoesis AGM/ FL/ BM
RBC \/
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e @HSC . Fig.1. Differential origins
S8 A of microglia and monocyte
%% /MDP\ derived brain macrophage
o
gg oot preDCS (Jung and Schwartz, 2012
o

|

_ | Microglia

While the concept of physiologic infiltration of bone marrderived progenit@ in the
intact CNS is somehow disputed, there is no doubt that these precursors populate the brain
during injuries and diseasefEglitis and Mezey, 1997Flugel et al., 2001Beck et al.,
2003 Ladeby et al., 2005 0n occasion, perivasculeells may peneate the perivascular
basement membrane, enter the parenchyma and differentieite processearing
microglia, an hypothesis supported byudies using bone marrow chimeras and
localization of major histocompatibility antigen@lickey and Kimura, 1988Streit et al.,
1989.

As concluding remark, the identification of tlugigins (tissue and lineage) of

resdent parenchymal microglia have an extreme importance for therapeutic approaches
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that may use these cells as a ethfor delivering key molecules capable of improving the
nervous system in case of injury and disg¢&sdazzi and Monti, 2010

1.2 WHAT IS KNOWN AND UNKNOWN ABOUT COMMUNICATION
BETWEEN NEURONS AND MICROGLIA

During the &st decades, it has become evideat the functions traditionally asced to
microglia, i.e. tocleardead cells and debris and to mediate brain inflammatory states, are
only a limited fraction of a much wider spectrum of functions spanning from brain
development to aging and neuropatholdgglazzi and Contestabile, 2Q0Rlow it is well
known that these cells are capable of integra@agresponding approptely to different
inputs (Hanisch, 2002 Schwartz et al., 20Q06Hanisch and Kettenmann, 2Q0&nd
microglial activation is a process more diverse and dynamic than has been considered

the past

Although ramified microglia in the

CNS show a more quiescent immunologi

presynapse

profile than other tissue maphages (anc
how this is achieved is less understoc
these cells are not anymore considerec = ™9™
O0r est i ng 0 -phdioa craiaroscepy
showed highly motile processes of the -
cells that actively screen the

microenvironment(Davalos et al., 2005 Fig.2. Dynamic interaction of microglial

processes with the tripartite synap

Nimmerjahn et al., 20Q5Haynes et al., (Kettenmann et al., 2013

2008.

With more than 1 to 3 mm/min process extensions and retractions, microglial processes in
the healthy brain make briegkpetitive contacts with synapses at a frequency of about once
per hour. Wakeand colleagueseported that microglial processes appear in a close
proximity to presynaptic boutons, where they remain for about 5 min and then retract
(Wake et al., 2009

The brain is thus under permanent microglial survei#gFetler and Amigorena, 2005

which supports the earlier concept of microglia as the first line of defense in the CNS

(Kreutzberg, 1996 van Rossum and Hanisch, 2004nd, once activated, microglia
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specifically interact with neuronsnfluenang their suwival either in a positive or in a
negative direction.

Concerning neurons, so far, they mainly have been described as victims of
(overiactivated microglia, with limitednfluence on microglia functions and activity.
Multiple evidence showethat neurons iform microgliaabout their status and are capable
of controlling microglia function, thereby contributing to timlammatory milieu of the
CNS. Thus, neurons can lsipposedis key immune modulators in the bréBiber et al.,

2007).

This highlights the functional interplay between these two cell stypeith
microglia controlling apoptosis and synaptic properties, and neurons being able to
influencemicroglial activation.In generalthe brain is the biggest puzzle for the immune
system with a very thin line separating protection and restoration foxity and
destructionTurrin and Rivest, 2006

1.2.1 Physiological conditions

Many factorsjncluding chemokines or small molecules like ATP, are detectable by
microglia in case ofieuronal injury Moreover microglial activation in the healthy bras
limited becauseonce activated, microglial immune function is rapidly turned down to
avoid the development of unwanted side effedtsat may causesecondary neuronal
damaggGalea et al., 2007 Microglia controlneural networks either through removal of
cellular and subcellular elements (by phagocytosis) or through secreting multiple factors
with transmitter, trophic oneuroprotective propertie¥he variety of neureactive agents
that microglial ells can secrete has been mainly studied in cell culture.
Conceptually, twokinds of signals control microglial behavior in response to injury:
600 fmenddd si gnal s atinproainity of thedcarmmagyleida ls i eel,| swher e
me 6 6 s i gmieadgla toadentify the target and trigger phagocytosis. According to
another classification microglial immune function is controlled by two classes of signals,
namedd Of f 6 and (Bib&et@l., 200ignal s
The former are constitutively found in the healthy, normal dtianing brain
microenvionment, thus the isappearance of Off signalper se causes microglia

responses.
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Neuron Neurotransmitters. throgha
Glutamate
—» O mGluR
GABA
-—» O GABAB
Catecholamines
—>
Peptides. Fig.3. Molecular actors of neuron to
CD22 microglia communication. Information
b - CB flow from neuron to microglia is
CCL21 :
> @ CXCR3 achlgved through contact or by secret
mediatorgBessis et al., 2007
Fractalkine CX3CRI
—_ O
Contact
Fractalkine -— CX3CRI
CD47 SIRPax
SIRPa. CD47
CD200 CD200R

By contrast, On signalact and operat®n demandto initiate a defined microglial
activation program (proor anttinflammatory (Biber et al., 200§

On the other handfor the control ofmicroglia neurons utilize different classes of
signaling molecules, such as purines, neurotransmitters or membrane bound molecules that
may functionas A On o0 or (Bbé& ktfalg 2087Haniach &nd Kettenmann, 2007
Pocock and Kettenmann, 2007

Studiesin vitro demonstratedhat microglial cells express aamety of receptors for
neurotransmitters, neuropeptides, and neuromodulabmig ableto sense neuronal
activity (Pocock and Kettenmann, 20074n general, in the normal brain the immune
response of microgliasikept quiescent by neurons through both humordl cattcell

contact mechanisms.
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1.2.1aNeurotransmitters

Cultured microglicells express adrenergic receptors, metabotropic and ionotropic
glutamate and -@minobutyric acid (GABA) receptors, dopamimeceptors, bradykinin
receptors, and several g of purinoceptors, which influendkeir electrophysiological

membrane propertiefarber and Kettenmann, 2006oue, 200%.

For example artial activation of Hededd microglia
glutamate — >
both - GABAA and GABAB receptors GABA —1~
serotonin — >
renders microglia less responsive to s )

inflammatory stimuli such as
lipopolysacharide (LPS) and interferen
gamma (Lee et al., 2011 Similarly,
glycine, which is the othemain inhibitory
neurotransmitter, also attenuateshe
production of inflammatory cytokines and
the  phagocytic activity of brain
macrophages(Schilling and Eder, 2004
and noradrenalin reduces the LPS
stimulated release of NO, 4& and TNFa.
Dopamine might also regate microglial
release, but this issue remains debated

(Chang and Liu, 20Q0 Farber and Fig.4. Neuronmicroglia and astrocyte

Kettenmann, 2005 microglia signaling pathways in patholoc
and physiologyKettenmann et al., 2013

Finally, stimulation of vagus nerve attenuates peripheral macrophage activation
through the release of acetylcholifigorovikova et al., 2000NVang, H. et al., 2003These
studiessuggest that neurotransmitters could in general reduce microglial celieasers
(Farber and Kettenmann, 2003However, the role of glutamate, which is the mai
excitatoryneurotransmitter, remains to blarified.

These findings raise the hypothesis that microglia can sense neuronal activity based
on local neurotransmitter levels and that this Off signalimgts microglial rdease of

proinflammatory molecules

10
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It is now evident that neurotransmitters instruct microglia to perform distinct types
of responses, from triggering an inflammatory cascade to acquiring a neuroprotective
phenotypgPocock and Kettenmann, 2007

Although a diversity of transmitter receptors has been described on micsmglia,
far we lack experimental proof that these receptors are activated during synaptic
transmission becauskeeir expression has only been studied in acute brain slices where the
microglial activaton process is already initiateld is likely, however, that microglia in the

healthybrain already express many (if not all) of such recefft¢éettenmann et al., 20).3

1.2.1b Peptides

Due to numerous observations that damaged neumosmgo are rapidly surrounded
by activated microglia, it is suggested that injured neurons emit microglia @atsréRtreit
et al., 1999 de Jong et al., 2005Except for C chemokines, members of all other
chemokine &milies have sdar been described in neurofde Haas et al., 20p7and
interestingly, ér most of them microglia express the corresponding receptors andidespo
in vitro with chemotaxis(Biber et al., 2001 Biber et al., 2002aBiber et al., 2002b
Dijkstra et al., 2004de Haas et al., 2007

A valid example is CX3CL1 (CX3C chemokine ligand 1, also known as
fractalkine) anembrane bound protein thadn be also released from the cell by cleavage
from the surface byproteases of the A Disintegrim@é Metalloprotease (ADAM) family
(Garton et al., 20QIHundhausen et al., 2003 Snce its receptor (CX3CR1) is expressed
only by microglia in the CN$Verge et al., 2004 a role of CX3CL1CX3CR1 signaling
in neurofi microglia interation has beesuggestedHarrison et al., 1998

However, it is yet not clear whether membrane bound or soluble CX3CL1 is
responsible for microglia inhibitiom vivo. In vitro, it has been shown that neurons release
CX3CL1(Erichsen et al., 2003.imatola et al., 2006 Moreover, Cardona and colleagues
reported soluble CX3CL1 concentrations up to BGONI in aqueous extracts derived from
norrinflamed byain, which suggests that CX3CL1 is constitutively released in the normal
CNS.
The same authors showttht loss of CX3CR1 function increases microglial neurotoxicity
upon central nervous system alterati@ardona et al., 2006upporting the idedhat
neuronal fractalkine résins microglial function. The existence of a neuronal membrane
anchored fractalkine with a microglial receptor suggests rieaatonmicroglia crosstalk

also takes place by contact.

11
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Furthermore, transforming growth factoeta (TGFb) is an antinflammatory
cytokine that is also constitutively expressed in neurons. Because increased microglia
activity was observed in brains of T@kdeficient mice(Brionne et al., 2003 TGFb
might contribute to Off signaling in the namflamed brain. However, it is unclear whether
the brain inflammation in GFb-deficient mice is a direct effect of microglia activity or a
consequence of neurodevelopment disturbances due to the lack ob Tgedwth
promotion(Biber et al., 200}

MICROGLIA
»Resting“ Signal »Do not eat me“ Phagocytosis Neuronal Injury
Signal »Eat me“ Signal »Help“ Signal ,,Survival“ Signal
LR DAP12 . . DAP12
\\f—u,,,,q ) CD200R Sirp alpha purinergic receptors Csfir
0\\/% ¥ TtrRem2 T
e ey g =
o —_—
Q
(7]
: 0 0
32
3
g CX,.CL1 CD200
£ - sl a2
g i | —
/7//.7
NEURON

Fig.5. Exogenous signalsd their receptors on microgl{&ierdorf and Prinz, 2013

1.2.1cContact

Accumulating evidence shows ath neurons express several immunoglobulin
superfamily (IgSF) molecules on their cell membrane that potentially esgpnicroglial
immune function andnicroglia have to be in close regular contact with neurons to ensure
IgSF signalingBiber et al., 200y

The best characterized molecules of this dapety in the CNS are CD200 (in the
rat formerly known as Ox2) and CD47, both of which are found to be constitutively
expressed a@he neuronal membrane surfa®éebb and Barclay, 1984Hoek et al., 2000
Wright et al., 200L The transmembrane receptor for CD200 (CD200R) in the brain is
primarily present omicroglia. Studies in CD20@eficientmice corroborated this finding
becaus¢he animaldisplayed worsened disease outcome and enhanced microglia activity

12
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in Experimental Allergic Encephalomyelit{€AE), as well as in facial nerve transection,
retinal iflammation and encephalit{sloek et al., 2000Broderick et al., 2002Deckert et

al., 2006§. Moreover, being cells of myeloid origin, microglia express the leukocyte
common antiger€D45 at low levels and has been showim vitro that CD45 activation
leads to inhibition of microglia activityTan et al., 2000Biber et al., 200y In mixed
neurons/microglia cultures, neurons secrete CD22 which inhibits proinflEonyma
cytokines production by microglia through binding to the transman® tyrosine
phosphatase CD4®B/ott et al., 2004 A similar function could be postulatéol neuronal
CD47 and its receptor CD172algo known as SIRPa or SHRp(Ohnishi et al., 2005

1.2.2 Pathological conditions

Damaged neurons aselirrondedby activated microglian vivo within hours after
injury, which suggests that neurons emit On signals that attract these cells and can initiate
protective or detrimental microglia function. When neuronal cells die, independently of the
specific causeof death, the reaction of microglia sereotypedand consis of quick
transformation into activated microgliéSpranger and Fontana, 199@n general
microglial activation after neuronal injury primarilseflects a protective effrt and
microglial neurotoxicity can occur after excessive and uncontrolled stimulation of
microglia (van Rossum and Hanisch, 200@ardona et al., 2006or when microglia
function is impairedBoillee et al., 2006Streit, 2006 Neumann and Takahashi, 2007

Several factors are considered to be pathological sigsalsetedor leaked by
damaged or overactive neurons, they incloddtiple types of cytoknes (e.g., TNF or
ligands for receptors such as CCR1, 3, 5, and 7 and CXCR1 or 3), trophic factors like brain
derived neurotrophic factor (BDNF), the gaseous transmitter NO or neurotransmitters
(ATP and glutamatéKettenmann et al., 2011

Chemokinefilled vesicles have been found in neurons in the soma, in axons and at
pre-synaptic sitede Jong et al., 2003Rostene et al., 200 dung et al., 2008 Thus,
although it has yet not been conclusively showet #ndangered neurons transport and
release chemokines to the site of microglia activity, these data strongly corroborate this
hypothesis.

The fact that most of microghderived factors are considered to detrimental
may reflect global upregulatioin response to pathology. Iphysiological context the
upregulation of some factors may &ieply confined to distinct sites within the microglial

cell (at sites where they intetagith neuronal structures) or limited a small population
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of microglia thatis engaged in a defined interaction with neur@ksttenmann et al.,
2013.

In the in vivo experiments by Davaloand colleaguesit is clearthat lowering
extracellular ATP concentration by the ATgdrolyzing enzyme apyrase results in
reduced process movements, whereas artificially created ATP gradients stimulate their
motility (Davalos et al., 2005 The metabotropic P2Y12 purinoceptargresponsible for
that type of movement contr¢Haynes et al., 20Q6and surprisingly the expression of
P2Y12 receptorss mainly found in ramified cells anté downregulated by microglia
activation, indicating that P2Y12 senses purine release at an early phase after neuronal
injury.

After neuromml damage, ther microglial purine receptors are upregulatedivo, as
has been demonstrated for P2Y®his receptord o e s n 6t c ommctoglid but e
morphological changes but triggers microglial phagocyt@s@zumi et al., 200y, In
general, ntroglial purine receptor expression pattern can change rapidly, with profound
impact on microglia functio(Kettenmann, 2007
Even though ATP and purinoceptors are good potentialidates, the moleculethat
attract microglial processes to thgapses remain largely unknown.

In addition, microglial TNFa and microglial ATP act in concert &timulate
astroglial ATP release whichsubsequently amplifies the microglial signal and prtes
astroglial release of glutamate that directly affects synaptic transmission through
presynaptic metabotropic glutamate receptBescual et al., 20).2

Excessive neuronal glutamate releaseliked to neurodegenerative processes.
Glutamatenot onlydirectly leads to neuronal death, but also serves as an activation signal
for microglia.

In culture, microglia expresseveralglutamate receptors (GluRs3uchas AMPAtype
GIuR1Z GluR4, kainate receptgrsand members of all three groups of metabotropi
glutamate receptors (mGIluR§)yaylor et al., 2002 Taylor et al., 2003 Hagino et al.,
2004). Activation of various glutamate receptargucesrelease of TNF, which in
sinergy with microgliatderived Fas ligandeads to neurotoxicitfTaylor et al., 200p
Moreover neurons damaged by glutamexeitotoxycity rapidly express CCL21hat is
packaged into vesicles, transfa to presynaptic structures, and released through
exocytosis(de Jong et al., 2005Microglial cells express CXCR3 receptors specific for
CCL21 and microghl dimulation with CCL21 triggers chemotaxis danincreases

migratory activity(Biber et al., 2001
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Moreover also thenatrix metallo protease 3 (MMB) is releaed in its active form
from apoptotic neuronal cell lines and apoptotic mesencephalic neuronal c(i#umest
al., 2005 Kim et al., 2007. It has beershown that the catalytic domain of recombinant
MMP- 3 (cMMP-3) mediates the release of TMEIL-6, IL-1b and Il:1ra (IL-1 receptor
antagonist) into the supernatant of microglia cultures. Thus, the release e3MhfiPbe
considereda direct neurogal apoptosis signal in neurodegenerat(@chwartz et al.,
2006.

Finally microgliahave a unique pattern of potassium channels, so they are able to
respond quickly to neuronal depolarizatioffEder, 1998 and increased levels of
extracellular potassium around injured neurons may induce rharagtivation as
(Gehrmann et al., 1993
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1.3RECENT EVIDENCE ON MICROGLIAL SENESCENCE

In contrast to acute CNS injuries, neurodegeneration occurring inldstigg diseases
such as Al zhei merPar ki tiseases&) i$ aAchrynic procdss that

usually takeddecades to develop. Recent studies give more support to the hypothesis of

microglia senescence in the aged brain, which offers a novel perspective omedafed)

neurodegeneration. In particular the hypothesis claims that microglial senescence, by

rendeing microglia function abnormal and unable to respond correctly to stimuli, is a key

factor contributing to progressive neurodegeneration and its associated neuronal cell death.

In general, it seems that the physiological neuroprotective function of rngcribgt

characterizes the young brain is progressively lost with ggung et al., 201
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Even thoughthis novel hypothesis provides a potential therapeutic target of improving

microglia function by delaying microglia senescenbefore this proposal can be fully

accepted, there are still some important questions that need to be answered. For example, a
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Nowadays the best way to discriminate senescence versus actigationdetermine
microglial response to injury and whether they ultimately return to ramified resting state
after stimuli and/or whether the changes occur in a physiological environment free of
pathologic stimul(Luo et al., 201p

In general,in the brain of older human subjects dystrophic microgti&a prevalent and
extensively distributedStreit et al., 2004Wasserman et al., 2008whereas normal
ramified microglial morphology with only rare cases of dystrophic microglia are seen in
the young braifConde and Streit, 2006

In addition to dystrophic morphology, telomere shortening has also been demonstrated for
glial cdls in the aged brain. It is well known that senescence is triggered once any cell
telomere, the physical ends of eukaryotic chromosomes, reaches a cisticatiyength
(Hemann et al., 20Q1due to the inability of DNA polymerase to completely replicate
linear DNA nolecules. Therefore, with a limited replicated potential, cells change
remarkably their function and gene expression.

Concerning microglial senescence Flanary et al. reported a direct evidence in support of
microglial telomere shortening and reductiortadbmerase activity during normal aging in
ratsand of a tendency in humans toward telomere shortening with presence of dementia. In
particular, human brains containing high amyloid loads demonstrate a significantly higher
level of microglial dystrophy thra nondemented, amyloilee control subjectg-or this
reason the authors hypothesized that microglia in AD individuals may be less able, or
totally unable, to maintain neuronal health and effectively phagocyte amyloid plaques and
they suggest that micragl degeneration is an importarctor in the pathogenesis of AD
(Flanary et al., 2007

In particular, as the only mature cell of the CNS with an apprecmlitgic ability, it is

likely that the microglial replicative potential become exhausted with aging. The decline in
microglial renewal capacity may be further diminished by, and contribute to, the presence
of amyloid, which consequently may accelerate pvecess of telomere shortening
(Flanary et al., 2007

Interestingly, in the aged brain, microglia are not universally senescent since scattered
dystrophic micoglia are usually found nearby normal ramified microglial cells, suggesting
that only a subset of microglia become dystrophic, and not all of them are of the same age
and functional statéStreit and Grdaaer, 1993.

It is possible that the extent of this subset progressively increases with aging and ultimately

exceed the neuroprotective normdilyctioning microglial cells. These aggssociated
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changes may underlie the alterations of microglial funcéind their distinct responses to
injury (Luo et al., 2011

However, there are still many other questions that remain difficult to answer so far: is
microglial activation in the aging brain -@xisting with microglial dystrophy or is it a
consguence? Considering microglia as physiologically rdultictional cells, which
specific function(s) is /are primarily altered by microglia dystrophy? Is there a particular
microglial function predominantly related to neurodegeneration? It is evident tirat m

specific research is required to answer these and manygquesdongLuo et al., 201

1.4 CULTURING MICROGLIA : CRITICAL ASPECTS AND COMMON
MISCONCEPTION

The rebirth of microglia in the 1980s produced a major misconception regarduigphal

roles of activated microglia, i.e. that microglial activationhe&amful to neurons in the
CNS. This concept emerged mostly when researchers began to culture microglial cells.
The pioneering work done by Giulian and Baker, established a relasivaye procedure

for isolating microglia from the cortex of a rat (or mouse) before (or early after) birth and
for maintaining the cells in cultur@iulian andBaker, 198%. Using a specific ipcess of
adhesion andshakingof cultured glial cells, a purified culture of approximately 95%
enriched microglia can be obtained. Their method, although sometime slightly
manipulated, is still the procedure of choice &xploring several aspectd microglia
biology (Streit, 2010.

But we have to take into account tllé removal
of these cells from their micrenvironment
release them from the normal constraint that pla
an important and extremely critical role in the

phenotypeand thatneonaal microglia have not

experienced the CNS miliga vivo in the context
of an intact, mature bloeldrain barrier (BBB) Fig.7. Representative culture c
(Ransohoff and Perry, 2009 ?rgmar:gwgn;fgogti:l cells harveste:

Most importantly the generation of micgdial cells cultures involves extreme brain
damage (chopping and trituration of dissected tissue) inevitably causing immediate
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activation of microglia and their transformation into brain macroph4§eé=it et al.,
1999.

Furthermore years ddtudies were focused on the additionally stemioh of microglia

with LPS and/or interferorgamma resulting in supeactivated cells that produce several
secretory productsA first misconception started with the silent assumption that cultured
microglia unstimulated by LPS were representative ofimgsmiaoglia in the normal
brain, and the consideration that l-B&ivated cells were analogous to activated microglia

in the damaged brain.

Actually, cultured microglia, before LPS stimulation, are already at an activation state that
is equivalent to Wwat is perceived as maximal microglial activationvivo, that is,the

brain macrophage stage. Therefore, it is important not to equate microglial actination
vitro with microglial activationn vivo (Streit, 2010.

Moreover mcroglia activatedn vitro with LPS or otheimmunestimulants can produce
potentially neurotoxic molecules, such as nitric oxide, glutamate, reactive oxygen and
nitrogen species, and proinflammatory cytokines. These observations have been
extrapolated to mean that activated microgli@ivo are harmful and codlbe responsible

for exacerbating damage in the injured or diseased CNS by producing neurotoxic
compounds that cause neurodegeneration secondarily.

On the same direction went McGeer's identification of activated microglia expressing
major histocompatibity complex antigens in the brains of humans AD pati@vitsGeer

et al, 1987. His assumption was not entirely correct because MHCII expression occurs
prominently also on neactivated microglia and perivascular cells in the normal human
and animal braigStreit, 2010.

Moreover there is a @al chance that neactivated (gsecially dystrophic) microgliavere
misidentified as activated cells based not only on the false assumption that MHCII
expression is an immunological marker for activated cells, but also because of only a
superficial assessment of their morphology. In the late 1880searly 1990s thielea of
morphologically abnormal (dystrophic) microglia did not exist and researchers were quick
to identify any norramified microglial cells as activateHowever, conclusions from cell
culture studies are difficult to reconcile withvivo observatios that show that microglial
activation is the result of neural tissue damage rather than its cause, underscoring the basic
concept of inflammation, namely, that inflammation is the cellular response to tissue injury
(Streit, 2010.
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Considering AD, alarge number of other inflammatory diators, including many
cytokines, were being added to the list of substances thought to be consistently increased in
the affected brain. Furthermore due to this neuroinflammation hypotheasiof AD
pathogenesisjumerous clinical trials with anthflammatay drugshave been developged
none of which have shown a clear benefits for slowing or preventing disease onset and
progressior{Streit, 2010.

A potential problem with all these studjdscused on measuring various inflammatory
molecules in the B brain is that mostof the inflammatoy proteins (similar to MHC
antigens) are also exgssed in noAD brains, and theidevels are likely tochange
substantiallydepending orwhetheror not peripheral infections are present. In fact even
though it is clear that peripheral infections in hursaare associated withprominent
microglial activation, studies that have assessed neuroinflammation in AD did not make
any distinction between AD cases with and without infectious disease, which are quite
common in AD patientéStreit, 2010).

In conclusion, elucidation of many aspectsméroglia can be clearly investigatedvitro,

but before accepting thenthe direct relevance of thesbservationsieeds to be carefully
establishedhn vivo. Eventhoughthe state of cells grown on glass or tissue culture plastic is
likely more close d inflammatory cells rather than to stesgtgte microglia and the
extensive preparatiogproceduresieeded for each experiment makes this model more time
consuming compared to other microglia cell lines, for sure primary cultures maintain
similar cell prgerties and they are still the best tool for studying microglial aelistro
(Stansley et al., 20)2
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1.5 RAT CEREBELLAR GRANULE NEURONS AND THEIR APPLICAT ION TO
IDENTIFY NEUROPROTECTIVE MOLECULES

Neurons, like many other cell types, require survival factors to inhibit the apoptotic
machinery and prevent death. Apoptosis is observed not onlyeurodegenerative
diseases but also during the physiological development of the nervous ¢yatmmnand
Skaper, 201p

To answemmany experimental questions, an appropiiatatro cell-culture system
with particularcharacteristisis required. Among the available neuronal cell lines, several
are not suitable due to changes in their phenotyfen compared to dslfrom which their
originate. Primary culture, alternatively, can serve as an appropriate model of highly
differentiated neurons. However, a drawback of using primary cells is that most of the
cultures consist of mixed neuronal pogigas. Also, in particular circumstances, the
presence of neneuronal cells (mainly astrocytes) may be a problem, as they have
different functional and metabolic characteristics compared to neurons. As a compromise,
cerebellar granule neurons are oftead(&ramer and Minichidb, 2010.

Granule cells of the cerebellum constitute the largest homogeneous neuronal
population of mammalian brain, located in the deepest layer of the trilaminar cerebellar
cortex. Due to their postnatal generation and their well characterized ysenasy in
vitro cultures, cerebellar granule cells are a model of election for the study of cellular and
molecular mechanisms of survival/apoptosis and neurodegeneration/neuroprotection
(Contestabile, 2002

Molecular
Layer

Cerebellar bisected folium
Cortex

transected
folium 3

Purkinje Cell

Granule Cell
Layer

White Matter
Golgi cell

mossy
fiber

moss!
ﬂbery Purkinje cell axon

[ climbing
fiber

Fig.8. Schematic drawing of the cytology and
circuitry of the cerebellar cortex.

granule cell

21



Introduction

In primary dissociatedcultures of early postnatal cerebellum, granule cells are highly
enriched, 95% of the cells in culture are cerebellardeaneurons, and maintain many
properties of developing granule neuransvivo (Lasher and Zagon, 1978%allo et al.,

1987. Moreover they mature very late (postnatal) in the development of the central
nervous system. These features allow cerebellar granule cells to be isolated from newly
born animals, 7 days pesatal, and to be cultureeh vitro (Kramer and Minichiello,

2010.

Importantly, as for all neuronal cultures, also in this model the circuitry of the brain
and cells connections are lost. The input that CGN receive from mossy fibers and the
connection they form with Purkinje neuraonsvivo, are disrupted in aim vitro sygsem. To
overcome this problem, synaptic activity is mimicked by chronic depolarizing conditions
usually obtained by exogenously raising potassium concentration to > 20mM.

The resulting depolarization of cell membranes is thought to activate voitdee
calcium channels, thus increasing cytoplasmic calcium levels that consequently leads to an
activation of gene transcription that prevents cell d¢idtmer and Minichiello, 2010

The apoptotic process consequent to the shift of mature granule neurons (aftenrv days
vitro) to low potassium concentration, which is usually accompanied by serum deprivation,
occurs in a relatively short time (neuronal death reaching-30% after 1624 hours), is
highly reproducible and is, therefore, very useful for studies aimed at the ichdidiii of
cellular signals activated in apoptotic neurons as well as for testing ways of protecting
them from apoptotic deatfContestabile, 2002 Removal of CGN from depolarizing
conditions with high K+ has found widespread application as a model for studying
neuroprotective molecules and their mechanisms of a(fiacci and Skaper, 2012

Even though not described in the experiments of this thesis, the inhibition of the
proteasome has also been shawninduce apoptosis in cultures of cerebellar granule
neurons, in parallel with the activation of caspa¢€dhtesabile, 2002.

The use of the toxin -©HDA has been adopted extensivaty the present workin
particular,6-OHDA is a neurotoxin with selectivity for dopaminergic neurons because of
the presence of the dopamine transporter expressed in these celGMstare quite
sensitive to BOHDA too (Dodel et al. 1999; Lin et al. 2003; Chen et al. 2004; Ma et al.
2006; Monti et al. 2007). In CGNs;BHDA results in neurodegeneration presenting most
of the characteristic features of Parkindide neuronal deathi.e. an apoptotic process

with oxidative stress, proteasome impairment and protein aggregation (Polazzi et al. 2009).
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Another apoptotic stimulus used in my experiments is glutanatect it is well
known thatin cultured rat cerebellar granule cellsutgimate or NmethylD-aspartate
(NMDA) activation of the NMDA receptor caused a sustained increase in cytosglic Ca
levels ([Cali), reactive oxygen species (ROS) generation, and cell death but no increase in
caspase3 activity (Li et al., 2003.
As a concluding remark it is clear that cerebellar granule neurons, being one of the most
reliable models for the study of neural development, function and pathology, dtavesd

an important position in modern neuroscie(€entestabile, 2002

1.6 NEUROPROTECTIVE FACTORS SECRETED BY MICROGLIAL CELLS

Microglia are well known fortheir involvement inrescuing injured neurons im vivo
models of neurodegeneratiand the same beneficial activatidapendent neuroprotection
has also been observedn several in vitro co-cultures studies microgliaderived
neuroprotective factors can protect metabolically impaired neyRerk et al., 2001as

well asprevent nitric oxideénduced apoptosis of dizal neurons in a coulture model
(Toku et al., 1998

Furthermore,Microglia Conditioned Medium MCM) is able to promote survival and
development of cultured @sencephalic neuronisarvestedfrom embryonic rat brain
(Nagata et al., 1993and, in addition, plasminogen (PGn), which was identified as a
microglial secretoryproduct, increasedopamine uptake in cultured rat dopaminergic
neurongNakajima et al., 1994

A study based omicrogliaembryonic dopaminergic neurom®-cultures reportedthat
MCM decreased the survival of dopaminergic neurons in primary cultures and, on the
contrary, the direct contact of microglia with the same neuronal skifed the effect
from toxic to survivalpromoting(Zietlow et al., 1999

In our lab it waspreviously demonstrated that unstimulatedvitro microglial cells
physiologically elease in the medium molecukdsle to rescue neurons iiffdrent models

of induced apoptosisMoreover,diffusible signal§rom apoptotic neurons enhaadl these
microglial neuroprotective propertigfolazzi et al., 201; Eleuteri et al., 2008 More
recently, we extended our studies toiarvitro model of Parkinsordike neuronal death
using the toxin éhydroxydopamine (Polazzi et al., 2009The groupdemonstratethatthe
microglial neuroprotectiveropertywas exerted through the release of peptidic molecules,

which cooperate with low molecular weight, heasistamh factor(s), in neuroprotectiom
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particular, transforming grow facteb 2  (-A2)GHas been identifiechs one of these
neuroprotective agenf®olazzi et al., 2009

A neuroprotective effect of microgliaas also observed in a model of culture of neurons
exposed to aggregated Abet&@, throughthe release of apolipoprotein BHoE) in the
culture medium.

In this study the immunodepletion 80E or targeted inactivation of thep®E gene in
microglia abrogated neuroprotection by MCMwhereassupplementatiorwith human
ApoEisoforms restored protection, which, interestingly was potentiated by the presence of
microgliaderived cofactorg¢Qin et al., 200b A similar beneficial microglial activation
dependent neuroprotection has also bdemonstratedn another model ofin vitro
neurotoxicity, i.eoxygen glucose deprivation (OGD) mippocampal organotypic cultures,
where microgliaproteced againstthe neuronal damage and formeedlose physical cdll

cell contact with neurons in the damaged slice g@ahar, 1995Neumann et al., 2006

In addition,in a caeculture systencomposed oBV-2 microglialine overexpressinghe
macrophage colongtimulating factor receptor (MSFR) and hippocampal organotypic
slices treated with NRA, the overactivation of microglial MCSFR throughendogenous
neuronal MCSF was responsible for microglial neurdpaiion against NMDA
excitotoxycity(Mitrasinovic et al., 2006

These data strongly suggest that microglial cells not only minimize the dangerous
conseqguences of neuronal damage through the elimination of apoptotic cells, lgiNelso
functional supportto the remaining neuron#és a contusive remark, even witall the
limitations thatin vitro systems may haye¢hese models allow tientify neuroprotective
factorssecreted by microgliand, in turn, to discover neuronal or astrocytimleculesable

to modulatetheir production. Thesetuglies are relevant to stimulate furthteerapeutic

approaches aimed thte treatment of neurologicaisordergPolazzi and Monti, 2010
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1.6.1 Proteonnc analysis of microglial conditioned medium: identification
of SODland ApoE

Fig.9 Identification of SOD1 and ApoE release and accumulation in the MCM.A
representative Coomassie Blsiained 2D gel is illustrated and the arrow indicates tlsipion of
the spots identifiedhrough mass spectroscopy analyas SOD1 and ApoE. Modifiedrdm
Polazzi, Mengoni et al. 2013

Thanks to a proteomic alysis we could identifymany proteins present in the medium
conditioned by microglial cells for 48kvhose neuroprotective properties have been well
documented in previous studi@Bolazzi et al., 20Q1Polazz et al., 2009. This analysis
demonstrated the presence of several spots, revealing the accumulation of various peptides
in the conditioned mediunAs highlighted in figured, we decided to focus our attention

on two particular proteins: SOD1 and Apatipsen for different reasons. SODImiainly
localized in the cytosplso we have been attracted by the fact ithebuld be secreted by
microglial cells, while the choice of ApoE was due to the fact that its spot, compared to
others, was very intense.
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1.7 SUPEROXIDE DISMUTASE 1

Superoxide anions, oxygen molecules with an extra electron, are produced as a result of
cell metabolism, especially oxidative phosphorylation. If not scavenged they can cause
damage to cell membranes, DNA and cellulgjanelles.

Copper, zinesuperoxide dismutask (SOD1), is a member of a group of is@gmes
involved in thescavengingf superoxideanions. The human SOD family of proteins also
includes manganese superoxide dismutase (SOD2) and the extracellular seperoxid
dismutase (SOD3).

Even though they similarly function as aokidizing enzymes, they differ for structure,
chromosomal location, cofactors, genic distribution and cellular localizé®arge et al.,
1992. SOD1 constituts D1% of total protein in the ce(Pardo et al., 1995and resides
mainly in the cytosol with some degree of localizationthe mitochondrial inner
membrane spaqFukai and Ushid-ukai, 201}.

SOD1 is a homodimer of 32 kDa with a Cu and Zn binding site, one of each per subunit.
Each mono mbarrel $straciure andals two functional loops, where the metal
binding regions are located: the electrostatic loop, that guides superoxide into*the Cu

redox active site, and the zibinding loop(Valentine et al., 2005

Fig.10. Crystal structure of metal bound

dimeric human SOD1. Copper and zinc ions
are shown as blue and orange sphe
respectively. The zinc loop ieepresentedn

orange and the electrostatic loopgireen The
intra-subuwit disulfide bond is shown imed.

(Valentine et al., 2005

In the enzymatic active site, SOD1 catalyzes the dismutation of superoxide to give
dioxygen and hydrogenepoxide in a twestep processone molecule of superoxide first
reduces the cupric ion to form dioxygen and then a second mot#cOle reoxidizes the

cuprots ion to form hydrogen peroxiq¥alentine et al., 2005
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The coordination of copper to SOD1 is required for dismutation,ofWDereas other post
translational modificabns, such as Z# coordination (Kayatekin et al., 2008and
disulfide oxidation, help create a mature and structurally stable pr(Reitunno and
Bosco, 2013

Another functional feature of SOD1 is the presence of an-sufipanit disulfide bond
between Cys57 and Cys146 (C&146). Both copper coordination and formation of C57
C146 is facilitated by the cytosolic copper carrier protein CCS (copper chaperone fo
SOD1)(Furukawa et al., 20Q0%eetharaman et al., 2009

Thus demetallatiorof SOD1 and/or reductioof C57 C146 destabilizes the protein and
decreases the melting temperatuforman and Fridovich, 1973Fumukawa and
O'Halloran, 200k These postranslational modifications are compromised in the context

of disease (Rotunno and Bosco, 2013

1.7.1 SOD1 and disease

The enzyme superoxide dismutase (SOD) is a constitutive enzyme coded by a gene located
in Chromosome 21 (21922.1). Even though the tissues from patients with trisomy 21
contain 50% more SOD activity, the overexpression of SOD is unrelated to the symptoms
observed in Downés syndrome patients. It he
be, nst ead, responsi ble for the increased in
older women. Interestingly, the augmented antioxidant protection resulting from an extra
copy of chromosome 21 may, with time, selectively protect human oocytes from apoptosi
increasing their proportion with age, explaining the higher incidence of this disease
(Turrens, 2001

Growing scientific interest started in 1993, when mutations irS@®1gene were
reported to be involved in Amyotrophic lateral sclerosis (ALS), a progressive
neurodegenerative disorder characterized by premature loss of moton@oeas et al.,
1993. Because of the high incidence ®OD1 mutations, which account for EP5% of
familial, or inherited, forms of ALS (FALS) caseSOD1 has been one of the most
intensdy studied genes in the ALS field and continues to be a primary therapeutic target
(Bosco and Landers, 20110

Importantly, motor neurons are the pripdarget in ALS, but ALS may actually
represent a neoell autonomous disorder for which glia play an active (dieva et al.,

2009. However,despitetwo decadesof research on FALSOD1in vitro andin vivo, the
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exact mechanism of SOD1 in Slpathogenesis remains unknoWRasinelli et al., 2004
Ling et al., 2013

Proteinaceous inclusions rich in mutant SOD1 have been found in tissues from
ALS patients, ALSSOD1 transgenic mice, and in cell culture model sys{@nsjn et al,
2009, leading many investigators to the conclusion that S@xbciated fALS is a
protein conformational di sorder, similar
other neurodegenerative diseases in which protein aggregates are(&miaod 2003
Valentine and Hart, 2003 The visible inclusions in SODinked fALS contain
neurofilament proteingybiquitin, and a variety of other components in addition to SOD1,
but it is not known if copper, zinc, or any other metal ions are present in the inclusions or
are involved in their formation. Nor is it known if the SOD1 polypeptide has been
fragmented orotherwise covalently modified in the processes leading to aggregate
formation(Valentine et al., 2005
To date, at least 105 different mutations in the sodl gene have been linked to fALS
(Cleveland and Rothstein, 2001The majority of these mutations cause amino acid
substitutions at one of at least 64 different locations, but some cause frameshifts,
truncations, deletions, or insertiof@Gleveland and Rothstein, 200Andersen et al., 2003
(Most known fALS mutations are listed at http://www.alsod.org.)

Indeed, recent biophysical studies of fALS mutant SOD1 pro&iggest that the
division into two groups termed methlnding region (MBR) and wildype-like (WTL)
fALS mutant SOD1 protein®n the basis fotheir SOD activities and metainding
properties(Table 1)(Hayward et al., 20Q2Rodriguez et al., ZI; Potter and Valentine,
2003. In particular the MBR subset of SOD1 proteins have mutations that are localized in
and around the methinding sites, including the electrostatic and zinc loops, vaei
found to have significantly altered biophysical properties relative to-tydd SOD1. By
contrast, the WTL subset of SOD1 protein was found to be remarkably similar ttypeld
SOD1 in mosbf their propertiegValentine et al., 2005
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Metal-binding

region (MBR)

Wild-type-like (WTL) mutants mutants
A4V GT2S' GO3VP NI39K  H46R*P Table 1. Isolated fALS
V7Eb D76Y*  EI00G! L144F>  H43Qw mutant SOD1 proteins.
L8QP L84Ve  EI00K®  L144S°  HSOR® In yellow are highlighted
G37R®  N86S®  DIOIN®  AI45T"  G85Re® the mutations present i
L38V:h  DY0A*  DIOIG®  VI48GP  DI124ve the plasmid used in thes
GAIDP  GO3A™ I3 [149T>  D125He» thesis (Valentine et al.,
G4IS'  GO3RP  RIISG" S134Neb 2009.
HA3R®  G93C*  EI33Del’ C146R"?

In contrast to FALS, much less is known about the etiology of sporadic ALS
(SALS), which accounts for 90% of ALS cases. In fact, SALS may arise from genetic as
well as environmental and beharal factors. Although FALS is inheritable and SALS is
not, the fact that FALS and SALS are clinically indistinguishable raises the possibility that
they do in fact emerge from a common source and/or involve similar toxicity factors
(Rotunno and Bosco, 2013

Recent evidence supports SOD1 as a toxic factor that is common to a subset of both
FALS and SALS. This evidence is largely based on the observation that aberrant
conformations of WT SOD1, induced by oxidation, demetallation and other altered post
trandational modifications, cause WT SOD1 to acquire the same toxic functions that are
observed for FALSassociated SOD1 varian(szzi et al., 2007Bosco and Landers, 2010
Guareschi et al., 20)2

1.7.2 Role as a signaling molecule

The physiological relevance of SOD1 catalysis extends beyond oxidativestrasdion,
playing also an important role in signal transduction.

For example, KD, generated by SOD1 can reversibly and specifically react with
proteins, generally by oxidizing Cys residues, thus altering the biochemical and functional
properties of thee proteins in a redox dependent mar{@e&orgiou, 2002
A variety of signal transduction pathways are modulated b®,Hincluding but not
limited to, gene &pression, cell proliferation, differentiation and dedkhee, 2006
Brown and Griendling, 2009
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A representive example are NADPH oxygenases (Nox), that function as upstream
regulators of these signal transduction pathways through the productioﬁfowivch IS

either converted to ¥D, spontaneously or catalytically by SOD1.

Modulation of Pathways: \ O
Gene Expression \

. Cell Proliferation : O “‘
O,e Cell Differentiation — ‘ ]‘n [Ca+]
0,e Lﬁ ﬁ? \ ©

0+ @ — W

// |

Endosome Endosome

Key
O, e Superoxide Anion

\( Muscarinic M1 Receptor
(O Superoxide Dismutase
i} Protein regulated by H,O,

Fig. 11 The putative normal function of the native WT SOD.1 protein(1) SOD1 is responsible
for converting the toxic superoxide anionz‘f(})into oxygen (@ and hydrogen peroxide {8.).
(2) SOD1 binds and stabilizes Racl in its active, GTP bound state, resulting in Nox2
activation and superoxide production. The hydrogen peroxigedijuct of the dismutase reactic
of SOD1 and supekide anion promotes the disassociation of SOD1 from the Racl comr
resulting in Nox inactivation(3) The presence of extracellular SOD1 leads to an increas
intracellular calcium via a mechanism involving the phospholipase C/protein kinase Cype
(Rotunno and Bosco, 2013

SOD1 comes into clesproximity with Nox2derived QATat the surface of endosomes in
response to proinflammatory cytokingtarraz et al., 2008

A report by Harraz et al. (2008kdhonstrated that SOD1 not only acts downstream of
Nox2 but can also modulate Nox function through an interaction with Rac1.

SOD1 directly binds and stabilizes the active form of Racl in its-id state, leading

to Nox2 activation and éTproduction.

Interestingly, HO, generated by SOD1 serves as a negative feedback of Nox2 activity:
H.O, induces the dissociation of the SOD1/Racl complex, thereby inactivating Racl and

Nox2 (Harraz et al., 2008
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The mechanism for how J@, disrupts the interaction between SOD1 and Racl has not

been elucidatedOne possibility is that the J@, generated by SOD1, which is in close
proximity to Racl, oxidatively modifies Cys rdaes within Racl in such a way that

disrupts the SOD1/Racl binding interact{@®otunno and Bosco, 2013

I n this manner, SOD1 catalyzes a fAmol ecul ar
function and signaling, much like phosphorylation.

Extracelular SOD1 has also been shown to play a role in signaling. Although
SODL1 is predominately localized to the cytoplasm, multiple reports have demonstrated that
SOD1 is secreted in the form of microvesicles in both normal and transformed cells,
including neuoblastoma SKN-BE cells, through an ATP dependent mechanism
(Mondola et al., 1996Mondola et al., 1998Cimini et al., 2002 Mondola et al., 2003
Turner et al., 2005

The presence of extracelulSOD1 can activate the phospholipase C/protein kinase
C pathway, implicated in calcium homeostasis, increasing intracellular calcium
concentrations, mainly deriving from the intracellular calcium stghdsndola et al.,

2009). This effect is independent of SOD1 catalitic activity, and is totally inhibited by
U73122, the PLC blocker, suggesting SOD1 as a neuromodulatory protein able to affect
calcumdependent diilar functions.

In particular, is has been suggested that SOD1 could activate a transductional pathway
through the involvement of M1 muscarinic receptor, because the $@fndent CGd
increase has a stimulatory effect on ERK 1/2 and Akt iaNSBE neuoblastoma cells.

This effect was mimicked by the M1 agonist oxotremorine and prevented by the M1
antagonist pirenzepine and by M1 receptor knockiogin (Damianoet al., 2013 Of all

other neurotransmitter systems, the muscdrahiolinergic system carries out a key role in
many important cerebral functions including learning, memory and synaptic plasticity
(Scheiderer et al., 2008cCoy and McMahon, 2005Bcheiderer et al., 2008

Moreover, unlike the prgous SOD1 signaling pathways discussed above, the
activation of the M1 receptor does not appear to be dependent upon the producbﬁ)h of O
as the ROS scavengerddetylcysteine did not alter the signaling effect of SOD1 in this
context(Rotunno and Bosc@013.
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18 APOLIPROTEIN E AND EVIDENCES IN FAVOR OF ITS
NEUROPROTECTIVE ACTION

Apolipoprotein E (ApoE) is a 34kD glycosylated protein, originally identified for its
involvement in cholesterol transp@Hatters et al., 20Q6It also plays an important role in
human neurol ogical di sorder s, mai nly Al zhei
angiopathy (CAA), as well as acute brain injuryoy negatively akctinginsult outcome
(Friedman et al., 199%ynch et al., 2001Holtzman et al., 2012

In humans, three SNPs lead to changes in the coding sequence of ApoE and give
rise to three common isoforms: ApoE2, ApoE3 and ApoE4. In particular, the presence of
ApoE4 allele predicts an increased risk of develojatg onset familial and sporadic AD,
while ApoE2 lowers this riskHatters et al., 20061oltzman et al.2012.

ApoE is the main apolipoprotein thecentral nervous system (CN&Joltzman et
al., 2012 and multiple functions have been ascribed to it: ApoE is involved in neurite
outgrowth and neuronal plasticitfKorwek et al., 200p a n d It raengaidl at es b
structure, clearance and neurotoxigiBrouet et al., 2001Qin et al., 2008 In paticular,
stimulation of ApoE expr essi-amyloikckanchreverseg s t he
multiple deficits in an AD mouse mod@Cramer et al., 2092 thussuggesting a role for
ApoE in CNS neuroprotection. Extensive evidence for such neuroprotective roles has been
accumulated: inin vitro studies, ApoE and ApoE mimefpeptides exerted a
neuroprotective effect and ApoE fragmefii®lar et al., 199P protected neurons from
excitotoxic insults, oxidative stresb-amyloid toxicity, and promotedan antiapoptotic
signaling(Miyata and Smith, 199@rouet et al., 2001Aono et al., 2002Fuentealba et
al., 2009.

In vivo, both ApoE and Apoftlerived peptides have shown neuroprotective
properties in models of cerebralrherrhage, traumatic head injury and AD, effects partly
related to ApoEmediated dowsregulation of the inflammatory response caused by
microglia activation(Laskowitz et al., 200;LLynch et al., 2001Guo et al., 2004Cramer
etal., 2012

Microglia are an imprtant source of ApoE This proteinis synthesized and
secreted by microglial cell ling8ales et al., 20Q0Xu et d., 2000, as well as by primary
microglia (Saura et al., 2003Mori et al., 2004 Qin et al., 2006 In addition, secreted
ApoE is one of the molecules involved in neuroprotection agaiastyloid neurotoxicity
mediated by microglia conditioned medif@in et al., 2005 Although the modulation of

ApoE secretion by microglia appears to be cruciaitiorapid regulation in the CNS, little
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is known aboutthe physiological regulation of microglighpoE secretion by neuronal
stimuli and how this regulation is modified in inflammatory pveurodegenerative

conditions.

19ALZHEI MERG6S DI SEASE

Al z h esi disease6(AD) is a neurodegenerative disease characterized by progressive
memory loss and dementia. The key pathological hallmarks incaegesition of beta
amyloid (Ab) plaques within the ibnearonal par et
cell bodies Analysis of inherited forms of the diseds#s demonstrated the key rold A Db
homeostasis in AD pathogenefidandrekarColucci and Landreth, 20L0AI is liberated

from the endogenous transmembrane amyloid precursor protein (APP) after the sequential
proteolytic processingpy two potease complexdsand o9 secretases (Zh:
libro). The most common iApeptide found in senile plaques is theré2idue peptide

(A 42), which also has the strongest propensity for spontaneous aggregation in solution
forming large highly ordered-pleated sheet structures known as amyloid fil§Blsrdick

et al., 1992 of which both diffuse and dense core amyloid plagaee composed
(MandrekafColucci and Landreth, 2010

I n familial forms of AD, I ncr eAdbs eids sd/und h e
mutations in the amyloid beta precursor proeiAb PP) , preseni |l in 1 ( P
or inheritance of the Apolipoprotein B4 (ApoEw4) allele In sporadic AD, which
accounts for 90% or more -Ab Bhbheumualsatsi ont h
debated. However, evidence suggests that impeaitsn in insulin/IGF signaling
dysregul ate ADbPP expr essnigon oafAnddb &frcoutrmeuil na t pi roo
(de la Monte and Tong, 2013

In addition reurofibrillary tangles, dystrophic neurites, and neuropil threagsesent

neuronal cytoskeletal lesions that correlate with dementia in AD. These structural lesions
contain aggregates of hyperphosphorylated, ubiquitinated, insoluble fibrillar tau. Tau
becomes hyperphosphorylated due to inappropriate activatikinags sich as GSK3 h
cyclin-depenént kinase 5 (cdk), and €Abl, or inhibition of praein phosphatases 1 and

2A. Neuronal accumulations of fibrillar tau disrupt neuronal cytoskeletal structure and
function, and impair axonal transport and synaptic integtiligiquitination of hyper
phosphorylated tgutogether with eventual dysfunction of théiquitin-proteasome

system exacerbate the accumulations of insoluble fibrillar tau. Fibrillar tau exerts its
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neurotoxic effects by increasing oxidative stress, ROS rggae, neuronal apoptosis,
mitochondriddysfunction, and necrosis

Tau gem expression and phosphorylatiare regulated by insulin and IGF, and
impairments in insulin/IGF signaling contribute to tau hyplkosphorylation due to over
activation of speific kinases, e.g. GSR band reductions in tau genexpeession
Attendant failure to generate sufficient normal tau protein;awiss accumulation of
hyperphosphorylated insoluble fibrillar tau likely promotes cytoskeletal collapse, neurite
retraction, ad synaptic disconection (de la Monte and Tong, 2013

Although plaques are universally present in AD, their presence does not directly correlate
with clinical dementia; however neurofibrillary tangles demonstrate a b=iteglation

with both neuronal loss and dementia. These observations suggest that tau may be part of a
downstream cascade that directly leads to neurodegene(dgttenmann and Ransom,

2012.

Despite our advanced knowledge of the moleaul basi s of Althshei mer 6
condition remains incurable.

However, it is now well accepted that Agh mer 6 s di sease i s
neuroinflammatory events involving glia, including astrocytes and, in particular, microglia
(Mosher and Wys€oray, 2014

The recent failure of clinical trials based on passive immunotherapy (Bapinezumab and
Solanezumab) demonstrate how challenging is to find an efficient(Cateway, 2012

The main obstacle to an effective therapy seems to be the timenmfakldiagnosis,
because at this point the brain has already suffered a prolonged and perhaps irreparable
damage. In fact studies on biomarkers in familial and sporadic form of AD demonstrate
that the disease starts decades prior to its clinical presentidick et al., 201®Bperling et

al., 2011 Bateman tal., 2012 Do Carmo and Cuello, 2013
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1.00STUDYI NG ALZHEI MERGS DI SEASE I N TR/

Given the progressive and predictable evolution of the pathology and the difficulty in

studyng AD neuropat hodloigryi danl ¢h usrtaang efisp,r et he us

offers the opportunity to identify biomarkers crucial in detecting the disease at the early,

Asil entd and asympt omat i ¢ haepefalghave mosghanne t her a

of success.

Etiology, time dependent progression of the pathology as well as structures and cells

similar to the human pathology are all multiple aspects that an ideal transgenic model

should mimic. Moreover the model should allow suitable lear@ind memory tests,

analysis of body fluids (such as cerebrospinal fluid) and imaging.

Of course a good model should not present visual or motor system impairments (caused by

nonspecific transgene or strain effects) that can be falsely confused as Als dBfici

Carmo and Cuello, 20)3

Despite some technical drawbacks like the more difficult gene injection in pronuclei, the

| ow embr yods s urionianddhe leds availabbewools fgr manipylaging the

genome, rats offers multiple advantages compared to mice. The rat is physiologically and

genetically closer to humans than mice. Its larger body and brain size make surgical

procedures and pharmacolagliananipulation easier to perform. Another advantage is

their richer behavioral display that enatdemore accurate assessment of the impact of the

pat hol ogy on cognitive outcomes and a bett

longitudinal studis (Do Carmo and Cuello, 2013

Since the early 2000s adae number of transgenic rats haxeen generated based on the

expression of human genes relevant fatyeanset familial AD, e.g. wild type or mutated

APP and mutated PS1. The expression of these transgenes is controlled by different

neuronalpromotes, thus resulting in different expression strength and patterns. The model

could also differ for their inted or outbred genetic background that could really influence

the pathogenesis. Other differences can be due to the method chosen to introduce the

transgene in the fertilized eggs (pronuclear injectib®NA or lentiviral delivery) and

differences in phengpe can be explained by the presence of single, double or triple

transgeneéDo Carmo and Cuello, 2013

The first transgenic rat models of AD showed intracélla r( i Ab) accumul ati o

extracellularplaques Some of them, however, displayed synaptic dysfunction (LTP and

behavior) supporting the view that cognitive deficits are independent of plaque formation

but correl ate bettererwiAbh sAbe co leisg o nTehruss at nho
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suggesti ng tirhtee amyold €ascade atith& learly,-pleaque phase of the
amyloid pathologyDo Carmo and Gello, 2013.

1.10.1 Rat models of amyloid pathologypresenting mature plaques

The first model characterized by amyloid plagues was achieved in homozygous double
transgenic rats Tg478/Tgll16 expressing hAPP695 carrying the Swedish and
Swedish/Londommutations. These rats show increased APB0fand 442 load and by

17118 months of age diffuse plaques were pregEloiod et al., 2000 By introducing a

third transgene carrying a human mutated presenilin geneesiting PSAPP rats (also
named Tg478/Tg1116/Tg11587) showed diffuse plaques starting from the age of 9 months
(Liu et al., 2008 Flood et al., 200Q Abundant diffuse plaques are presgnthe cortex,
hippocampus, olfactory bulb, thalamus and hypothalamus but not in the cerebellum or
brainstem. Unfortunaly only few compact plaques are detectable in tppdtampus

even at 22 months of ag&d, in addition, no vasculabAdeposits can be observed. These

rats show astrocytic and light microglial activation as well as tau hyperphosphorylation
around compacplagues. Moreover they show behavior deficits already detectable at 7
mont hs of age, in absence of plaques, t hat
The drawbacks are that these rats lack neurofibrillary pathology and neuronal loss.
Moreover theyshow a tendency towards premature death due to kidney disease
hypertension and immunosuppression, that are probably a consequence of genetic
disturbance caused by the presence of the triple transg@mésarmo and Cuello, 2013

The McGilFR-Thyl-APP rat model is the only model able to reproduce extensivk&D
amyloid pathology with a single transgefieeon et al., 2010 This model expresses the
hAPP751, bearing the Swedish and Indiana mutations under the control of the murine
Thyl.2 promoter. In the McGHR-Thy1l-APP transgenic rat, a single transgene is able to
produce human APP expression specifically in-#&evant areas of the brain without
cerebellar and peripheral tissue expression. The presence of a single transgene with a low
copy number makes this rat the least genetically aggressive AD transgenic model
developed so fafDo Carmo and Cuello, 2013
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Fig.12 Generation and characterization of the transgenic animaland temporal evolution of

theAb pat hol o eRyThyl-APPVutsGA) THyII-Ab PP construct showing
hAbPP751 variant (containing the Swedish and |
Thyl1.2 promoter.(B) The progression of the amyloid pathology is illuthin hemi (upper

panels) anchomozygous (lower panels) Tg rat&i immunoreactivity dectected witMcSA1

antibody). I ntraneur onal accumul ation of adboths wel |
lamina layers lll and/ of the cerebral cortex (ccx) drippocampus appear intensely stained. The

earliest mature amyloid plaquappear in the subiculum (S) bbmozygous rats at®months of

age. By 13 months of age, the extracellular amyloid deposition was fatertled to most of the

areas ofhe hippoampus ad spreading to cortical areas. Modifiexn (Leon et al., 2010

McGill-R-Thyl-APP rats display iA as soon as one week post natal in the cortex and
hippocampus in both hemi and homozygous animals. The pathology islejosedent as,

in homozygous animals, Aaccumulation leads to progressive neuritic plaque deposition
starting from 69 months old. Heizygous rats develop no or very few plaques at much
later stages. The anatomical spreading of plagues coincides with that observed in human
AD, starting from the subiculum and expanding to the entorhinal cortex and hippocampus.
The AD-like pathological pbnotype also includes the presence of transnstiecific
dystrophic neuritegLeon et al., 2010 It is of significance that the McGiR-Thy1l-APP

rat presentsnogressive behavior impairments in theis WaterMaze tesstarting at 3
months of age while no amyloid plaques are yet present. The deficits are tratsgene
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dependent and they correlate with the abundance of the 12kDairGElLOeactive band
likely corresponding to a combination ofbArimers and the APP -@rminal fragment,
C99. This observation reinforces the hypothesis on the impact of oligomdiéniA
cognition (Shankar et al., 2008These rats were also used to study metabolite levels by
magnetic resonance spectroscopy in the dorsal hippocampus and frontal cortex. The
findings demonstrate complex metabolite alterations during the progression of the amyloid
pathology, different fromhose observed during normal agifidjilsen et al., 2012 MRI
imaging on these rats also showed marked brain shrinkage, which is more evident for the
hippocampalcomplex and restinrgtate connectivity impairment. Consistent with these
observations, McGHR-Thyl-APP rats display impairments in firing rates for place
discrimination of spatial context and a very compellmgivo impairment in hippocampal
LTP formdion at preplaque stagé®o Carmo and Cuello, 2013

More recently, a bigeni@gF344AD rat hasbeen createdCohen et al., 2013
These rats express hAPP695, with the Swedish mutation, amdEBS$ihder the control of
the strong murine PrP promoter. These rats demonstrate strongegelent
accumulation of iA, soluble and insoluble B0 and A42 peptides and thioflavin
positive amyloid plagues. The amyloidosis is associated with hyperagtivihe open
field as well as age dependent deficits in spatial learning and memory as assessed with the
novel object recognition and the Barnes maze tasks. Surprisingly, as it was never seen
before in other transgenic rat models of AD and even in traitsgdh mouse models
expressing APP and PS1 mutations, by 16 months of age these rats present Gallyas
positive structures resembling NFTs seen in human AD. These structures cetataiasp
detected with several-fau antibodies. The observed amyloidosis &adopathy are
accompanied by neuronal loss. These rats also present glial activation as early as 6 months
old, before appreciable extracellulab Aeposition(Cohen et al., 2013

Despite their obvious limitations, transgenic rat models will be of great assistance
in the search of potential biomarkers signaling an early, preclinical, pathology and in the
search and validation of novel therapies. From the expetainpaint of view, they have
already shown to be of significant advantage iforvivo electrophysiology, imaging,
proteomics, epigenetics and in the future for optogenetic st@idee<armo and Cuello,
2013.
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1.11 M1/M2 PHENOTYPE

1.11.1 Peripheral macrophages and their different activation states

The initial cell status, as already activated or not, and the type of the activating stimulus
(e.g. ageing, injry or chronic diseasgjlay a significant role in determining the spectrum
of molecules that are secreteddynacrophagéGordon, 2003

Macrophages activation on one handp@entially helpful to the organism#or
example in killing pathogen®y the expression of high levels of prdlammatory
cytokines and an enhanced microbicide capaoitythe othecan alsae harmful leading
to adetrimentapr of i |l e associated with tissue damac
M1). Classical activation has been the activation state most widely explored in animal
models.

Furthermoredepending orthe type of injury or inglt, activated macrophages can
express adifferentpr of i | e, al so known i(M2s Mdsset ané r nat i
Edwards, 2008
Alternative activationwas originally defined following exposure to the Th2 cytokine,
interleukin (IL}4, and upregulation by macrogjes of the mannose recep(8tein et al.,
1992. Thelatter can bind structures ame surface of viruses, bacteria and fucaiising
their phagocytosis. Macrophages activated by the Th2 iogskil-4 and IL-13 are
implicated indifferent physiological and pathologicaonditionsincluding homeostasis,
inflammation, allerg, malignancy and repaif hat 6 s t h ehe M2ategorg hasvh'y t
been further divided into functions relating, first, to tissue repair and woealkhg and,

second, a state of acquired deactivation (Tab{8@g¢he et al., 2013

1.11.2 What about microglial functional profiles?
1.11.2aEvidences from animal studies

Researchershave worked on differentiatingn vitro distinct microglial phenotype
functionally classified asytotoxic (M1), reparative(M2) and even a third,
form (Colton, 2009 Michelucci et al., 2009Moon et al., 201} thus geneating data

analogous to those obtainbg studying peripheramnacrophages vitro (Gordon, 2003

But, in contrastto peripheral macrophages, the mechanisms regulating microglial
phenotype in the CNS are nowadays still poorly understood. Microglia show a range of
functional phenotypes that broadly correspond to M1/M2 activation of macrophages with

M1 microglia often asociated with acute infectioand M2 cells playng a role in tissue
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remodelling, repair, and healirf@oldmann and Prinz, 2013This classification is based

on the expression of proor antiinflammatory cytokines as well as pror antk
inflammatory receptors as a result of microbial products or damaged cells. In particular,
interferon gammallEN- ) and lipopolysaccharide (LPS) polarize microglia towards the
M1 state and induce the release or expression of interle(ikiy) 1, IL-6, IL-12, IL-23,

and inducible nitric oxide synthase (INOS). On the other hand, the preseneé,dt L0,

and IL-13 turns microglia into M2 cellsproducing IL-10 and epres#ng arginase 1
(Goldmann and Prinz, 2013

M2 (Alternative M2 (Alternative
M1 (Classic activation) activation: wound healing) activation: regulatory)
Alternative terms Tissue repair Anti-inflammatory
Stimulus Interferon-y, TNF-o. IL-4, IL-13, TREM2? IL-10, glucocorticoids
Source Natural Killer, T helper 1 lymphocytes. Granulocytes responding to tissue Macrophage

injury, fungi and parasites (chitin),
T helper 2 lymphocytes

Macrophage Pro-inflammatory cytokines: IL-1p, Extracellular matrix components TGFB1, IL-10
products TNE-o, IL-6, IL-23 Arginase 1
Oxygen [ree radicals Chitinase
Cell surface proteins MHC II? Mannose receptor (CD206)
Functions Kill micro-organisms and other cellular targets. Tissue repair/wound healing Inhibits inflammation
Phagocytosis Phagocytosis Phagocytosis
Present antigen to lymphocytes. Increases production/remodelling
May cause collateral damage to host cells. of extracellular matrix

Table 2. Macrophage activation state. An extrapolatigty apply to microglia
(Boche et al., 2013

Activated microglia

Mi | M2
TEN-y/LPS Ea/ho L-4/1L-10/1L-13]
Q%‘@Dg O
\ Mac- hesze
e <’

IL—lr’IL—Zr’IL——EH
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IL-12/IL-23
¥R IL-4/IL-10
CCL2-5,12 TGF-p
CXCL10

QB’K

Phagocytosis

Fig.13. Microglia are activated by diverse stimuli, which define the polarization status of th
(Goldmann and iz, 2013.
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Moreover recent studies implicating variants in the TREMRZ2iggering Receptor
Expressed on Myeloid cel® gene withan increasedusceptibility to late onset AD (with

an odds ratio similar to that of Ape&) are of particular relevance to this discussion
(Guerreiro et al., 2033Jonsson et al., 2013n particular, TREMZ2 is considered to be a
6gat eway 6 nicoglial baamae i batygeen phagocytic and -prilammatory
activity. High levels of TREM2 proma alternative activation and phagocytosis, whereas
low levels of TREM2 induce a pfiaflammatory sate suggestingthat control of
microglial activation status isnportantin AD pathogenesigBoche et al., 20)3TREM2

is one of the highest expressed receptors in microglia, is >300 fold enriched in microglia
vs. astrocytegHickman and El Khoury, 20)3nd is known to be expressed by microglia
surrounding amyloighlaqueslt has also been proposed that TREM2 variants cause AD via
down regulation of the iAphagocytic ability of microglia and by dysregulation of the-pro
inflammatory response to these cellierefore, identifying TREM2 as a significant risk
factor for AD provides insight into the role of microglia in ABickman and El Khoury,
2013.

In general, these observations demonstrate that, in determining the influence of microglia,
for example, in the context of neurodegeneration, it is the specific manner ih whic
microglia are activatednd the phenotypiaey adopt that play a crucial role.

However, neurotoxic (M1) and neuroprotective (M2) microglial phenotype cannot be
distinguished histopatologically in the brain and the distinction is a simplification and
represents the extreme stat@oldmann and Prinz, 2013 As suggested without this
capability of discriminate microglial phenotypes, no rgabogress on functioha
involvement of putative M1 or M2 microglial subtypes in the cellular pathogenesis of AD
can be madéStreit and Xue, 2012

In the contest of diseasbpth of these extremes as well as intermediate states may be
present. However, the describddvision in M1 and M2 cells reflects the behavior of
microglia concerning their general alternativepromdion of tissue injury or repair
(Goldmann and Prinz, 2013
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1.11.2b Focus onhuman brain tissue studies

Consideringthe contextof traumatic brain injury and strok#1 polarizedmicroglia has

been identified characterized by an upregulationlbtl, IL-6 and TNFa cytokines.On

the contrary, theanalysisof microglial profile in chronic neurodegenerative diseases
appears more cHanging. However, studies on animal models of chronic
neurodegenerative diseadgvehighlighted an M2 profile of microglia characterized by
expression of transforming growth factor (T@H) and the lack of the typicgro-
inflammatory cytokines Itli and TNFa (Cunningham et al., 200Perry et al., 2002 It

is suggested that, by adopting the M2 pepfinicroglia avoid bystander neuronal damage
(Boche et al., 2006 Inflammation in human AD brain has been associated with M1
activation in the vicinity of the apoid depositqGriffin et al., 1989 McGeer et al., 1989
Griffin et al., 199% mainly observed by immunoreactivity for -li and complement
proteins. However, this contrasts with a study showing a significant increase in AD of the
genes associated with M2 activati®¥G1 (arginase) an€HI3L1/CH3L2(chitinase 3like

1/2) with no difference in Iti mRNA level (Colton et al., 2006 This is consistent with
previous observation of the presence of #@Fn AD (Wang, G. et al., 20Q03however,
neither study indicates whether the proteins have an active role in disease progression
(Boche et al., 2013

A recent study of brain gene expression in ageing and in AD using microarray technology
reportedchanges irseveraimmune/inflanmationrelated genes with marked upregulation

of genes reflecting activation of microglia and perivascular macrophages, particularly
those associated with innate immune respofSebbs et al., 2012 The transcriptional
changes werenorerelated to cognitively normal ageing than to AD, with upregulation of
the complement pathway, TLBlgnaling inflammasome activation and immunoglobulin
receptors all of them béng able to promote microglial release of preinflammatory
molecules For some genes, whosepeession profileswas below the microarray
sensitivity, the qualitative mlymerase chain reaction RG-PCR) revealed arincreased
expression of the proinflammatorcytokines Il:1i , IL-6, TNFa and also the anti
inflammatory cytokine IE10. Considering that thehangesveremore strongly associated
with cognitively normal ageing thanith the transition to AD, the authors suggested that

they may beinked with priming of microgliato the subsequent development of AD.
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Aim of the thesis

Microglial cells are the resident macrophages of the CNS and they are involved in
important functions in the developing and adult brain, in both physiologioal
pathological situations.

For a long time microglia has been considered to be involved mainly in-patiological
inflammatory processes but recent studies support their intrinsic neuroprotective role,
particularly due to secretion of neuroprotectinelecules.

In vitro models, are extremely important for investigating the mechanisms of
neuroprotection mediated by microglial cells as well as for identifying new potentially
neuroprotective molecules. The experiments described here have been perfngedtu
primary cultures and in particular cerebellar granule neurons and microglial cells, the latter
obtained from both neonatal and adult brain. The use of tools, like toxins, able to induce
neuronal apoptosis is a useful model to test the neuropveteetfect of microglial
secreted factors. A Parkinstike neurodegeneration vitro model has been used here by
treating cerebellar granule neurons with the toxhy@roxydopamine (@OHDA).

It is well known from several previous vitro experiments tht microglia
conditioned medium (MCM) is neuroprotective towards neurons treated with this type of
toxin and that at least some of the protective factor(s) are peptidic in nature. However, their
specific neuroprotective roles remain relatively unknowiiténdture.

To begin to fill this gap we decided to analyze the MCM through a proteomic
approach that gave the opportunity to identify all the proteins secreted by microglial cells.
Among them we focused the studies on Superoxide dismutase 1 (SOD1)yreanegxt
important enzyme for the neuronal redox balance, and Apolipoprotein E, involved in
several brain functions, spanning from cholesterol transport to amyloid beta clearance.

The purpose of the thesis has bsengn to di
the studies on clarifying the mechanisms of SOD1 and ApoE release and their potential
neuroprotective role. Moreover, during my PhD | had the opportunity to spent one year at
the McGill University in Montréal, where the project was aimed at the ctesization of

mi crogl i al cells in a rat model of Al zhei mer
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Aim of the thesis

So three aims will be discussed:

1) Microglial SOD1 release and mechanism of neuroprotection
Pathway involved in SOD1 secretion, time dependence of the release, its moduldtion wit
LPS and BzATP, neuroprotective effect on CGNs with or without SOD1 inhibitors.
Experiments with exogenous SOD1 added to a-cwmitioned medium, SOD1

overexpression/silencing and experiments of calcium imaging.

2) Microglial ApoE release and its mechanisnof neuroprotection also with the
use of ceculture system
Pathway involved in ApoE secretion, time dependence of the release, its modulation with
LPS and ATP. Neuronal stimulation of ApoE release (through their conditioned medium
and in ceculture conditbns). Experiments with exogenous ApoE and with siRNA to test

its neuroprotective effect against31DA toxicity.

3) Microglial M1 -M2 phenotype in McGill-R-Thy1-APP rats
Using adult microglial cells | analyxl by qRT-PCR, differences in MM2 phenotype
between microglial cells isolated from control and Mc&@#Thyl-APP rats, the only
mo d e | abl e to r epr od-dkeamyleic pathology witk a gingle h e i me

transgene.

These novel information are relevant to stineifurther studies of microglianediated

neuroprotection im vivomodelsof neurodegenerative diseases.
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CHAPTER 3:

MATERIAL SAND METHODS
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Materials and methods

3.1 Microglial cell cultures and Microglial -Conditioned Medium (MCM)
preparation

Microglial secondary cultures were prepdrfrom mixed primary glial cultures from
newborn Wistar ra{Harlan Italy, Udine, IT)cerebral cortices, as previously described
(Polazzi et al., 2001 All animal experiments were authorized by a local bioethical
committee and performed according to Italian and European Community laws on animal
use for experimental purposes.

Brain tissue were cleaned from meninges, trypsinize8 0 ¢ ggmaldrich) S
for 15min at 37°C and centrifuged for88min at 1500 rpm (ALC Multispeed Centrifuge
PK121). The pellet was 1®uspended in a small volume BNase | (20 pg/mlSigma
Aldrich) and Trypsin Inhibitor (80ug/ml,SigmaAldrich) solution for mechanical
dissociation wth a Pasteur. After an additional centrifugation at 1500 rpm for 10min, cells
were seeded on poly-lysine (10 pg/ml; SigmaAldrich)-coated flasks (75 cth Mixed
glial cells were cultured fori'B days in Basal Medium Eagle (BME; Life Technologies)
supplenented with 10% heahactivated Fetal Bovine Serum (hiFBS, Life Technologies),
2 mM glutamine and 100 uM gentamicin sulfate (Sigixdrich).

After 7 daysin vitro (DIV) microglial cells were harvested from mixed glial
cultures by mechanical shaking;sespended in serwfiee BME and plated oanncoated
35mm @ dishes (1.5 xQfcells/ 1.5 mL mediumivell). Cells were allowed to adhere for
30 min and then washed to remove famiinering cellsMicroglial cells were stimulated
with Brefeldin A (BFA), lipopolysacharide (LPS) or 2'-O-(4-benzoytbenzoyl}ATP
(bz-ATP) (all chemicals werérom SigmaAldrich).

For the evaluation of SOD1 release, microglial cells were plated on uncoated 12
well plates at a density of 756 10° cells/well and stimulated with lipopgaccharide
(LPS), rat recombinant interferan (IFN-2), or both, as well as with adenosine
tryphosphate (ATP) at different concentrations (all chemicals were from Sigiriah).

After different conditioning times, MCM was collected, filtered through 0.22 pm
filters and stored at20°C until usd for neuroprotection analysis on CGN=or Western
blot analysis MCM weralesalted and concentrated by using Micre¥dn-3 (Millipore),
while microglial cells were collected in 2X Loading Buffer (LB, 50 pl/dish). For
immunocytochemistrymicroglial cells werdixed for 20 min with 4% paraformaldehyde
(PFA) in phosphate buffer (PB) at RT and then washed in phospufieged saline
(PBS).
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3.2 Cerebellar Granule Neurons (CGNs) and Cerebellar Granule
Neuron-conditioned medium (CGNm) preparation

Primary CGNs culres were prepared fromday-old Wistar rats, as previously described
(Polazzi et al., 2001 Briefly, cells were dissociated from cerebella and plated ewd&b
plates or 35 mm @ dishes, previously coated with 10 pgdoly-L-lysine (respectively
012 x 10 cells/well and 2,4 x 10 cells/well) in BME with 10% hiFBS (Life
Technologies), 2 mM glutamine, 100 uM gentamicin sulfate and 25 mM KCI (Sigma
Aldrich). Sixteen hours later, 10 uM cytosine arabimoanoside (Sigm&ldrich) was
added to avoid glial proliferation. After DIV, differentiated neurons were shifted to
serumfree medium with or without 20 uM-©@HDA (SigmaAldrich).

The neuroprotective effect dICM, exogenous ApE (human ApoE2, Biovision
Inc.) and exogenous SOD1 (Sigmddrich) was tested by etreating control and 20 uM
6-OHDA-treated CGNs with either microglial conditioned maedior increasing dosesf
exogenous ApofSOD1 Specific SOD inhibites, ammoniumtetrathiemolybdate and
disulfiram, or the extracellular calcivohelating agent ethylenediaminetetraacetic acid
(EDTA) were examined to block the neuroprotective effect of exogeBOUZL as well as
that of microgliasecreted SOD1 present inQW (all chemicals from Sigmaldrich). The
possible SOD1 neuroprotectiomas also studied in other classical models of GGN
neurotoxicity,i.e. the shift of differentiated neurons to a low potassaamcentration (5
mM KCI) for 24 h or the chronic (24 hgxposure of neurons to 1Q@M glutamate (all
from SigmaAldrich). Neuronal survival was analyzed by using MTT assay or nuclei
counting after Hoechst staining. For microglia treatments and western blot analysis, 24 h

conditioned media (CGNm) were collected, previously described for MCM.

3.3Microglia-CGNs cocultures

For microgliaCGNs cecultures two systems were used:

1) Microglia exposed to CGNsonditioned medium (CGNnmedium was conditioned for
24 h by differentiated CGNs (2,4 x®l€ells/1 mLmedium/well in 35mm @ dishes at 7
DIV) in serumfree BME 25 mM KCI with or without 20 uM-®©HDA. All media were
used to treat microglial cells (1.5 x®1€ells/1 mL medium/well in 3%nm @ dishesjor
24hin control conditionsas well as with BFA for 4 H,PS 100 ng/mL for 24 h or Bz
ATP 20 pM for 4 h. Media conditioned by microglia in presence of CGNm in the
different experimental conditions were then collected, stored08C, concentratecs
previously described, and used for western blot analysis;
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2) CGNsmicroglia cecultures microglial cells (1.5 x 1% were plated on differentiated
CGNs (2,4 x 1Bcells/well in 35mm @ dishes at 7 DIV) in the same medium (1 mL
serumfree BME at KCI 25 mM) with or without 20 uM-@HDA for 24 h. Conditioned
media wee then collected and stored-20°C, until usd. For western blot analysis,
cells were collected in 2X LB (100 pl/dish), while for immunofluoresceoekls wee
fixed for 20 min with 4% PFA.

3.4 Microglial transfection

Microglial cells were transféed with the mammalian expression veciocDNA3
(Invitrogen) containing fulllength cDNA encoding wildype or mutated (G93Ahuman
SOD1 (pcDNA3SOD1wt/G93A) Alternatively they were transfectedith the vector
pEGFRC1 (Clontech)containing fulllength cINA encoding wild type or mutated
(G93A/A4V) human SOD1 (pEGFBOD1wt/G93A/A4V). All plasmid wera kind gift
from Prof. AngeloPoletti(Tortarolo et al., 2004Sau et al., 2007 The vector pmaxGFP®
(Amaxa, Cologne, Germany) was used both as a plasmid control and as a test for
transfection efficiency.

Moreover twodifferent commercially available siRNA (Siga#ddrich) against
SOD1, previously tested for their efficacy by the Rosetta bioinformatics systema used
to silence SOD1 microglial expressiolm general, ransfectionwas performed using
LipofectAMINE 2000 Reagent (Invitrogen), following the manufaetls protocol, in
OptiMEM/serumfree BME (Invitrogen) without antibiotics for 4 h; the medium with
lipid-DNA complex was then replaced with seriiree BME. Twentyfour hours after
plasmid transfection, MCM were collected, cleared of contaminating celissdby
filtration (through 0.22um filters) or by centrifugation (10,0@ffor 5 min), and stored at
20°C until use for Western blot and meprotection analysis on CGNSs.

In order b silence ApoE expression in C@hicroglia coecultures, microglial cells
were transfected with a commercially available siRNA against rat Aprviously tested
for its efficacy by the Rosetta bioinformatics sysfemwith a universal siRNA Negative
Control (SigmaAldrich). Transfection was performeash microglial cells in gspensionby
using LipofectAMINE 2000 Reagent in OptiMEM/sertdfree BME (all from Life
Technol ogies) without antibiotics, foll owing
plated on differentiated CGNs in 38m @ dishes. The medium withe lipofectamine-

DNA complex was then replaced witleramfree BME. Twentyfour hous following
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SiRNA transfection co-cultures were exposed to 20 uMAHDA for additionally 24
hours. For Hoechst stainirgpnd immunocytochemistry cells were fixed for 20 min with
4% PFA For ApoE silencing in rat primary microglanly, cells were transfected as
describecabove; after 4 h, the medium witte lipofectamineDNA complex was replaced
with serumfree BME. Twentyfour or 48 hoursollowing siRNA transfection, MCM were
colleded, cleared of contaminating cells by filtrationvith 0.22 pm filters) or
centrifugation (10,000 g for 5 min), and storedi20°C until usd for Western blot

analysis.

3.5Western Blot Analysis

To analyze the level of proteins released into the mediexpressed by microglial cell
cultures after different times of conditioning and/or after treatments with different stimuli,
MCM and cells were collected. Five hundred microliters of MCM for each condition were
concentrated and desalted using Amicon-8NMillipore) and resuspended in 10 pul of
loading buffer 4X (0.05 M Tri¢dCl pH 6.8; 40 g/l sodium dodecyl sulfate; 20 ml/|
glicerol; 2 g/l bromophenol blue, and 0.02 M dithiothreitol; all chemicals were from
SigmaAldrich). In parallel, 1.5/19microglial cells from each well were collected directly

in 50 pl of loading buffer 2Xand sonicated using a water bath sonicatoound 40 pl per

lane of concentrated MCM samples or 15 ul of microglial cell samples were loaded onto a
10% sodium dodecyl sulfafmlyacrylamide gel (SD®AGE; BioRad Laboratories).

After electrophoresis and transfer to a nitrocellulose membrane (GE Healthcare),
the membranes were blocked for 1 h with a blocking solution made of 5% nonfat dried
milk (Bio-Rad)/0.1% Tweet20 in phosphatbuffer solution (Sigmaldrich), pH 7.4, and
incubated overnight (O/N) at 4°C with primary antibodies in 0.1% Tvi28¢RBS. Then,
nitrocellulose membranes were incubated with a secondary antibody for 90 min at 24°C in
0.1% Tweer20/PBS. The Ilabeled bandsvere visualized using the enhanced

chemiluminescence method (ECL; Santa Cruz Biotechnology).

Primary Antibodies used:
Rabbit polyclonal ati-SOD1, ApoE, iNOS (all:1,000; Santa Cruz Biotochnology).
Rabbit polyclonal artPNP (1:3000, Sigmdaldrich).

Seondary antibodies used:

Goat antirabbit antibody conjugated to horseradish peroxidas®2000, Santa Cruz
Biotechnology)
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3.6 Immunocytochemistry

Control, ATR treated, BFAtreated microglial cells and emltures untreated or treated
with 20 uM 6OHDA for 24 h, were fixed with 4% PFA, washed with PBS and
permeabilized with PB®.1% Triton %100. Aspecific sites were blocked with normal
goat serum in PB8.1% Triton X100 (all chemica were from SigmaAldrich) for 1h at

RT. After several washes, cells rgeincubated O/N at 4°C witl rabbit anttApoE
antibody (Santa Cruz)and thenwith secondary antibodies (amtbbit fluorescein
isothiocyanate, SigmaAldrich) for 1,5 h at RT For SOD1LAMP1 staining cellswere
incubated overnight at € with both rabli antrSOD1 and mouse ariisosome
associated membrane protdifLAMP-1; Santa Cruz Biotechnology, Inc., Santa Cruz,
Calif, USA) and further incubated with the secondary antibodies for 1 h and 30 min at 25 °
C (anttrabbit fluorescein isothiocyanate f80OD1 and arkimouse tetramethyl rhodamine
isothiocyanate for LAMPL;SigmaAldrich). For Isolectin B microglial staining, ce
cultures were princubated with biotidabeledlsolectin B, and then with FITC-labeled
extravidin (SigmaAldrich). Nuclei werethen stained with Hoechst 33258 (0.1 mg/mL;
SigmaAldrich) for 5 min at RT. Stained cultures were mounted with Vectashield
fluorescence mounting media (Vector Laboratories Inc., Burlingame, CA; USA), observed
with a fluorescence microscope (Eclipse TE 2@icroscope; Nikon, Tokyo, JR)nd
images were acquired with an AxioCam MRm (Zeiss, Oberkochen, Germany) digital

camera.

3.7 Viability Assays

The viability of CGNs in culture was evaluated by MTT-(435Dimethylthiazot2-yl)-
2,5diphenyltetrazolium brondie) assay and nuclei counting after Hoechst staining
(Polazzi et al., 2001; 2009; 2013Jhe first assayis based orthe reductionof the
tetrazolium salinto a coloredformazancompound, a reaction that only occurs in viable
cells since the chemical r&@on is carried out by mitochondrial dehydrogenadas.
particular, MTT was added to culture medium at aafi concentration of 0.1 mg/mL and
following an incubation at 37°Cfor 20 min in the dark, théormazanprecipitate was
dissolved in 0.1 M TrigHCl buffer containing 5% Triton XL00 (all from SigmaAldrich)
andthe absorbance was read at 570 nm in a Multiplate t8paotometric Reader (Bio
Rad).
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For nuclei counting after Hoechst staining, CGNs or @@ikroglia cecultures
were fixed for 20 min with % PFA in PB, washed in PBS and incubated for 5 min at RT
with 0.1 pg/mL Hoechst 33258 (Siga#ddrich). Pictures were acquiredvith a
fluorescence microscope by using a 20X objective and count was performed in 5 randomly
selected fields from each 35mm @ disNeuronal survival was evaluated by counting

normal, uncondensed nuclei.

3.8 Calcium Microfluoro metry

Variations in intracellular free Gh concentration ([CZ]i) were monitored through
ratiometric microfluorometry using the fluorescent®Cdetectorfura-2 AM (Molecular
Probes; Invitrogen, Milano, Italy). For microfluorometric experiments the control bath
saline was 140 mM NaCl, 4 mM KCI, 2 mM Mg€l 2 mM CaC}, 10 mM TES, and 5

mM glucose, pH 7.4, with NaOH and osmolarity adjusted to ~320 mOsmm@atimitol.

The C&'-free extracellular sallwas prepared by removing Ca€alt and adding 0.5

EGTA. When using high (50 mM) Kexternal solutions, salts were replaced equimolarly.
Stock solution of SOD was diluted in control and &afree media at he final
concentrations of 0.75, 1.5, 3.125, 6.25, and 12.5 U/ml. THeodB MCM solution was
obtained by dissolving thigophilized powder in 10 ml of the control bath saline with and
without calcium. Before measurements, {density granular cells seatlen coverslips

were loaded with 10 uM furd AM dissolved in standard bath solution for 45 min at 25°C.
For microfluorometric analysis cell coverslips were mounted on a perfusion chamber
containing 100 pl bath saline. Cells were continuously perfusedrate of 0.5 ml/min

with different salines at room temperaturei(22 °C) as previously describ€Benfenati

et al., 201) Measurements of [G5i were perbrmed using an inverted fluorescence
microscope (Nikon Eclipse TE2000U; Nikon, Italy) equipped with a -Hdistance dry
objective (40X) and appropriate filters. The emission fluorescence of selected astrocytes
was passed through a 5h6h narrowband filter and acquired with a digital charge
coupled device camera (VTi; ViSiech International Ltd., Sunderland, UK).
Monochromator settings, chopper frequency, and complete data acquisition were
controlled by QuantiCell 2000 (VisiTech). The excitation wavelengts alternated
between 340 and 380 nm with a sampling rate of 0.25 or 0.5 Hz. The fluorescence ratio
measured at 340 and 380 nm (F340/F3883 used as an indicator of fCJachanges. The
calibration of the 340/3Bratio in terms of the free &aconcentation was based on the

procedure previously describé@rynkiewicz et al., 1986
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3.9S0D1 Activity Determination

SOD1 activity in 20 ul of 4&our MCM concentrated-2o 4-fold was determined using

the SOD determination kit from Fluka (Sigrldrich). This method is based on the
ability of SOD1 to catalyze the dismutation of the anion superoxide, previously produced
by xanthine oxidase starting from xanthine angd i®to molecular oxygen and hydrogen
peroxide, which in turn can reduce a Higboluble tetrazolium salt (WST) to a formazan

dye that can be easily revealed through a spectrophotometer. Since the absorbance of
formazan dye is proportional to the amount of anion superoxide, SOD activity is quantified
as an inhibition activity by masuring the decrease in color development. For
quantification, a standard inhibition curve was prepared with a known concentration of
exogenous SOD1 (Sigmdrich) from 1.125 to 10 U/ml and the reaction was followed

for at least 20 min.

3.10Adult microglia cell culture
3.10.1 Animals

The animals were housed in groups of up to three in individually ventilated cages under
standard conditions (22°C, 12 h ligiérk cycle) receiving food and water ad libitum. All
procedures were approved by the Animal eC&ommittee of McGill University and
followed the guidelines of the Canadian Council on Animal Care. At 5 or alternatively 16
17 months of age rats were sacrificed by transcardial perfusion and theHaragnbeen

processed for gRPCR.

Pre-plagues stag: Postplaques stage
5 months 16-17 months
8 rats 8 rats (+/+)
4 WT and 4 TG (+/+) 4 WT and 4 TG (+/+)
All males TG: %2 females
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3.10.2Preparation

Briefly modified from (Slepko and Levi, 199%

The animals were deeply anaesthetized with Equithesin (6.5 mg chloral hydrate and 3 mg
sodium pentobarbital in a volume of 0.3 ml, i.p., per 100 g body weight) and perfused
through the left ventricle with cold filtered PBS using 2 sterile syringes (60ml) in order to
minimize the potential contaminations. Each brain was immediately tramsfieraefalcon

tube with icecold phosphatduffered saline (PBS with NaHG®.75g/l , Hepes buffer
10mM, pH 7.4). Under the hoodaortex, hippocampus and cerebellum were dissected and
cleared from meninges. Importantly, eamdrebralarea of every rat wasept and treated
separately. After that, the tissues were transferred in a trypsin solution {FG21iI
containing 0.25% trypsin, 0.02% EDTA, and 0.01% collagenase type II), minced with a
scalpel and incubated at 37°C forhlwith shaking. Then RPM1640 (@BCO) + 10%

FBS (GIBCO) was added and the suspension was centrifuged at 2,000 rpm (Beckman
Coulter Avanti® JE,) at 4°C for 5 min. The pellet was resuspeth in RPM{1640
containing 40 g/ml DNAse type | §igmaAldrich) and incubated at 37°C for 15 min wvit
shaking. Then ice cold RPMI640 was added and the suspension was centrifuged at
2,000 rpm at 4°C for 5 min.

The pellet was resuspended il of cold RPMI using a P1000 Gilson pipette, until the
suspension was homogeneous. Other 20.4 ml of cold Risiti{ing 21.4ml in total) and

8.6 m| of I sotonic percol | i rBigmBlAldnidh s 6 b u
respectively) were added and the suspension was centrifuged again at 2,000 rpm at 4°C for
20 min.

The pellet was r esusp dtmodt€d arid Mf" ¢QIBCO) witha n k 6 s
2% FBS and centrifuged at 2,000 rpm at 4°C for 5 min. One ml of cold ABKD has

been used for resuspending the last pellet and each suspension was divided in 3 eppendorfs
and centrifuge at 2500 rpm (Eppendorf 5418) 5omin at RT.The supernatants were

discarded and the pellets stored8t° until used
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3.11RNA extraction and quantitative Real-Time PCR (qRT-PCR)

For total RNA extraction, 300ul of each cell suspension were centrifuged and the pellets
were diretdy lysed using RNeasy Mini Kit (QIAGEN, USA), according to the

manufacturer s i

nstruction. RNA wer e

coll ect

-80°C until used. Total RNA was rettmanscribed with the Omniscript RT Kit (QIAGEN,
USA) using an ago-dT primer to generate cDNAstored & T 2 Onil Qused

Quantification of transcript expression was assessed byR{ER with EvaGreen® (MBI

EVOI ut i

on EvaGreen

qPCR Mi x,

Mo niTimeRCR Bi ot ec

system (lllumina Inc., USA) thenal cycler. gRTPCR measurements were carried out in

duplicate with four biological replicates (4 rats/age). Expression of each gene was
zed t o t heactihasule enkema pontrolg gFRRECR pramerd

nor mal i

were designed using the softw&hemer Blast.

3.11.1Primers

PCR product s

have si mi

| ar length (80bp O pro

Gene Accession number | primer SequenrB86é6 50
-6 NM_012589.2 | Forward | CATTCTGTCTCGAGCCCACC
Reverse | GCTGGAAGTCTCTTGCGGAG
-1 NM_031512.2 Forward | CAGCTTTCGACAGTGAGGAGA
Reverse | TCTGGACAGCCCAAGTCAAG
INOS NM_012611.3 Forward | CACAGTGTCGCTGGTTTGAA
Reverse | CCGTGGGGCTTGTAGTTGAC
COX2 NM_017232.3 Forward | TGGGCCATGGAGTGGACTTA
Reverse | AGGATACACCTCTCCACCGA
-2 NM_053836.1 | Forward | CCAAGCAGGCCACAGAATTG
Reverse | TCCAGCGTCTTCCAAGTGAA
I1-12a NM_053390.1 Forward | GTGTCAATCACGCTACCTCCT
Reverse | CTTGGCAGGTCCAGAGACTG
TNFU NM_012675.3 Forward | ATGGGCTCCCTCTCATCAGT
Reverse | GCTTGGTGGTTTGCTACGAC
IL-2 3 U NM_130410.2 Forward | AGGACAACAGCCAGTTCTGTTT
Reverse | AGAAGGCTCCCCTGTGAAGA
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I1-10 NM_012854.2 Forward | TGCGACGCTGTCATCGATTT
Reverse | TGGCCTTGTAGACACCTTTGT
-4 NM_20120.1 Forward | CGGATGTAACGACAGCCCTC
Reverse | TGGTGTTCCTTGTTGCCGTA
YM1 NM_001191712.1 | Forward | ACTTGGACTGGCAATACCCTG
Reverse | TTTACGCATTTCCTGCACCAG
Argl NM_017134.3 Forward | ACAAGACAGGGCTACTTTCAGG
Reverse | ACAAGACAAGGTCAACGCCA
Mrcl NM_001106123.2 | Forwad | TCAACTCTTGGACTCACGGC
Reverse | GAACGGAGATGGCGCTTAGA
TGFbl NM_021578.2 Forward | CTGCTGACCCCCACTGATAC
Reverse | AGCCCTGTATTCCGTCTCCT
GFAP NM_017009.2 Forward | CAGCTTACTACCAACAGTGCC
Reverse | GGTTTCATCTTGGAGCTTCTGC
NeuN NM_001134498.2 | Forward | CAGCAGCCCAAACGACTACA
Reverse | TTCCCGAATTGCCCGAACAT
ibal NM_017196.3 | Forward | CCTCATCGTCATCTCCCCAC
Reverse | AAGCTTTTCCTCCCTGCAAATC
I -Actin NM_031144.3 Forward | AGGCATCCTGACCCTGAAG
Reverse | GCTCATTGTAGAAAGTGTGG
MIP -1a NM_013025.2 Forward | CGGGTGTCATTTTCCTGAC@G
Reverse | CCTTGCTGCCTCTAATCTCAGG
TREM2 NM_001106884.1 | Forward | GGTCACAGAGCTGTCCCAAG
Reverse | CAGTGCCTCAAGGCGTCATA
ApoE NM_001270681.1 | Forward | GGTCCCATTGCTGACAGGAT
Reverse | GCAGGTAATCCCAGAAGCGG
LRP1 NM_001130490.1 | Forward | AGCTGCTGCGAGTAGACATC
Reverse | CAGCCGCCATTGTTGATACG
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3.12 Statistical analysis

All quantitative data are presented as means = SE from independent experiments.
Statistical significance between different treatments was calculated by using one way
analysis of variance (ANOVA)pllowed byposh oc compari son through B
or St ud eTwo-grosip comparieond were analysed withtad i | ed -®student 0s

A value of p < 0.05 was considered statistically significant.
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CHAPTERA4:

RESULTS

4.1

Evidenceson microglial SOD1 release and neuroprotection
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4.1.1SOD1 IS CONSTITUTIVELY RELEASED BY MICROGLIAL CELLS

It is well known from previous studies that the exposure of differentiated rat CGNs to the
dopaminergic toxin ©OHDA (20 uM) for 24 h resulié in approximately 50% cell death
(Monti et al., 2007Polazzi et al., 2009

Interestingly, a mediunconditioned by microglia for 2 h {Bour MCM) did not protect
neurons from 8OHDA toxicity, whereas a media conditioned for 24 and 48 kh@4 and
48-hour MCM) hal a significant neuroprotective action (fig.1A). This suggests that
neuroprotective substaes released by microglia progressively accumulated in the
medium during conditioning. Western blot analysis confirmed that SOD1 was actually
present in 24 and 48 MICM, while it was much less evident after 2 h of conditioning

(fig.1B), thus suggesting & SOD1 could play an important role MCM-mediated
neuroprotection.

>
w

120-
110+
1004 ko
90+
80+
70+
60+
50-
40

—— 6-OHDA 20 pM

*kk

Cell survival
(MTT % on control)

L) L] L) L)
none MCM2h MCM24h MCM48h

Fig. 1. (A) Neuroprotective effect of MCM. Cells (CGNs)were treated for 24 h with 20 uM- 6
OHDA in the presence or absence of medium conditioned for 2, 24, and 48 h by unstimulated
microglial cell cultures (100% of the culture media). Cell viability was determined through MTT
assayEach point is the mean + SE of at least four different experiments run in triplicate. *** p <
0.001 compared to the conditions of treatment wHOHDA in nonconditioned medium(B)
Identification of SOD1 release and accumulation in the MCM Representative Western blot
analysis of SOD1 protein expression in different media conditioned by microglia for 2, 24, and 48
h. (fromPolazzi, Mengoni et al., 2013).

In order to estimate the amount of SOD1 in the neuroprotective mediuho(#81CM),

we measured its catalytic activity using a commercially available -8€3ay kit. In
parallel, we compared the intensity of Western blot bands derived from a known vdélume o
the 48hour MCM (i.e. 500 pl) with the intensity of bands obtained by loading known
amounts of recombinant SOD1. Both methods yielded similar va(u@4/0.05 U/ml,

60



Results

which corresponds to about 10g/ml in the 48our MCM (according to the
activity/concetration relationship given by th@oducer of the recombinant SOD1).

SOD1 Activity
(U/ml) SODI U/mD _ vrewm 48h

0.008 0.04 0.2 1.0 (500 pl)
SODL | (057 +0.0024
Determination Kit

Western Blot 0.044 + 0.0006 => —*p - 16 kDa

analysis

Fig. 2. Determination of SOD1 units in 48hour MCM through two different methodanalysis

of SOD1 protein expression (Western blot) inhtgir MCM, compared to different known units of
SOD1 from human erythrocytes, and determination of SOD activity using a specific kit (from
Polazzi, Mengoni et al., 2013).

4.1.2 MODULATION OF SOD1 SECRETION BY MICROGLIA L ACTIVATORS

Considering that the releasef SOD1 in the conditioned medium appeared to be
constitutive, i.e. related to the normal partially activateditro microglial conditions, we
tested whether a more activated state could uladel SOD1 microglial secretion.
Activation of microglia with LPS, IFN, or both did not increase the SOD1 level in a
medium conditioned for 24 h and it did not change the intracellular level of the enzyme.
On the contrary it induced, as expected, a strong increase in INOS levels, thus confirming

the actual activated stadé microglia under these conditions.

\
S a®
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SOD1 | S — — — — — S | MCM-24h

SOD1 | S AP S SR S S | Cel lysates
iNOS —_— o ! Cell lysates

Fig. 3. Constitutive release of SOD1 by microglial cells is not modulated by primflammatory
agents.SOD1 protein expression was analyzed by Western blot in different conditioned media and
in cell lysates of micrdga cell cultures treated or doeated for 24 h with dferent concentrations

of LPS and IFNo . The increase in the intracellul ar
confirm microglial activation (fronfPolazzi, Mengoni et al., 2013)
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