Aus der Klinik fir Neurologie
Geschaftsfuhrender DirektoProf. Dr. med. Lars Timmermann

des Fachbereichs Medizin
der PhilippsUniversitat Marburg

Investigating the role of glial cells in neurodegenerative disorders
by depleting astrocytes and oligodendrocytes in a model of
amyloid-beta inducedcytotoxicity in organotypic hippocampal slice
cultures

InauguraiDissertation
zur Erlangung dd3oktorgrades

der Naturwissenschaften

dem Fachbereich Medizin
der PhilippsUniversitat Marburg

vorgelegt von

Natascha Vidovic

aus Dusseldorf

Marburg an der Lahn, 2021



Angenommen vom Fachbereich Medizin der Philippsversitat Marburg
am:22.04.2021

Gedruckt mit Genehmigung des Fachbereichs Medizin
Dekarin: FrauProf. DrD. HilfikerKleiner
Referent:Herr Prof. Dr.R Dodel

1. Korreferent: Herr Prof. Dr. APagenstecher




Original dokument gespeichert auf dem Pu
Phil-Upips®r sviatr bur g
http: / / aentahribw.rugb..duen i

o0Ele

Dieses Werk bzw. I nhalt steht wunte
Creative Commons
Namensnennung
Ni cht kommer zi el |
Keine Beambeitung
4, Onternational

Di e 9®%nodilgset Li zenz finden Sie unter .
https:// creati veco-smenodn/s4..00r/g/ | i censes.



Meiner Familie,
meinen Freunden
mit grolSem Dank an Lukas,

Allen die mich auf dem W eg begleitet haben!

a5AS 2A3aaSyaoOKFTid Aald ¢SAt RSNI[SoSyagaAN]ftAC
allem in unserer Erfahrun

Rachel Carson



Table of content

LIST Of fIgUIES ..t rme e e e e e e e e e e e e e e eees I
S A = o] =T REPPPURUR 11
ADDIEVIALIONS. ... ..o e aer e aaa AV
I [ 0o [T 1 o TP 1
Mmoém ! £ 1T KSAYSNRA..5A.48aS8 .  LE.0K26.238. ... 2
2 4 [ o3P 4
1.3 MOIECUIAT DASIS...ceeeiieiiiie it e e e e e e e e e e e aaeeeas 5
L4 MICTOQIIA. ceeeeeeeiieeeeeee e e e e e e 7
R N {0103 (=SSP 9
1.6 OligOUENAIOCYLES. ......ieieeee ettt e e e e e e e e e e s s b e e e e e e s annnneeeaeeas 11
M®T t NB & $iyidd®s asinallintascade leading to the expression of inflamatory
£ a1=To [ 1 (o] £ P PEPR PP 11
1.8 Microglia and astrocytes take part in the early development af AD.......................... 14

1.9 Organotypic hippocampal slice cultures as a model to study glial cell interactions...16

1.10 AMS OF the TNESIS ...ceiiiiiiiii e e e 18
2. Material and METhOUS. . .......ooiiiiiiiii e 20
2.1 MAEETTAL ...t 20
2.1.1 Cell Culture BUia COMPONENTS ... ..ottt e e e e eeeas 20
2.1.2 CREMICAIS. .....eiiiiieieee et 21
N G = =T o) 1[0 [T T POTPPPR 22
2.1.4 ANEIDOTIES. ... 22
2.1.4.1 Primary antiDOIES......ccooiiiiiiiiiii et 22
2.1.4.2 Secondary antiDOdIES. ..........ooiiiiiiiiiie e 23
0 R T I Y= 24
FZ T I 1 USSP UPERPSOTRPRRRR 24
2.1.7 EXPENAADIES...... ..ttt ettt e e e e e e e e e e e e e e e e e e e e e e e e —r———aanes 24
2.0.8 DBVICES .ot iiiiiii et a e e e e e e e e e e e e e e aaaaa e 25
2.0.9 SOMIWAIE. ... eeiiiiiiiiiiieee et e e e e et e et oot et e s e e s s e e r et rtaaaaaaaaaaaaaann 26
2.1.00 ANIMAIS. ..ot e e e e e e e 26
2.2 METNOGS. ...t 27

2.2.1 Cultivation oBMV-2 and OHNEUCEIIS.........vieeeeee e 27



2.2.2 Isolation of primary astrocytes and oligodendrocytes from postnatal.mice............. 28

2.2.3 Isolation of primary glial cells from embryonic MICe...........ccccvvviiviievieiieeiieeeeeeeeee, 29
2.2.4 Freezing and thamg Of CelIS............oeiiiiiiii e 30
2.2.5 Organotypic hippocampal slice cultures (OHSC)........coooiiiiiiiieiiiiiieeeee s 31
2.2.6 Depletion of microglia from OHSC............oooiiiirer s 33
2.2.7 INtErNAIIZALION BSSAY....ceiiiiiiiiiiiiie e r e e e e e aaaaaaaans 34
2.2.8Immunoablation of astrocytes by toxtoupled antibodiesn vitroandex viva.............. 35
2.2.9 Depletion Of aStrOCYLER VItrO........c..uuiiiieeeieiiieeee et e e e e e 36
2.2.10 Depletion Of aStrOCYIEIK VIVO.......coiiuriiiiieeeiiaiiiee et e e e s st e e e st ee e e e s eeee e e 36
2.2.11 Immunoablation of oligodendroCYtEBVItIO............coevveeeeeeieiii s 37
2.2.12 Cell viability assessment (MTT assay and Celltiter.Glo)..........ccccccvvvvvviviniinneennnen. 38
2.2.13 Preparation of amyloid beta SPecCIeS.......ccvviiiii 39
2.2.14 Treatment of slice cultures with amyloid Deta.............occvviiiiiiiiiiiiiieeee s 39
2.2.15 Immunofluorescence staining Of CRIIS.........cooiiiiiiiii i 40
2.2.16 Immunofluorescence staining of OHSC..................ccc e 4L
2.2.17 StatistiCal ANAIYSIS........uuuriiiiiiiiiiiiiirieeeeeee e D2
3. RESUILS. ... 43
I Y/ [od oo | I WP PPPPPPPP 43
3.1.1 Depletion of B-2 cells by clodronate Vitro...................ooo oo i i eecccccieee e 43
3.1.2 Depletion of microglia from slice CURULES.............ooiiiiiiiie e 44
3.1.3 Induction of cytotoxicity by amyloelmbta species in OHSCS........ccccccvvvvvvvviiiennee.... 46
3.2 ASIIOCY LS. ettt ettt ettt e e e et an e e e e ennnaa 49
3.2.1 Finding the right antibody for toxinduced ablation of astrocytes.............c..cccveevnee. 49
3.2.2 Immunoablation of astrocytes vitrousing toxincoupled antibodies.................ccceee... 57
3.2.3 Immunoablation Of aStrOCYIEX VIVO.........cceiiiiiiiiiiieeeiiiiiiie e 61
3.2.4 Depletion of astrocytes usingalpha aminoadipic aciith Vitro............cccccevvvcvvieeeeennnnns 63
3.2.5 Depletion of astrocytes usingalpha amincadipic aciceX VIVQ...........cccceevvvveeeiiineeennns 70
3.3 OligOUENAIOCYLES ... ettt ettt me bbb e e e e e e e e e e e ane e 75
3.3.1 Immuna@ablation of 0ligOUENAIOCYLIES .......cviiiiiiiiiiiiee e 75
3.3.2 Characterization of oligodendrocyiasvitroandeX Viva..........ccccccovivireeeeeesiiiiiieeeeennn 82
4. DISCUSSION....cciiiiiiiiiii ittt ettt ettt ettt ettt e e e 86
4.1 Finding the right antibody complex for immunoablation...............ccccouvieereiiniiiiinnn 87
4.2 Immunoablation of primary astrOCYtEBVIIIO ..........cccoiviiiiiiiiiieeeiiiiiiiee e 89

4.2 Immunoablation of aStrOCYIEEX VIVO...........uuueiiiiiiieieieieieiiiiiis e e e e e e e e eeeevennens e e e e e e eeeenenes 92



4.3 Immunoablation of oligodendroCyt@B VItrO..............cooeieiiiiiiceee e 94

4.4 Conclusion and fUutUre PErSPECHIVES. ....uuuiiiiieiiiiiiieeieee e 96
SUMMIATY. ettt ettt oot e et e e et et e e et aneeeeeta e e e e etta e e e eata e eeeaneeaeesnnnaaeenes 99
5.1 ZUSAMMENTASSUND. ... .uteiiiieiiiiiieiiee e e ettt e e e e e e s s e e e e e e s s e e e e e e e aannneeeeeas 101
RETEIEINCE. ...ttt e e 103
Y o] 01T o b PP P PSP PPPPPPPPPON 120
7.1 SUPPIEMENTAI GALAL.....ceiei i e e 120
7.2 PUDIIGEIONS. ...eiee ettt et e e st e e e e e e s bbb e e e e e e s e nabrneeeeeeans 122
7.3 Directory of academicC teaChErS............cco i 122

7.4 ACKNOWIEAGEIMENTS ...ttt a e e e e e e e e anes 123



List of figures

List of figures

Figure Title Page

1.1 Schematic overview of cytokine and chemokeression by microglic 12

and astrocytic cells.

2.1 Preparation and cultivation of organotypic hippocampal slice cultures. 33

2.2 Schematic drawing of the immunoablation using Z&P technology. 35

2.3 Principle of the MTT assay. 38

3.1 B\£2 cells are not severely affected by clodronate treatment assesse 43
MTT.

3.2 Depletion of microglia from OHSCs is almost completely doite 45
clodronate.

3.3 Slices are not affected by treatment of with meramd oligomeric amyloic 46
betaspecies.

3.4 Microglia provide protection of neuronal cells against batayloid induced 48
cell death in slice cultures.

3.5 Targeting Aquaporin 4 and GLABTn Astrocytes results in enhance¢ 50
fluorescence intensity over a time period of 24 hounrsitro.

3.6 Concentration dependent fluorescence increase of GLA®Ternalization 51
in astrocytes.

3.7 Comparison of two arbodies on their ability to be internalized i 52
astrocytes by pHAb reactive dye measurement.

3.8 High DARs result in higher intensities when antibodies were applied ¢ 54
same concentration.

3.9 Internalization assay of GLA$Tand GLI reveals that GLAST 56
internalization is strongest after 24 hours at a concentration of 1.5 pg/t

3.10 Cell viability assessment after treatment of primary astrocytes \ 57
antibody complex.

3.11 Cell viability assessment after treatment of primary astresytwith 58
antibody complex.

3.12 Cell viability assessment after treatment of primary astrocytes \ 59

different antibody complexes



List of figures

3.13  Effect of GLASI-toxin-conjugate treatment of astrocytes is stronger th. 60
AQP4toxin-conjugate.

3.14 Immunoablation in OHSCs using GL-ASAnd RakZAP antibodies i 62
concentrationdependent.

3.15 Treatment of astrocytes withhbpAAA results in concentratiodependent 64
cell death.

3.16  Treatment of astrocytes with"cAAA and corresponding vehiaentrol. 65

3.17 Treatment of astrocytes with hAAA, vehicle control and volun 66
replacement control.

3.18 Number of treatment and incubation times matter in primary astrocy 67
treated with [ -AAA.

3.19 Correlation between number of treatments and concentratiorj 0fAAA 69

3.20 5 mM LP-AAA leads to disruption of cellular architecture. 71

3.21 5 mM [P-AAA was applied to slices by dropping the solution on top of ¢ 72

slice.
3.22 Lh-AAA treatment irODHSC is concentratiatependent. 73
323 [ 2¢6 O2y 0OSy GAA liakedhy directeffect$ df viability in OHSC 74
3.24  LaAAA treatment in OHSC. 74

3.25 Cell viability assessment @ilineucells after treatment with Claudihl- 76
toxin-conjugate.
3.26  Cell viability assessment Gii-neucells after treatment with two antibody 78

toxin-conjugates.

3.27  Toxicity assessment of artiaudinll antibody orOlrneucells. 79
3.28 Dilutions containing sodium azide (N&Mre toxic toOlineucells. 80
3.29 Dialyzed Claudiil antibody is not toxic t®lineucells anymore. 81
3.30 GPR1%ositiveOlineucellsin vitro. 83
3.31 Olineucells were treated with dbcAMP to induce differentiation. 84
3.32 OHSCs were stained with differavitgodendrocytespecific markers. 85
6.1 Verification of antibodybinding on primary astrocytes. 120

6.2 Staining of primary oligodendrocytes reveals maturatievel. 121




List of tables

Listof tables

Table Title Page
2.1 Cell culture components and manufacturers. 20
2.2 Chemicals and manufacturers. 21
2.3 Peptide and manufacturer. 22

2.4 Primary antibodies, protein specificity, manufacturer and clone numbe 22

2.5 Secondanantibodies, protein specificity, manufacturer and clone numk 23

2.6 Dyes for immunohistochemistry and manufacturer. 24
2.7 Kits for cell viability assessment and internalization analysis 24
manufacturer.
2.8 Expendable material and manufacturer. 24
2.9 Devices and manufacturer. 25
2.10 Software and developer company. 26
2.11  Composition of microglial cell culture medium for a total of 500 ml. 27
2.12  Composition of Olheu culture medium for a total of 500 ml. 28
2.13  Composition opreparation medium A. 29
2.14  Composition of primary astrocyte medium. 30
2.15  Composition of freezing medium for cells. 31
2.16  Composition of OHSC medium for a total of 100 ml, pH 7.2. 33
2.17  List of primary and secondary antibodies and species. 40
2.18  List of primary and secondary antibodies and species. 41

2.19  Composition of immunostaining buffer | and immunostaining buffer Il. 42
31 Antibody-dye conjugates and corresponding DARs to fig. 3.8. 55

3.2 Cell viability assessment of astrocytafter treatment with primary and 61

secondary antibodies.




Abbreviations

Abbreviations

Abbreviation Description

i k oSl Amyloid beta

AD It T KSAYSNQ&a RA&aSHEAaS
APOE Apolipoprotein E

APP Amyloid precursor protein

h-Syn Alpha Synuclein

ATP Adenosine triphosphate

AQP4 Aquaporin 4

Aqua bidest. Doubledistilled water

BBB Blood-brain barrier

BCA Bicinchoninic acid

BME Basal medium eagle

BSA Bovine serum albumin

BV-2 Microglial cellline

CAZL3 Cornu ammonis 13

CD Cluster of differentiation

CLSM Confocal laser scanning microscopy
CNPase H Q Xygcley dzOt S 2 -pHospBodiesterase
CNS Central nervous system

CG Carbon dioxide

CTRL Control condition

DAPI n -di@midino-2-phenylindole

DAR Dye-antibody-ratio

DAT Dopamine transporter

dbcAMP Dibutyryl cyclic adenosine monophosphate
DG Dentate gyri

DIV Days in vitro

DMEM 5dz2t 6S002Q4 Y2RAFTASR St :
DMSO Dimethyl sulfoxide


https://en.wikipedia.org/wiki/2%27,3%27-Cyclic-nucleotide_3%27-phosphodiesterase

Abbreviations

DNA Desoxyribonucleic acid

DTT Dithiothreitol

EAAT1 and EAAT2 Excitatory amino acid transporter 1 and 2

EC50 Half maximal effective concentration

EDTA Ethylendiamimtetraacetic acid

ELISA Enzyme linked immunosorbent assay

EOAD 9 N¥ & 2yasSi !'f1KSAYSNQ:

FCS Fetal calf serum

Fig. Figure

GABA gammaAminobutyric acid

GFAP Glial fibrillary acidic protein

GLAST1L Glutamate aspartate transporter 1

GLT1 Glutamate transporter 1

GLY Glycine transporter 2

GM-CSF Granulocytemacrophage colomstimulating
factor

GPCR G-protein coupled receptor

GPR17 G-protein receptor 17

H hours

HBSS | y1Qa olFftFyOSR alftid 4&:

HEPES 4-(2-hydroxyethyl}1-piperazineethanesulfonic
acid

HRP Horseradish peroxidase

IbA 1 lonized calcium binding adaptor molecule 1

[FN- Interferon gamma

lgg ImmunoglobulinG

IL-1 Interleukin 1

IL-6 Interleukin 6

IL-10 Interleukin 10

iINOS Induciblenitric oxide synthase

IVIg Intravenous immunoglobulins

Lh-AAA L-alpha aminoadipic acid

Vv



LOAD
LPS
LTP
mADb
MAP
MCI

mg

mi/ pl
mm/ pm

mM/ uM

MS
MTT

MW
NaOH
NeuN
NFT
NG2
NGF
NMDAR
NMO
NO

n.s.

04
OHSC
Oli-neu
OPC
PBS
PD
Pen/ Strep
PFA

Abbreviations

[0S 2yasSi 'f1 KSAYSNQa
Lipopolysaccharide

Longterm potentiation

Monoclonal antibody

Microtubule associated protein

Mild cognitive impairment

Milligram

Milliliter/ picro liter

Millimeter/ picro meter

Millimolar/ picro molar

Molar

Multiple sclerosis
3-(4,5-dimethylthiazot2-yl)-2,5-
diphenyltetrazolium bromide

Molecular weight

Sodium hydroxide

Neuronal nuclei

Neurofibrillary tangle
Neurongliaantigen2

Nerve growth factor
N-methyl-D-aspartate receptor
Neuromyelitis optica

Nitric oxide

Not significant

Oligodendrocyte marker 4

Organotypic hippocampal slice cultures
Oligodendrocyte precursor cell line
Oligodendrocyte precursor cell
Phosphate buffered saline

tF NJAYyaz2yQa RAAaSI &S
Penicillin and streptavidin

paraformaldehyde

Vi



Abbreviations

Pl Propidiumiodide

PLP Proteolipid protein

PMDs Protein misfolding disorders

RAGE Receptor for advanced glycosylation end
products

RFU Relative fluorescence unit

ROS Reactive oxygen species

Rpm Rounds per minute

RT Room temperature

SD Standard deviation

SERT Serotonin transporter

SLC Solute carrier

SV40 Simianvirus 40

Tab. Table

TGFI Tumor growth factor beta

TLR Toll-like receptor

TMB 0 2 0 -Eepramethylbenzidine

TNFh Tumor necrosis factor alpha

TREM 1 and 2 Triggering receptors expressed on myeloid cell
and 2

TschG Tierschutzgesetz

VII



Introduction

1. Introduction

bSdzZNEPRSIASYSNI A PSS RA&ASI&S4a &8ddzOK I1a ! f1 KSAYS
belong to a group of soalled protein misfolding disorders and share the characteristic of
aggregated proteins; in AD, the prevailing protein is the ketyloid peJi A RS 0! i k! 6 Sl
in PD, it is alphd & y dzO £Sgn) (€hiti @rid Dobson, 2006)s well as the microtubule
associatedprotein tau, which is common in both dislers(Bancheret al,, 1993; Hangeet

al., 2009; Leet al,, 2010) The aetiology of AD, the most common cause of dementia, is still

under debatg(Vianaet al., 2012; Wu and Nakanishi, 2015)

Since 1992, when the amyleltypothesis was postulated, research focused on the toxicity of
I j142 oligomers and the underlying mechanisms of neurodegatien observed in the
hippocampugHardy and Higgins, 1992; Hardy, 2002¢xt, to examine various mechanisms
of amyloid toxicity, more attention was also drawn to inflammatory processesaasing the
onset or at least the progression of the disordériffinet al, 1998; Heppneet al,, 2015) As
early as 1907, Alois Alzheimer already mentioned inflammatory involvement in his
observations taken fronpost mortemAD brains(Takamiet al, 1997; Rubid’erez and
MorillasRuiz, 2012; Ridolét al,, 2013) Additionally, evidence pinpointe a crucial role of
inflammatory processes in the progression of the disg&ssppneret al,, 2015) Support for

this hypothesis comes from autopsies of AD patipost mortembrains, in which high
amounts of activated glial cells were found around senile plagWésdsh and Selkoe, 2004a;
Lueet al., 2010; Henekat al,, 2015; Shadfaet al,, 2015) In PD brains, active micraalcells
were also found around the substantia nigra, which is the prominent area affected in
t I NJ Ay a2 yMeGeer® alal988auband Hong, 2003; Tare al, 2014; Yangt al.,
2017) It is therefore of great interesthat the microglial population is higher in the midbrain
and in the substantia nigrd.awsoret al, 1990; Kumaet al, 2013)in comparison with the

cortex.

It has long been thoug that the immune system of the brain is unique and separated from

the blood and the remaining organism by the blood brain barrier. Actually, the central nervous
system (CNS) has a special set of defence mechanisms against pathogens and invaders that is
distinct from the innate or adaptive immune systéAkiyameet al., 2000b) Important players

of this defence system are glial cef®ial cells are noneuronal cells that are subdividedian

1



Introduction

three cell types, including microglia, astrocytes and oligodendrocytes, with different modes of
action and function.Astrocytes and microglia actively take part in the defence process,
whereas oligodendrocytes seem to have a more supportive functi@n, By creating the
myelin sheath around axons to maintain signal transfBerger and Frotscher, 1994)
Destruction of these cells leads to the decreased isolation of axons and a loss of transmission
(Birgbaueret al., 2004) which is a major hallmark of multiple sclerosis (M3phmanet al,,

2006; Oksenbergt al., 2008)

In general, astrocytes and microglia secrete cytokines to support the growth of neurons and
maintain their function(Libertoet al., 2004; Rossnest al., 2005) In addition, astrocytes, for
example, form the first line of defence by supporting the blduwelin barrier (BBELibertoet

al., 2004) In ADpost mortembrains, astrocytes were found detached from endothelial cells
and near senile plaqugdVisniewski and Wegiel, 1991; Ome al., 2013) Disruption of the

BBB can lead to infiltration by peripheral monocytes and disturbances in brain homeostasis
(Lee and Landreth, 2010Jytokines released by activated glial cells can in turn activate other
glial cells in a sefferpetuating cyclgMillingtonet al,, 2014) The cellular mechanisms leading

to acute/chronic neuroinflammation and neuronal death observed in AD are still unclear

(Ransohoff and Perry, 2009)

Mmom ! fT KSAYSNRA 5Aa8FasS LI dGKz2f238

I £ T KS A Y S Nahaé mditicémEnbrafdm of dementi€60%- 70%)affecting the elderly
(Cunninghanret al, 2015; Kumaet al,, 2015)with a prevalence of 5% in European middle
aged (> 50 years) men and women and an incidence of 1.1% perTyedate the major risk
factor is aging. In times of the demographic change numbers of patients diagnosed with AD
are rising. According to predictions up to 13 million people (in Germany) will be suffering from

AD in the near futuréTomaskovat al.,, 2016)

AD was first describeby Alois Alzheimer in 1907 when Hescribedobservationshe made
of hisfemale paient Auguste Detgrwho was brought to him in the beginning of the™20
century with symptoms of discomposure and severe memory def{étgsheimer, 1907;
Alzheimeret al,, 1995) Later on, examining her brapost mortem he foundunusualprotein

aggregatesn the cortexthat are nowadaysrkown assenile (amyloidplaques.

2



Introduction

Additionally, he described the occurrencengurofibrillarytangles (NFTs). Due to his findings,

GKA&a F2NX 2F RSYSyYy(dAl g (EngélharitandiGares, 208Rke ! £ 1 K S
processing and productionof A YR bC¢a gAff belé ThRSédmWicd SR Ay
of senile plagues and NFTs consisting of hyper phosphorylategrtdeins which were

already observed by Alzheimaire still regarded as characteristics of the dise@sanaet al.,

2012) Further examinations over the last 100 years showedt thisfolded proteins tend to

aggred S YR F2NXY RSLRaAGA GKIFIG Ay GKSInOFasS 2
particular, regions that are responsible for memory and cognition are affected by these two

types of lesiongSelkoe, 2004)Enhanced and early neurodegeneration ingbereascan

explain the disease symptomatic

Most patients suffer from a sporadic form of AD with no precise triggering factor. Since
patients at higher ages (> 65 years) are starting to notice symptoms it is ledéezhset AD
(LOAD)Next to unknown auses, LOAIB often connected to mutations in the genetic coding
for the E4 allele of apolipoprotein E (APQE)gaeva, 2002APOE is a glycoprotein mainly
expressed in the liver and brain by neurons, astrocytes and macropliSgeset al,, 1995)

and serves in transport of cholesterol as vasdineuronal growth and repajMahley, 1988)
Heterozygous carriers of this gene mutation have-@I8 risk of developing AD whereas
carriers homozygous for this genetic variant have a risk that #®l@iShigher compared to
controls (Ashford, 2004) The APOE protein was found to be a target of the oral infection
causingporphyromonas gingivalig. gingivali$ virulent factor gingipain (proteasg)Lonnet

al., 2018) which could be a mechanism of creating neurotoxic fragments of APOE.

Familial or inherited AD patients make up about < 5% of all ¢&ae=reiroet al, 2012; Karch

and Goate, 2015)hese cases are commonly called early onset AD (EOAD) because symptoms
mostly appear before the age of 65 yeg@uerreiroet al., 2012; Miilleret al., 2013) EOAD

cases often occur within a family cohesion. Up to now, there are three different genes know

to be affected by mutations related to EOMRogaeva, 2002 T hese genes include the genetic
information for the amyloid precursor protein (APP) and both presenilins (PS1 and PS2) which

are functional sutlzy” A (i & -sBcFetasekhSt is-crucial for the cleavage of APP into thé240

' YAy 2 | OARa @adkbvsket al, 20048 MiitatidhSin the APP gene often result
inenhancedSELINB & &aA2YyY 2F !ttt LINRGSAY (Kisdcretésesy | 6V :
G2 &AStR (2ladadtingly2ddMid as2002 -4pprdved examinations of genetic

3
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material from Auguste D. revealed mutations in the preseiiligene, suggestinthat she

suffered from an autosomal inherited form of EO@Miller et al,, 2013)

In addition, geetic variations in the triggering recep®expressed on myeloid cells 1 and 2
(TREM1, TREM2) have also been linked to increased risk @ap& al, 2017) TREMZ2 is
mainly expressed on microglial cells and imed in the regulation of inflammatory reactions

in the CNS as well as in recognizing bacterial invg@iésayeet al, 2009; Gaet al., 2013)

As well as TREM2, TREM1 is associated with a risk for ADp.s@ingivaliscan induce the
expression of a riskssociated TREM1 allele that leads to a decrease in TREM1 surface

receptor expression and a decreased response to bacterial infeqBostancet al,, 2013)

1.2 Clinics

Clinical manifestations are not profoundly different in patients suffering from EOAD or LOAD
(Tellecheaet al., 2018) The major difference is the time of onset as described earlier.
Nevertheless, patients of both forms begin to have mild cognitive impairment (MCI) mostly
before keing diagnosed with dementi@lacket al., 2010) Loss of shofterm memory and
impairment in forming new memory and learning events often is a profound sign of dementia
and the time point when patients will be examined by a neurologist. Unfortunately, this is
already late in regard to disease progression, since itggested that the preclinical phase
begins even decades before the first symptoms are feagPtize and Morris, 1999)ith
progression of the disease, symptoms will worsen, and severe AD will manifest. In these
phases, patients can develop agnosia, aphasia, apraxia and gdpaitayvneh and Holtzman,
2012) Besides, because of these physical impairments, patients will get memthlems

since they can no longer participate in social life which often results in severe depression and
isolation(Batureet al., 2017; Zubenket al., 2003) In the very late stages, cognitive decline

Is increasing and usually patients suffer from the inability to folew memories since the
transition from the shortto longterm memory is affected. More dramatically, patients are

no longer able to recognize relatives and there is a strong need of nuiBargwneh and
Holtzman, 2012)AD itself is not lethal, but mostly patients die from secondary diseases or

complicationslike infections and cardio vascular impairme(if®ddet al., 2013)
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1.3 Molecular basis

On the brain level, during AD increased brain atrophy is happening, especially in the
hippocampal area where memories are made and stored. The neurons of the hippocampal
formation are mostly glutamatergic and highly sensitive to stoes and excitotoxicity by
neurotransmitters such as glutamaf&inetet al., 2012) The enhanced loss of neurons in this
area is responsible for the symptoms of memory loss. Plaque formation throughout the cortex
is observable in patients with AD and plaques as well as Taggregates can be visualized
with positron emission tomography scans (FE&ns) whereas a distinct diagnosis is mostly

madepost mortem(Fleisheret al., 2020)

LG Aa 3ASySNrtfe | OOSLIWSR GKIGO GKS FY@f2AR 0°¢
plagues which are found ipost mortemLJF G A Sy (1 Qa 87Nd 4B8sfmandacid longA & |

LISLIGARS 62 FEGSNI SG |t dX HAnwiyloiRBFsBrdRtei¥ N Y |
(APP) located on chromosome @ardy and Selkoe, 200R)y R ISy SNJ G SaRd GAIl 06

3L YYASDONB G aS Ot SH@Fr3ISed i A& F2dzyR Ay OSNEB
peripheral and brain cells of healthy people. The physiological functio®PBfad A A & y 2 (i
clear, however, evidence pointstoNdR & | L2 aadA 0t S LINRPGISOGADS NP

function and synaptic communication (Castellani et al., 2009; Cavtdi@ et al., 2014).

l'tt OFy 0S-xc&f SlyeBieises Bndér physiological conditions, APP is mainly

Of SI gSRONBG IhaS T A NEBedretdse/ RRsulting i& yoluldedAPRP fragments that

are secreted into the extracellular space and will be degraded after completing its function

(the nonamyloidogenic pathway). Mutations of the secretases can lead to enhanced

LINE RdzOGA2Y 2F 11 o6& Fl @2dz2NAy 3 LINPNB&eRsiGA O LI
(Haass, 2004; Kayed and LasaBeaves, 2018 ¢ KSNBEFTF2NB>X LINBEFSNNBR O
I YyRASONB Gl aSa tSFRa G2 GKS F2NXIGA2Y 2F Ly )
SEGNI OSt fdzf  NJ RSLIZAAGAZ2Y 2 Fsecretase cofisktS of g & f 2 A R
components known as presendin (PS 1) and preseniih (PS 2)Zhanget al, 2014a)

adzil GA2ya Ay (KS&aS R2YFAya oSNB F2dzyR (2 NB3
of 42 amino acids at least in cases of familial(JARlter et al, 2001) ! | Ay AbGa Yzy2
form is thought to be noii 2 EA O K26 SGHSNE | 3INBIFGSR T2 NI
neurotoxic with several mechanisms of toxicity currently under delf#¢@alsh and Selkoe,

2004b) The oligomeriéorm can interact with synapses, thereby altering their function.

5
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Oligomers have been found to reduce synaptic plastitatympair calciumhomeostasis, lead

to increased oxidative stress, hyper phosphorylation of tau, and excitotox{edynejo and

Hetz, 2013) Soluble oligomers can move between the intead extracellular space. One

possible mechanism of Aderived toxicity is receptemediated. One of these receptors is the
N-methylD-aspartate receptor (NMD#R) which is involved, among others, in the formation

of longterm memory by a term called lorigrm potentiation (LTP). LTP was shown to be
impairedo @ ! i 2f A32YSNBE® ! RRA (A 2R/redctiveloXyged &pkcied A Y R A
(ROS) formation and mitochondrial dysfunction are supposed to be promtaged and

Lasagn&Reeves, 2013)

BesidesNMDAv> !'i 2f A32YSNA Ol yhithe fietrbdalingulinirdcgptorS = A y
NBadzZ GAYy3 AYy AyadzZ Ay aiadayrfftAiAy3a RAaANHzZINAZ2Y |
disturb synaptic function via the cellular prion protein receptor and induce apoptotic mecha

nisms by binding to nerve growtactor (NGF) receptordayed and LasagiReeves, 2013)

Iy 2 4 KS NJ -héd@tedaokicity is supposed to take place via increased membrane per

mead Af AGe o6& GKS F2NXYIFGA2Y 2F Ol A2y OKIFyYyySt:
increase membra@ conductance and permeability, without the formation of pores or
channels (Kayed and LasagiReeves, 2013)These mechanisms presumably lead to
disruptions in ionic homeostasis and subsequemntlycell death, since maintenance of an

intact plasma membramis important for cell viability. Disrtipns in the lipid bilayer can have

severe conseguences as, among others, disturbance in calcium homeostdgigh@&awill

result in various processes leading to neurodegeneration.

Besides these extracellula®ai A 2y as> i OFy Ffaz2 YSRAIFIGS ySdzN
2F i 2t A32YSNE LINRPolofte GF1Sa LIXIFOS @Al SyF
they can have an impact on mitochondrial function, proteasomes and autophagy, again

resulting inneuronal cell deatl{Kayed and LasagiReeves, 2013)
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1.4 Microglia

aAONR3ItALE OSftfta O2yiNARO6dzGS (2 (RudoBered &l A y Q4
Morillas-Ruiz, 2012; Aguzet al, 2013) Depending on the context, microglia can appear in

GF NA2dza LIKSy20eLlJSad | yRSNI KSIfdidKe O2yRAGAZ
Y2NLIK2f 23& I yR Tdzy O lidg2int(Fétlér andl Krfigor@ng,280%; Riéolfio 2 y (i N
et al, 2013) With their long processes they are scanning the surrounding for invaders and
pathogens or aggregated misfolded proteins, ceaselegblynmerjahn et al, 2005;
Kettenmanret al, 2011; Henekat al,, 2014) Because of this, and their ability phagocytose

cellular debris in the brain like accumulated protefRogerset al., 2002; Boissonneaudt al.,

20000 (KSe@ IINB Ifaz2z NBFTSNNBR (G2 a GKS cBNIX AyQa
(Fetler and Amigorena, 2005; Johnsitnal., 2011; Rubid?erez and MorillaRuiz, 2012)In

conditions ofinflammation or damage, they change to an active state formerly referred to as

M1 or M2 respectivelyAguzzet al,, 2013; Ridolfet al, 2013) but in 2015 Joachim Schultze

from the LIMES institute in Bonn and colleagues proposed a more diverse activation pattern

of microglia which calNB I OG G2 @I NA Ridea it i& Aoy dlldeéck @nd @hitd f & £
(Schultze, 2015)These input signals can have a broad spectrum and among others include
pathogenassociatedmolecular patterns (PAMPSs), damaggsociated molecular patterns,
cytokines, growth and stimulating factoggueet al., 2014) When activated as a reaction to
environmental changes, microglia produce cytokines that are preferentialynfleonmatory

(Liu and Hong, 20037 typical activating signal for the more grdlammatory phenotype is
interferon  &/LICD G KAOK Aada Yekedlyih ghe pahpReR(@CEIGR200®;2 ¢
Ransohoff and Perry, 20Q9ut also produced by microglial cells and astrocytes after
stimulation of AMPs in the braigSuzuket al., 2005) As described earlier, activated microglia

are found in the surrounding of amyloid plagues indicating an interaction with amyloid
oligomers and fibril¢Ferrettiet al,, 2012) Supporting evidence for an involvement of amyloid
oligomers in the activation of microglial cells are derived from the fact that on microglial cells,
receptors were found capable of bingfiE  (h-2(Murgaset al, 2012) Among others, these

receptors are surface proteins like CD1which has gained importance as the
lipopolysaccharidéLP$receptor involved innnate immunity(Fassbendeet al., 2004;Liuet

al., 2005) RAGHKYanet al., 1996) CD36 and various scavenger recepi{dtasemanret al.,,

2002)
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Binding to these receptors activates a signalling cascade resulting in the expression of
cytokines of either proor antrinflammatory origin or leadsot the internalization ofA
molecules, which has been investigated for the CD14 receptditbgnd cewvorkers(Liuet

al., 2005) Additionally,Fassbender and eworkers hypothesized an involvement of CD14
long-time-activation byAl fibrils in the chronic neuroinflammatory process in (dassbender

et al, 2004) Other pattern recognition receptors belong to the group of -lik## receptors

(TLRs) that are expressed by microglial ¢Bégpageorgioet al., 2016) Upon activation, these
receptors act via signalling induction through interferon InyciRarfactor NB-¢ .(Stewart

et al, 2010) TLR4 acts together with CD14 in the recognition of bacterial LPS. Like TLR4, TLR6
is also known for itsAbeta binding properties and the provimlg of neuroinflammation
(Stewartet al., 2010; Lynch, 2014; Papageorgeilal., 2016) CD36 acts as a-teceptor for

¢[wn FYR ¢[ wcX ¢ KAXBDKhouket al(i2008)InhEdaSdrly dasteridl |
peptides are able @ act vial CD3GLRZITLR6 sigréng. In line with these findings,
experiments done with CD36, TLR4 and TLR6 deficient mice that were challengedwith A
showed no production of ROS anitiric oxide NO) which is likely to happen toi Achallenged
wild-type mice. These results support the importance of the receptors iirinduced
inflammatory activationLikewise, wiletype microglia expressed elevated levelsnbérleukin

(ID-mi  Ywb! Ay O2YLI NR&A2Y G2 ¢i[kwsn aldyARY dgf phwich 2R/S T
(Stewartet al., 2010)

Alternative phenotypes in turn are capable of producing #&mftammatory cytokines and
morphological change@&ordon and Taylor, 2005; Minogue, 2017 an inflammation occurs

in the CNS, as a consequence of a trauma e.g., microglial cells begin to funcépaiimg

and protecting the surrounding tissue and neurdB$askeet al., 2004; Ridolfet al., 2013) In
addition, microglia will secrete anthflammatory cytokines that will further support the
protection of nerve cell{Ridolfi et al, 2013) Furthermore, when microgl face such
AYTFELYYFGARZY araidSa F2N) 6KS FANRG GAYS:ET (GKSe@
their morphology towards an amoeboid appearar(tee et al, 2010; Henekat al,, 2015)
Furthermore, these activated microglial cells were found to release excessive amounts of the
excitatory neurotransmitter glutamate which itself is neurotoiopategui Cabezas al,

2014) This change of morphology includes an up regulation ofscelace receptors
described above that are involved in pathogen reatign (PRRs) and varies from ramified to

amoeboid(Suh and Checler, 2002; Glassal., 2010; Lopategui Cabezatsal., 2014; Minogue,
8
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2017) Thoughthe transition to different activation phenotypes is not irreversible and may

be altered during inflammation progregslinogue, 2017)

Besides the above described activation staf@¢yssCoray and Rogers, 201Bgre isanother

phenotype which iscalledd | Olj dzA NB R  (&6rtlo® @nél Taylar, R@Y: £olton, 2009)

¢KS GSNXY o6& FTANBRG AYOIONRRIdzZOSR 6@ D2NR2Yy Ay
FOGAGEGAZ2Y a0l 0S¢ fa2 F2NNSNI & intgrrukng | a4 aH
(IL-10); tumor growth factod 66 ®EC | f a2 F LR2LI23GAO0 O0Stta GKS
second alternative stat@Gordon, 2003; Mosser, 2003; Colton, 2009icroglial cells with this
LIKSy2G@LJS FNB &alFAR (G2 0S dGAYYdzy 2 adzythkiNg d a A S ¢

of either pro or antrinflammatory origin.Their main function is to take up apoptotic cll

1.5 Astrocytes

The most widespread glial cell type in the CNS is the astrocytic cell, which is named for its star
shaped morphologyFarfaraet al,, 2008; Howet al., 2011) According to Mark Ellisman and
Philip Haydon and colleagues, an estimation of 100,000 synapses are under the control of one
single astrocytic ce(Bushonget al, 2002; Halassat al., 2007) Disturbances in astrocyte
homeostasis may have considerable consmices for neighbouring neurons. In healthy
brains, astrocytes form part of the BBBbertoet al., 2004; Strooper and Karran, 2016&)e
responsible for maintaining the extracellular environmenddor regulating neurotransmitter
levels, especially glutamate homeostasis, and actively take part in the promotion of synapse
formation (Maragakis and Rothstein, 2006; Liddeletval, 2017) In addition to microglial

cells, astrocytes were found to also be able to internalize and dedrainyloidoligomers to

some extent(Lee and Landreth, 2010; Nagekeal., 2003; Nagelet al., 2004) Liddelow and
colleagues described two subtypes of astrocytes in analogy to the microglial classification: Al
and A2(Liddelowet al., 2017; Liddelow and Barres, 201The Al phenotype is capable of
inducing classical complement genes and thereby contributing to the destruction of synapses,
whereasthe A2 phenotype is protective because of the upregulation of neurotrophic factors
that contribute to the maintenance and repair of neurons and synafisdselowet al., 2017)

Al astrocytes are induced by inflammatory processes, and A2 astrocytes are induced by

ischaemic conditions. The activation of astrocytes, independent of the type of activation
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G26FNRa&a GKS ' m 2NJ ! H LIKESH 210000853 tAM2 SISANNSR RS T
in the number, size and enhanced motiliylas®t al., 2010)of astrocytes and is accompanied

by increased expression of the intermediate filament glial fibrillary acidic protein (GFAP) and
S100B(Simpsonet al, 2010) which both were found to be elevated in ABIcGeer and

McGeer, 1995; Mrakt al, 1996; Petzol@t al., 2003; Kashoat al., 2004) After the transition

to the Al phenotype, astrocytes release pnflammatory cytokinegLopategui Cabezas al.,

2014) includingtmi I YR G KS a@éudralf 2811)fHeréhy €ontdibbtihg to the

process of inflammation. Studies of cultured astrocytes exposed to fibrillar, oligomeric or
nonfibrillar b-amyloid showedhat IL-m i tEmor necrosis factorTNB-" kducible nitric oxide
synthaseiNOS and NO levels significantly increased. The changes in cytokine levels depend

ed on the form ob-amyloid applied. While oligomeric forms were found to increase-TNF

IbLmi = Abh{ YR bh Y2NB NI ddnAdidehadomin& préldiged & A Sy (
effects (White et al, 2005) Nevertheless, astrocytes also may have a neuroprotective- func

tion. It is well known that an excess of glutamate, which is an excitatory neurotransmitter, can

be toxic to neuronal cel@.iet al., 1997) Glutamate, among other neurotransmitters, is taken

up by astrocytes to maintain a balance in the extracellular spadesgnaptic cleft between
neurons(Roseet al,, 2018) This uptake is transportanediated, and their levels seem to be
upregulated in aged astrocytes in vit{@ertusaet al., 2007) whereas neuronal uptake

declines with ageingSegoviaet al., 2001) Two kinds of transporters are important in this

context: excitatory amino acid transporter 1 and 2 (EAAT1 and EAAT 2). EAAT2 levels were
F2dzyR 2 06S NBRdzZOSR 4 A (K (Simpéohebd, 2ER Lt &l] KSAYS
1997) suggesting a loss of neuroprotection by astrocytes in the aged brain. In contrast, EAAT1
levels were not decreased but rathemaintained at a constant levéBeckstrgnet al., 1999)

According to these studies, there ialance of EAAT1 and 2 in AD patients, and it is not clear

whether the loss of EAATZ2 is a consequence or a cause.

10
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1.6 Oligodendrocytes
ht AG2RSYRNRBO&(Sas o0Si09BNRRO2ZOAY Féa QASKS ad Y2FS A
been underestimated regarding their role in neurodegenerative diseases. Loss of function in
GKSaS O0Sftta KlFIa I GNBYSyYyR2dza Svafobnéuions2ayid i KS ¢
synaptic connectiongRothet al, 2005) As described earlier in thikess, oligodendrocytes
and the myelin sheath are the targets of immune attacks in another disorder of the CNS,
namely, Multiple SclerosigCompston and Coles, 2008herefore, the possible consequences
are well understood when these cells are decrehse destroyed by pathogenic invaders or
inflammatory processes. What remains a matter of debate is whether the cause of myelin

breakdown is the first event, or a result of another pathogenic process present in the CNS

Damage to oligodendrocytes mainlyooes through oxidative streg8VyssCoray and Rogers,

2012; Goldsteiret al., 2016)because a lack of glutathione and high iron content makes them
more vulnerable(Juurlink, 1997)One can imagine that in an environment with activated
microglial and astrocytic cells, the camdtration of reactive oxygen species in the form of NO

is very high, which is a strong damaging agent to oligodendrocytes. In addition, microglial cells
secrete the neurotransmitter glutamate, which is cytotoxic to oligodendroc{@zehet al.,
2011)(Czehet al, 2011; Ridolfet al., 2013) Further, oligodendrocytes express neurotrophic
molecules such as S100B to support neuronal cells. S100B is also expressed to a lesser extent
by other CNS cells but is oftassociated with astrocytes, which can lead to misinterpretation

of cytokine measurement&Steineret al,, 2007; Simpsoet al., 2010)

1.7 Presence of Ai.s2induces a signallingascade leading to the expression of inffa

matory mediators

The cytokine profiles of microglia and astrocytes are highly similar with only little differences.
Both cell types are capable of secreting cytokines, chemokines and other soluble molecules
that regulate inflammatory processes in the QN®8Geer and McGeer, 1995; Akiyaetaal.,

2000a) Figure 1 summarizes cytokines that are expressed by microglial and astrocytic cells of
either pro- (red) or anti (blue}inflammatory origin. Additionallymolecules expressed by
astrocytes that have neurotrophic functions are showrthe orangecircle (Blaskoet al,

2004) Typical prénflammatory cytokines produced inrespprS (2 !'i 2f A32 YSNA

11
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leukins Itmh | y-Rand BNPL [ & KI & 0 S BaAmbRr§ed abdlFarddi&tR, 2GDE
Rogerst al,, 2002)and (Akiyamaet al., 2000b)

Microglia Astrocytes

IP-10
MDC
MIP-1a/B

IL-1a
IL-1B
IL-1ra M-CSF
IL-3 MCP-1
IL-8

IL-12

IL-15

IL-23(mice)

MIP-2
MIP-3p

Figure 1.1: Schematic overview of cytokine and chemokexgression by microglial and
astrocytic cellsBluecolored factors ar®f major anttinflammatory origin while redolored

factors enhance an inflammatory reactifvicGeer and McGeer, 1995; Akiyama et al., 2000b)
Orangecolored factors represent neurotrophic molecu|Bsasko et al., 2004 Overlapping
cytokines are shown in the overlying circBDNF=brakderived neurotrophic fact;
IL=interleukins; AN T A Y G SNF SNRY ! -CSFyhRadmpiage cdosgiadirgy T a
factor;, MCP=CChemokine ligand; MIP=macrophage inflammatory protein; NGF=nerve
growth factor; NO=nitric oxide; NI=neurotrophin 3; N#/5=neurotrophin 4 and 5;
pERK=protein kinase RMke Endoplasmic reticulum kinase; ROS=reactive oxygen species;

TGF=transforming growth factors; TNF=tumor necrosis factor.

IL-6 is produced very early in the development of the nervous system and is not only thought
to have detrimental effects on neuronal survival but it also has immunosuppressive and other
beneficial functiongCastellet al,, 1989; Akiyamat al., 2000b) But because of its ability to
induce the expression of acute phase proteins and its thereby assistance in disease
progression, it is commonly viewed to be destruct{@astellet al., 1989; Akiyamat al.,

2000b) Another prominent marker of inflammationis TRF ¢ KA OK A& Ay ONBI &SF
12
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of AD(Fillitet al, 1991)and PD(Hsuet al, 1996)L.J- 6 A Sy G&a Fy R 3t Al f Odz Gd
oligomers(Brederet al.,, 1993; Rubid’erez and MorillaRuiz, 2012)

Next to cytokines and chemokines, there are molecules like NO and free radicals that serve as
markers of inflammatory processes in the CNS. NO is producée lyducible form of nitric

oxide synthase (iNO®}ieet al., 1992)in response to inflammatory stimulus liked S E LINB &
sion by both astrocytes and microglial c€l&kiyamaet al., 2000b; Murgat al,, 2012) NO

and ROS are pduced during phagocytosis of cellular debris by microglia. The oxygen radicals
contribute to lipid peroxidation thereby damaging cells and DNA, they are capable of altering
proteins in a toxic way and take part in neurotoxicity and can induce apsiptprogrammed

cell death(Vodovotzet al, 1996; Siddiquet al., 2016) To produceNO the amino acid-L

arginine is essential. The ligand is predominately produgeth® enzymes argininosuccinate
synthetase and argininosuccinate lyase (ASS) that are found to be active in glidbocgd®n

et al, 1996; Henekat al, 2001) ASS expression was found to be increased in the periphery

of senile plaquesconfay Ay 3 i & Ly i SNB &-posifvariedradns aindeSpreg dzY 6 S N
sion levels of neuronal ASS was found to be elevated in AD compared to control brains.
Whereas the number of A§f®sitive astrocytes remained stable in AD and controls, but the
expresson levels of astrocytelerived ASS increased. Furthermore, the neuroraald
astrocyticderived iINOS levels and iNQSsitive cells were significantly higher in AD than in
controls (Henekaet al., 2001) Together these results could explain thastained oxidative

damage inthecodA S 2F GKS LI GK2f23& aAyOS !'i gl a | f
itself (Akamaet al., 1998)

On the opposite, glial cells are also known to secrete-iafiammatory cytokines. These-in

clude IE4, 11:10, 11-12 and the TGF-family whereas 10 and TGF | NB LINR RdzOSR 0 «
glial and astrocytic cells as wélgure 1). A more detailed overview of the occurrence and ex

pression levels of cytokines during the course of mild cognitive impairment and AD is given in

a previous publicatioriBrosseon et al., 2014) In short, there are many studies about cyto

kines in the context of AD and most results are contradictory, since longitudinal data is missing

and probably the outcome depends on the methods that were used (ELISA, Western Blot) or

the way patients were diagnosed and divided into stgdgups.

13
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1.8 Microglia and astrocytes take part in the early development of AD

Astrocytes and microglia make up madtthe non-neuronal cells in the CNS. Both cell types
also secrete the majority of cytokines during inflammatory processes and especially during
the progress of AD. Cytokines and chemokines are actually reliable parameters to measure
inflammation in the CNfPiazza and Lynch, 2008cause typical markers of inflammation

like svelling andreddeningare missing. Nevertheless, cytokine measurements also bear
difficulties that have been discussedready in detaiby Ransohoff(Ransohoff and Perry,
2009) The difficulties regarding general cytokine measurements are that there is still a lack of
assays detectingery low levels of soluble cytokines in the Gife they have a short half

life (Ransohoff and Perry, 20080d it is not easy to differentiate between cytokines expressed

by different cell types. There are opposing opinions about the contribution of the different

cell types in thébeginning and progression of the disease.

One major obstacle in defining the role of distinct cell types during the disease progression is
that there is no gradual progression and no clear cut between the different stages of the
inflammatory process ongog in AD brains. To distinguish between an acute phase and a
chronic phase is still difficult as is to differentiate which cells are specifically active in which
part of the reaction and in which brain region, as the deposition and ongoing negeodt-

ing processes are not synchronous between brain areas. Another factor is that in very early
stages of the disease there are up to no human studies regarding this point because further
examinations are mostly made after clinical symptoms have becomef@sanilost patients

will be diagnosed with AD years after the molecular processes have begun. Especially regard
ing the noninherited (sporadic) formof AD, it is still impossible to exactly mark the begin

ning as the causing factors are unknown.

Astrocytes and microglial cells exhibit a highly similar cytokine profile which makes it even

more difficult to separate which part the single cell types play in which stage of inflammation.
Therefore acute and chronic processes in A2 explainedy means of&cent studies and by
establishing model systems that display the interaction of glial cells. According to Albert

/| KSdzy3 1 2A ,dz FyR O2ftfSIF3dzSa> RdzNAy3d GKS 653
meaning that there is an increased activationasfrocytes rather than microglial cellsiet

al., 2011)

14
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Astrocyte activation increases with agiffghenget al, 1996)and in 2010 Wharton and his
colleagues examined the correlation between the extent of astrogliosis and cognitive
impairment in an elderly cohort unaware of pathology stag8snpsoret al., 2010. According

to their results, there is a significant increase in gliosis in correlation with Braak stages and
activated astrocytes were found to docalize with amyloid plaques which is in line with
findings from Jarek Wegiel and his research griiggeleet al., 2004) But the results also
show that enhanced astrogliosis in the elderly is not primarily linked to AD but can be a natural

consequence of the aging procgssmpsoret al,, 2010)

In contrast to astroglios’ss Df 2 NA I Y€ I LJA (G SA Y Qliers arduNd Clayidib 3 NP dz
Cuello propagated that microglial participation is the predominant event in the beginning of
AD(Broussarcet al,, 2012; Hanzedt al., 2014) Supporting evidences come from experiments

done with 3month-old McGiliThy:APP mice. During their investigation, the authors
discovered thatmicroglial activation based on soma size extension and thickening of
processes, occurred earlier than plague deposition in the hippocartifersettiet al., 2012)

Additionally, higher INOS and CD40 (which is a typical marker of microglial activation)
expression was detected prior to plaque deposition. Interestingly, they could not detect any

phagocytic activities ahicroglial cells in this early stage of protein accumulation.

Furthermore, microglial cells are able to produce sforS y 3G K !'i &ALISOASAE GKS
GKS LINRPOS&aa 2F Of SFNAY3I dzy¥F2f RSR !ispagget SOdzZ S
gation (Mazzitelliet al, 2016) A similar situation was described by Carmen Venegas and
colleagueswho presented microgli@erived apoptosisassociated speekke protein comain-

Ay3a /w5 o!{/ &aLlSo1av Fa AYLI] NYehegaetal, NA 33 SN
20170 Ly 2SOiAz2ya 2F ! {/ &aLSOl1a Ayid2 !'ttkt{m Y
control mice, likewise injections of APP/PS brain homogenates into APP/PS1 mice lead to an
AYONBIFAaS Ay i L2aAidAdS hRimiheénates intb ABPRSINGAC & (K
/- did not result in any deposition. These results suggest, that there is a strong correlation of

L{/ &aLISO1a I virRivdi(Venega®tidR Z0A78PA 21k ONER 3 frkresulEiNnOA y 3 |
the release oASC specksl KA a YA IKG 06S | YSOKIyAayY 2F LISNL

position.
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Astrocytes and microglia are in a close relation on the spatial and molecula(Jewelet al.,

2007) since ceculturing of microgh with astrocytes showed that factors secreted by
astrocytes can modulate microglial activation and result in decreased production of ROS and
INOS(Min et al, 2006) This attenuating #ect may derive from the fact that astrocytes are
gammaAminobutyric acidGABA-ergic cells, whereas microglia express GA&®&ptors(Lee

et al, 2011) On the other hand, there are lots of studies that give evidence for an activating

role of astrocytes as mentioned befof@ascuaét al,, 2012)

1.9 Organotypic hippocampal slice cultures as a model to study glial cell interactions

Organotypic slice culture$OHSCsh general serve as an excellent model system to study cell
to cell interactions and communicationshe term was first introduced by Crain because of
the cytoarchitecture that is reminiscent to situ preparations(Crain, 1966)Advantages of

this kind of cell preparations are the enormous cultivation times which can last from several
weeks to monthgStoppiniet al., 1991; Nagert al., 2004; Galimbertt al., 2006) in addition,

the need for animal experiments is dramatically reduced drey display all detypes of a

specific tissue in a steagate situation(Vinetet al,, 2012)

Slice cultures of the hippocampal region, referred to as organotypic hippocampal slice cultures
have been frequently utilized during the last three decadesniestigate thetoxicity and
impact of compounds and treatments on nemal cells (Gahwiler, 1981) Tough, the
technique and idea has already begun to be used about 80 years ago. There are two major
ways of preparing slice cultures. The first described method is the roller tube cultivation and
was intraduced by Mary Jane Hogue as early as 1B#wgue, 1947)Hogue used humadioetal
brainswhich were cut into tiny pieces of about 2 mm and put on the inside walls of test tubes.
The brain pieces were attached to the wall with a clot of chicken plasma and globulin. The
tubes were filled with medium and put into a roller tube apparafGey and Gey, B8%)and
cultivated for 34 months. The advantage of the roller tube technique is that the slices are
moistened with every turn and not constantly soaked by the medium. One disadvantage of
this technique- depending on the experimental set ujis thequick flattening and spreading

of the cell layers due to the constant movement of medium around the slices. An advanced

approach was described by Gahwiler in the early 1g@@wiler, 1981)
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In his lab, slices were cut with a tisstieopper into 30400 pum thin slices and embedded on
coverslips. The coverslip technique was first described in 1951 by Costero and Pomerat
(Costero ad Pomerat, 1951)Using coverslips, it is easier to observe the cells during
cultivation processes and perform staining at the end of the experiment. A great advantage of
the coverslip method is that the slices thin down to a monolayer of cells amtisadual cells

can be visualized using phase contrast microscopy.

The second, yet more often used method for OHSCs is tualkm interface method which

was described by Stoppini and colleag(e®ppiniet al, 1991) Here, slices were cultured on
membrane surfaces allowing to be exposed to mediand air at the same timgChoet al,,

2007) The membranes are placed intevéell plates that are filled with a special amount of
medium that varies from 1 to 1.2 ngbimoni and Yu, 2006; Vinet al, 2012) allowing the

slices to not dry out and to not drown in medium. Slices prepared with this kind lohiee
usually thin down to 8 cell layers after several days whereas the cytoarchitecture is
preserved. Because of the missing clot for attachment onto tube walls or coverslips, it is easier

to perform electrophysiological experiments.

Furthermore, other differences during the preparation process are the type of animals and
ages that were used as well as the way the hippocampi were sliced. Most protocols make use
of a vibratomegSimoni and Yu, 2006yhereas others use tissue sectiorachinesor choppers
(Gahwiler, 1981)Whereas, there a different ways of preparing slice cultures, there are only

a few attempts to deplete distinct cell types from these cultuld& and others(Masuchet

al., 2016; Richteet al., 2020)could show that microglial cells can be depleted from OHSCs
using a pharmaceutical compound called clodronate. The depletion of microglia dramatically
affected the survival of hippocampal neurons An-induced neurotoxicity (Richte et al,,

2020)
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1.10 Aims of the thesis

¢2 SEFYAYS (KS AYRA JAiRdaed neldokichdanRifflamehéatdnt £ O S
processes, slice cultures from murine hippocampi were cultured with different conditions.

First, microgliawere depleted using clodronate, afterwards astrocytes and or oligodendro

cytes were eliminated with antibodioxin-conjugatesAfter the treatment & af A OS& 6 A (0 |
cytokine levels and cell viability were determinéudthe present study, two ways of depleting
astrocytes from slice cultures and the corresponding difficulties were examined. Furthermore,
immunotoxin conjugates were also tested on their ability on depleting oligodendrocytes.

Afore, the search for specific literature by performing MeSH (Medicge8uHeading) term

search in Pubmed was done.y G KS FTANBG LX I OS> aSI NOKAYy3I 7Tz
Odzf GdzZNBa¢ |yR GLINBLI NI(GA2yé @AStRSR nw NBad
Y208 LIAO KALILROI YLI t af fesufswoesicidarNtea additioralNgs  dza S
0KS G20 KSNJ I yAYI-8oadsultFraniaines.NKrom thése 80 kSsuftsAb$ &lding
GRSLX SGA2Yyé (0 awoilesuis remSifet thal BeheYidt Belevant for the experi

mental set up. When replacingK S G SN)Y GRSLX SGA2yé 6AGK alofl
result occurred. Obviously, there is a lack of methods to examine the role of individual cell

types inex vivomodels that displayn vivocharacteristics.

Therefore, two different approaches were designed for the specific ablation of astrocytes and
oligodendrocytes. The first approach is an adaptation of the work from Higginsoamadrkers

(Higginset al, 2015) Herein, the authors successfully targeted two antigens: Negt@n

antigen2 (NG2) andiangliosidemainlyexpressed on desloping migratory glia (GBRof glio-

blastoma cells with a toxinoupled murine antibody (MaBAP). Excitatory amino acid
transporter 1, also referred to as glutamate aspartate transporter 1 in rodents was found to

be a suitable candidate for internalization since it was found to be predominantly expressed

in glial cells and especially astrocy(@ondoet al., 1995; Parkiret al, 2018; Parkiret al.,,

2018) GLAST belongs to a family of different glutamate transportersatthre crucial for the

re-uptake of glutamate from the synaptic cleft after transmission of neurotransmitters from
pre-synapses to possynapsegSchousboest al, 1977; Fullan&t al., 2020) As conjugated

toxin, the ribosomenactivating pant-derived saporin was choseNext to GLAST, a second

glutamate transporte(GLT1) as well as a poréorming protein Aquaporin 4 (AQP4) were in

vestigated on their ability to be used in ablation studies.
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In accordance witlthe immunoablation of asticytes, antibody complexes consisting of a
primary and a suitablesecondary toxircoupled antibody was used for the ablation of oligo
dendrocytes as well. Here, two different complexes were designed and tested. Two targets on
the cell membrane were chosen: the G protein coupled receptor 17 (GPCR GPR17) belongs to
the G protein coupled receptor 1 family and is localized in the cell memabo& cerebellar
oligodendrocyte precursor cells (OPQgpanoet al., 2016)and Claudirll which is an oligo
dendrocytespecific target expressed on the cell membrane and tight junctions of myelin
sheathg(Moritaet al., 1999)

For the second approadbr the depletion of astrocytesghe known gliotoxin dalpha amine
adipic acid (L-AAA) was used in cell culture experimerftgsaminoadipic acidsh@A) are
glutamatehomologues and therefore have the potentied be used as astrocyispecific
gliotoxins(Olneyet al., 1971) Two derivates 1and D isomers have been investigated of
which the Lisoform exerted greater effect®©lneyet al., 1980; Garthwaite and Regan, 1980)
and was used here in vitroandex vivoexperiments. Due to the similarity to the neurotrans
mitter glutamate, the effect of the intermediate was found to be the inhibition of the gluta
mate synthesig¢Tsaiet al, 1996; Gochenauer and Robinson, 2081d uptake(Khurgeket al,,
1996) In the late 70s and early 80s, a couple of research was done with this compound
(Gathwaite and Regan, 1980; Huekal., 1984)in vitroandin vivoby injecting solutions cen
taining the gliotoxin. Several studies were published concerning the astrspgsfictoxic
action leaving neurons rather unaffecté@Ineyet al., 1980) Interestingly, since the late 90s,
the use of L-AAA vanished. Herehis methodwas taken upgain and adpted for theslice

cultures.
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2. Materialand methods

2.1 Material
2.1.1Cell Culture media components

Table 2.1 Cell culture components and manufacturers.

Component Manufacturer
Aqua ad injectabilia BerlinChemie AG Menarini, Berlin,
Germany
GibcdM B-27 Supplement ThermoFisher Scientific Inc., Waltham, U¢

BME (0.35 g/L sodium bicarbonate, HBSS PAN Biotech, Aidenbach, Germany
w/o L-Glutamine)

D-(+)Glucose solution (45 %) SigmaAldrich, Taufkirchen, Germany
DMEM (phenol red, 4.5 g/L glucose, sodit PAN Biotech, Aidenbach, Germany
pyruvate, 3.7 g/INaHCO3, w/o-L

Glutamine)

DMEM (phenol red, 4.5 g/L Glucose, 3.7 ¢ PAN Biotech, Aidenbach, Germany
NaHCO3, w/o:-Glutamine, Sodium

pyruvate)

Fetal calf serum PAN Biotech, Aidenbach, Germany
GibcdM GlutaMAX (100x) Thermo Fisher Scientific Inc., Waltham, U
GM-CSF Roche, BadeSwitzerland

GibcdM HBSS with phenol red Thermo Fisher Scientific Inc., Waltham, U
HEPES (1 M) PAN Biotech, Aidenbach, Germany

Horse serum, heat inactivated, New Zeala ThermoFisher Scientific Inc., Waltham, U¢

origin

Insulin Thermo Fisher Scientific Inc., Waltham, U
L-glutamine 200 mM PAA, Pasching, Austria

L-o X oTriiadpthyronine, sodium salt Merck, Darmstadt, Germany

L-Tyroxine sodium salt pentahydrate Merck, DarmstadtGermany
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GibcdMMEM (10x) (phenol red, w/o-L

Glutamine, HEPES, sodium bicarbonate)

MEM Eagle (EBSS, 2.2 g/L NaHCO3,w/o

Glutamine)

Penicillin and streptomycin
Progesterone

Putrescine

Sodium bicarbonate solution (7.5 %)
Sodium pyruvate

Sodium selenite

Stable Glutamine 200 mM (100x)

Transferrin

Thermo Fisher Scientific Inc., Waltham, U

PAN Biotech, Aidenbach, Germany

PAALaboratories, Pasching, Austria
SigmaAldrich, Taufkirchen, Germany
SigmaAldrich, Taufkirchen, Germany
Thermo Fisher Scientific Inc., Waltham, U
SigmaAldrich, Taufkircheniermany
SigmaAldrich, Taufkirchen, Germany
PAN Biotech, Aidenbach, Germany

Merck, Darmstadt, Germany

2.1.2 Chemicals

Table 2.2 Chemicals and manufacturers.

Chemical

Manufacturer

Agua

Bovine Fraction V

Clodronate, Disodium Salt
b ¢ XODibutyryladenosin® -Zyplic
monophosphate sodium saltibcAMP)
Dimethylsulfoxide for synthesis
Ethanol

Hexafluoroisopropanol

Hydrochloric acid (37 %)

L-h -amino adipic acid

Methanol

Sodium azide

Carl Roth, Karlsruhe, Germany

Serva Electrophoresis GmbH, Heidelberg
Germany

Merck, Darmstadt, Germany

SigmaAldrich, Taufkirchen, Germany

AppliChem, Darmstadt, Germany

Carl Roth, Karlsruhe, Germany
SigmaAldrich, Taufkichen, Germany

Carl Roth, Karlsruhe, Germany

Santa Cruz Biotechnology Inc., Heidelber
Germany

Carl Roth, Karlsruhe, Germany

SigmaAldrich, Taufkirchen, Germany
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Paraformaldehyde solution in PB4&%) Santa Cruz Biotechnology Inc., Heidelber
Germany

Phosphatebuffered saline (w/o Ca, Mg) PAN Biotech, Aidenbach, Germany

PolyL/D-Lysine SigmaAldrich, Taufkirchen, Germany
Sodium bicarbonate solution (7.5 %) Thermo Fisher Scientific IngValtham, USA
Sodium hydroxide SigmaAldrich, Taufkirchen, Germany
Sulforic acid Carl Roth, Karlsruhe, Germany

Thiazolyl blue Tetrazolium Bromide (MTT) SigmaAldrich, Taufkirchen, Germany
Triton-X 100 Carl Roth, Karlsruhe, Germany
Trypsin/ EDTA (0.25 #psin, 0.53 mM PAN Biotech, Aidenbach, Germany
EDTA, HBSS, phenol red, w/o Ca, Mg)

Tween20 AppliChem, Darmstadt, Germany

2.1.3 Peptides

Table 2.3 Peptide and manufacturer.

Peptide Manufacturer

BetaAmyloid 142 Bachem, Bubendorf, Switzerland

2.1.4 Antibodies
2.1.4.1 Primary antibodies

Table 2.4 Primary antibodies, protein specificity, manufacturer and clone number.

Protein specificity Manufacturer Clone number
Aquaporin 4 Abcam, Cambridge, UK

Rabbit, polyclonal

Claudinll Thermo Fisher Scientific Inc.,

Rabbit, polyclonal Waltham, USA

CNPase Santa Cruz Biotechnology Inc., K-14

Goat, polyclonal Heidelberg, Germany

EAAT1/ GLAST Abcam, Cambridge, UK EPR12686

Rabbit, monoclonal

22



Material and methods

EAAT1/ GLASIT
Mouse, monoclonal
EAAT2/ GL-T
Mouse, monoclonal
GFAP

Goat, polyclonal
GPCR/ GPR17
Goat, polyclonal
IbA 1

Rabbit, polyclonal
NeuN

Mouse, monoclonal
NG2

Rat, monoclonal

Oligodendrocyte Marker 4

Mouse, monoclonal
PLP

Chicken, polyclonal

Santa Cruz Biotechnology Inc.,
Heidelberg, Germany

Santa Cruz Biotechnology Inc.,
Heidelberg, Germany

Thermo Fisher Scientific Inc.,
Waltham, USA

Abcam, Cambridge, UK

Fujifilm WAKO Chemicals, Neuss,

Germany

Merck, Darmstadt, Germany

R&D Systems, Minneapolis, USA

R&D Systems, Minneapolis, USA

Merck, Darmstadt, Germany

A-3

A60

546930

04

2.1.4.2 Secondary antibodies

Table 2.5 Secondary antibodies, protein specificihgnufacturer and clone number.

Protein specificity

Manufacturer

Chicken IgG (H+L) Alexa Fluor 555
Chicken IgG (H+L) Alexa Fluor 594

Goat IgG (H+L) Alexa Fluor 555

UK

Thermo Fisher Scientific Inc., Waltham, US,

Jackson Immuno Research, Cambridgeshir

Thermo Fisher Scientific Inc., Waltham, US,

GoatZAP (Saporin conjugated secondany ATS Bio, Joure, The Netherlands

antibody)

Mouse IgG (H+L) Alexa Fluor 488
Rabbit IgG (H+L) Alexa Fluor 647
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RabbitZAP (Saporin conjugated seconda ATS Bio, Joure, The Netherlands
antibody)
Rat IgG (H+L) Alexa Fluor 594 Abcam, Cambridge, UK

2.1.5Dyes

Table 2.6 Dyes for immunohistochemistry and manufacturer.

Dye Manufacturer

DAPI SigmaAldrich, Taufkirchen, Germany
Propidium lodide SigmaAldrich, Taufkirchen, Germany
2.1.6 Kits

Table 2.7 Kits for cell viability assessment and internalization analysis and manufacturer.

Kit Manufacturer
CelltiterGlo 2.0 PromegaMadison, USA
pHAb amine and thiol reactive dyes PromegaMadison, USA

2.1.7 Expendables

Table 2.8 Expendable material and manufacturer.

Material Manufacturer

Cell scraper Sarstedt, Nimbrecht, Germany
8-well chamber slides Falcon,

Cultureflasks (25 cm?, 75 cm?) Sarstedt, Nuimbrecht, Germany
Falcons (15, 50 ml) Sarstedt, Nuimbrecht, Germany

Glass bottles (50, 100, 250, 500, 1.000, Schott, Mainz, Germany
2.000 ml)

IVIg 5 % OctapharmalLangenfeld, Germany
Low binding tubes (0.5, 1.5 2 ml) Eppendorf Hamburg, Germany
Millicell membrane inserts (0.4 ppore Merck Darmstadt, Germany

Sizg
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Microtiterplates (6, 24, 48, 9aell)
pH stripes pH fix

Pipet tips

Sterile filters (0.2 pmpuradisc
Sterilefilter rapid flow bottle top filter
Sterile pipettes (2, 5, 10, 25 ml)

Syringes (50 ml)

Sarstedt, Nimbrecht, Germany

Carl Roth, Karlsruhe, Germany

Thermo Fisher Scientifinc., Waltham, US/
Oehmen, Essen, Germany

Thermo Fisher Scientific Inc., Waltham, U
Sarstedt, Numbrecht, Germany

B.Braun, Melsungen, Germany

2.1.8 Devices

Table 2.9 Devices and manufacturer.

Device

Manufacturer

Accujet Pro

Biofuge Stratos
Freezer{20,-80°C)
Incubator (C150) + GO

Incubator (Function line B6) without €0
Laminar air flow, sterile HERA safe KS 12

Leica SP8 gSTED supolution Confocal

and FLIM laser scanningcroscope

Magnetic stirrer MRHei Standard
Neubauer Hemocytometer
Orbital shaker Unimax 1010

pH Meter InLab Routine Pro

Pipettes Reference and Research Plus (2

5, 10, 20, 200, 1.000 pl)

Plate reader Tecan Infinite M200

Refrigerators

Spectrophotometer Nanodrop NDOOO

Brand, Wertheim, Germany

Heraeus, Hanau, Germany

Sanyo, Osaka, Japan

Binder, Tuttlingen, Germany

Heraeus, Hanau, Germany

Thermo Fisher Scientific Inc, Waltham, U¢

Leica, Wetzlar, Germany

Heidolph, Schwabach, Germany
Brand, Wertheim, Germany
Heidolph, Schwabach, Germany
Mettler Toledo,Columbus, USA

Eppendorf, Hamburg, Germany

Tecan, Mannedorf, Switzerland
Bosch, GerlingerGermany and Liebherr,
Bulle, Switzerland

Thermo Fisher Scientific Inc., Waltham, U
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Stereomicroscope TS1000
MyFuge mini centrifuges

Tissue chopper

Ultrapure water Easypure I
Waterbath

Zeiss Axio Observer.Z1 and Apotome

Nikon, Minato, Japan
Benchmark Scientific, Sayreville, USA

Mc llwain, Mickle laboratory engineering,
Surrrey,UK

Werner, Reinstwassersysteme
Labortechnik Medingen

Carl Zeiss, Jena, Germany

2.1.9 Software

Table 2.10 Software and developer company.

Software Developer
Excel 365 Microsoft
GIMP 2.10.18 Free software
ImageJ Fuiji

Magellan TM 6.4 Tecan
ND-1000 Thermo Fisher
Word 365 Microsoft

ZEN 3.0 Blue and black edition CarlzZeiss

2.110Animals

Animals were purchased and delivered pregnant at day E14 from Charles River, Gémonany.
isolation of primary cells derived from embryonic mice (E13.5), pregnant mice were delivered

at day E13 and sacrificed by cervical dislocation at the day of arrival.
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2.2 Methods
2.2.1 Cultivation oBV-2 and Olineucells

Murine B\*2 derived from an immortalized cell line that was kindly provided by Dr. med. Jens
Neumann (Jens Neumann, Magdeburg). Cells were cultivated in cell culture medium at 37°C
and in a humidified atmosphere of 5% O@b. 1). Complete medium was changed three
times a week and successive subcultures were made by washing in PBS following trypzination

(0.53 mM EDTA/ 0.25 % trypsin). Cells were cultured in 75lasks.

Table 2.11: Composition of microglial cell culture medium for a total of 500 ml
Component Amount

5dzf 6 S002Qa Y2RAFTFASR 500ml

Fetalcalf serum (heatnactivated) 50 ml (10 %)
200mM L-glutamine 5 ml (1 %)
100 U/ml penicillin and 100 pg/ml 5 ml (1 %)

streptomycin

Oligodendrocyte precursor cslfeferred to as th®lineucell linewere kindly provided by Dr.
Andreas Junker from thBepartment of uropathology of theJniversityHospital Esseand

Dr. Doron Merkler from the Department of Pathology and Immunology in Geneva. This murine
cell line was first developed and debed by Jung and coworker§Junget al, 1995)by
transfecting GPHeu-86 cells(Boulter and Wagner, 198With t-neutyrosine kinas€Sdhlet

al., 2013) Cells were kept in PRioated T75 criflasks with sterilefiltered SATO medium (tab.

2) for three days and were harvested by scraping cells from the bottom of the flasks with a

cell scraper. Cells were cultured until passage 35.
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Table 212: Composition of Glneu culture medium for a t@l of 500 ml.

Component Amount/ Concentration
DMEM high Glucose 500 ml
Sodium Pyruvate 110 pg/ml
Transferrin 5 pg/ml
Insulin 10 pg/ml
Putrescin 100 uM
Progesterone 200 nM

L-o 2 aTriiadpthyronine, Sodium Salt 50 pM
NaSelenite 220 nM
L-Tyroxine 520 nM
Stable Glutamine 200 mM (100X) 5 ml (1 %)
Horse Serum 25 ml (5 %)

Optional,Olineucells were treated with 1 mM dibutyryl cAMBKCAMP) for differentiation
for 5 daygSohlet al,, 2013)

2.2.2 Isolation of primary astrocytes and oligodendrocytes from postnatal mice

Isolation of pure glia cell cultures was donepasviouslydescribed with minor modifications
(McCarthy and Vellis, 1980postnatal mice of the strain C57BL/6J and at agd p&re
sacrificed by decapitationAfter the dissection of the brain, hemispheres were cut with a
scalpel to achieve smaller pieces that can be resuspended in 1 ml preparation medium A (tab.
2.13. The same procedure was done fioe hippocampi. Afterwards, suspensions of 2 brains

or 4 hipppcampi were collected in 15 mibes filled with even amounts of preparation
medium A (in case of brains: 10 ml/ tube and in case of hippocampi: 5 ml/ tube). Tubes were
incubated for 5 minutes at room temperature and later supernatants were transferred int
fresh tubes. Centrifugation of tubes occurred at 300 g for 5 minutes. Then supernatants were
discarded, and pellets were resuspended in 10 ml glia cell culture medium2(tt).and
seeded into cell culture flasks. Cells were maintained in humidifiedsphere at 5% G@nd

37°C.
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The day after preparation, half of the medium was replaced and whole medium change
occurred every 21 days. The day before the first separation a whole medium change was
done. On DIV 10 flasks were washed 3 times with warnuiinedium or PBSX:lls were
incubated with fresh medium for 2 hours at 37°C and 5 % B&f@erwards, flasks were sealed

with specific lids and put on orbital shakers forlIBhours at 37°C and 250 rpm withoutLCO

The next day (DIV11), flasks weeken off the shakers and supernatants were collected.
Supernatants should contain oligodendrocytes and astrocytes remain attached to the bottom
of the flasks. Before centrifugation of supernatants, suspension was filtered through a 70 um
and a 30 um ceBtraing (Miltenyi biotech, Bergisch &lbach, Germany) and centrifuged at
300 g for 5 minutes.

aSFcFYsgKAESY FaidNrOeiGSa ¢SNB RS dihatbi, pdledfahde ¥ (i K ¢
centrifuged as well. Both pellets were resuspended in 10 ml medfionastrocytes: tab. 2.14

and oligodendrocytes: tab. 2.12)nd cells were transferred into T75 €rflasks. On the

following days, astrocytes proliferated and were transferred into new flaskseeded.
Oligodendrocytes beam to develop multiple branches fno day 7 after separation. Total

media changes occurred evenyB8iays. Astrocytes were also defpzen from time to time.

Table2.13 Composition of preparation medium A.

Component Amount
lFyl1Qa . IFflyOSR { It {100ml
45%D-(+)glucose solution 1.3 ml
1 M HEPES 1.5 ml

2.2.3 Isolation of primary glial cells from embryonic mice

Isolation of astrocytes was additionalfjone by the preparation of primary cells from
embryonic mice (E13.5)he day before preparation;Wwell plates were coated with PDL. The
next day, plates were washed three times with PBf&gnant (E13L57BL/6Jnice were
supplied by the company Charles River L&sthe day of supply, mice were sacrificed by
cervical disication and embryos were carefully dissected from the womb and embryonic sacs
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were opened using very fine forceps. Mesencephali were dissected from the brain, collected
in preparation medium A and incubated for 5 minutes at RT. The supernatant was tradsfer
into fresh tubes and centrifuged for 5 minutes at 300g. Again, supernatant was discarded, and
the pellet was resuspended in glial culture medium (tab. 2. 11). Per well, 1 ml of the cell
suspension was plated, and 1 ml of fresh medium was added toele.\&ells were cultivated

at 37°C and 5 @Q. The next day (DIV1) half of the medium was replaced by fresh medium.
On DIV7, 5 ng/ml granulocyteacrophage colongtimulating factor (GMCSF) was added to

the medium of cells to induce growth of macrophagelalf of the medium was replaced every

2-3 days by GMCSFconditioned medium until DIV14. Medium was replaced and plates were
washed once in PBS. Thereafter, DMEM (without FCS) supplemented with trypsin (0.25 %) was
mixed and added to the cells. Platesne incubated at 37°C for 1 minutes until most of

the astrocytic layer was detached from the bottom of the plates. The suspension was collected
in fresh tubes, glial culture medium (1/3 of total cell suspension volume) was added and
centrifuged for 5 nmutes at 300g. The pellet was resuspended in astrocyte medium (tab. 2.14)

and transferred onto preoated culture flaks for further cultivation.

Table 2.14 Composition @rimary astrocyte medium.

Component Amount

BME 500 ml

FBS 75 ml (15 %)
45%D-(+)-glucose solution 3 ml (0.6 %)
200 nML-glutamine 0.5 ml (0.1 %)

2.2 4 Freezingand thawingof cells

Freezing medium (tal2.19 was precooled on ice. For the freezing of cells from time to time,
culture flasks were washed with warm PBS frsdl cells were dis$eed from the flasks bthe
addition of trypsin Afterwards, the cell suspension was centrifuged at 300 g for 5 minutes and
the cell pellet was resuspended in freezing medium. For the pellet from T78asks, 6 ml

of freezing mediunwas used and for cell pellets derived from T2% flasks 3 ml of freezing

medium was used. The newly formed cell suspension was distributed over 1 ml cryo tubes and
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deepfreezing was done with a cryo trap that was filled with 250 ml of isopropanol and pre

cooled at-80°C Cells were stored aB0°C.

Table2.15 Composition of feezing medium for cells.

Component Amount

5dz 6 S002Qa Y2RMFASR 9160%
Fetal bovine serum 20 %

Dimethylsulfoxide 20 %

Frozen cell cultures were storeal the waterbath until halfthawed. Falcon flasks were filled
with pre-cooled cell culture medium up to 13 ml. One or two of the cell susper=ataining
cryotubes were aded to the cold culture mediumand slightly inverted.Further, cell
suspensions were centrifeg at4°C, 12000 rpm for 2-3 minutes and the newly formed cell
pellet was resuspended mwarm medium and transferred into cell culture flasks for further

cultivation.

2.2.5 Organotypic hippocampal slice cultures (OHSC)

For preparation of OHSC, postabimice of the strain C57BLY@vere used. Pregnant mice
were supplied one week before delivery by the company Charles River Labs. Mice were housed
on a 12 h lighdark schedule (lights on 07:Q09:00). They were kept under standard

conditions, had free access to tap water and weredddibitum.

£t | yAYFt SELISNR Y SheschutzbeanthgtadBear2nNars§aRMaiibarg (G K S
and DuisburgEssea | OO® 8IRA)Y{IOKD a ¢l Gdzy3 @2y 2ANBSEGAS
Sy %gSO|1Sy¢od

Newborn mice at the age of2 days were sadiced by decapitation and brains were dissect

ed. Therefore, the skin surrounding the scull was cut open with a fine scissor. Then, the sculp

itself was opemrd using very fine forcep#t least, the brain was uncovered, taken out of the
scullusingaspdcift YSGlFtftAO GalLlz2yé | yR dliNdrepaiiaioR NNS R
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medium (tab.2. 13. During the whole preparation, brains and slices were kept on ice and in
preparation medium. Using a stereomicroscope, hippocampi were dissected. Firstlea sing
brain was transferred onto a petri dish filled with medium A. Then, the hemispheres were
separated using a sqedl. During this step it is important to remove as much midbrain as

possible so that the dissection of the hippocampus is easier.

The next stp was to dissect the hippocampus out of the hemispheres awery fine forceps.

The dissection has to be done very carefully, since it is of main importance that the
hippocampus is freed in its entire composition. Only slices that have all regioriereincan

be used for experiments. It is also of great importance, to remove the meninges as well as the
remaining of the cortex asiuch as possibleHippocampi containing the CAlregion and the
dentate gyrus were transferred onto a new petri dish @lllgith medium A and stored on ice.

This procedure is done for all brains one by one. Afterwards, the hippocampi were cut into
375 um thick slices using a tissue chopper (Mcllwain via Fisher Scientific, Walthar(figJSA)
2.1).

Per well 6 slices wereapplied and cultured on special membrane inserts (Millicell cell culture
inserts 0.4 uM pore size, Millipore, Darmstadt, Germany)-ime plates for 6 days in a
humidified atmosphere containing 5% &£4nd 35°C before #atment was performeas was
descrbed by(Stoppiniet al., 1991) Slice culturesvere maintained in 1.2 ml culture medium
(tab.2.16), so that the surface of the slices cannot dry out and the medium was replaced every
2-3 days.
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7S

Tissue chopper @

Figure 2.1:Preparation and cultivation of organotypic hippocampal slice cultur&rains

were cut inhemispheres using a scalpel. Hippocampi were cut using tissue chopper and
cultured on membrane inserts. Per membrane insert 6 slices are applied and the well is filled
with exactly 1.2 ml of OHSC medium that forms a thin layer on top of the slices taryapil

forces.

Table 2.5: Composition of OHSC medium for a total of 100 ml, pH 7.2.

Component Amount

Aqua ad inijectabilia 41.6 ml
Minimum Essential Medium (MEM) 10x 5ml
.lharft aSRAdzy 91 3tS 25ml

Hyclone Donor Equine Serum 25 ml

GlutaMax 100x 1ml

45% D(+)-glucose solution 1.44 ml

Sodium bicarbonate solution 7.5 % For adjustment of pH

2.2.6 Depletion of microglia from OHSC

For the specific depletion of microglia from slice cultures, clodronate disodium salt (Merck
Millipore, Darmstadt, Germany) that was prior dissolvedgua ad injectabiliand aliquoted
at 1 mg/ ml was dissolved in culture medium at a concentration of @0l and added to

the slices at the day of preparation for 24 hours. The following day, slices were washed with
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warm PBS and slices were transferred onto a new culture plate with fresh culture medium for

further cultivation.

2.2.7 Internalizationassay

Binding ability and internalization of GLARTEAAT2 and AQP4 was investigated using the

pHAb amine and thiol reactiie @ Sa (A0 | OO0O2NRAy3a G2 G§KS YI ydzF
pHAb reactive dyes are pH sensitive and when internalized into tteplegm and the

lysosome, due to the acidic pH, fluorescence increases and can be taken as a measure of

internalization.

Antibodies were desalted by buffer exchange using Zémmlumns (Pierce) and amine
conjugation buffer (10 mM sodium bicarbonate buffer, pH 8.5). The dye was shortly-centri
fuged and reconstituted to 10 mg/ml in a DMSO and aqua bidest at a ratio of 1:1 and

thoroughly mixed by vortexing.

For the conjugatiorof the dye and antibody, per 100 ug of antibody 1.2 pl of-ggtition
were added and incubated at room temperature and constant shaking for 1 hour in dark
conditions. To remove unconjugated dyes, the solution was purified using"Zeblimns

and the anibody to dye ratio was calculated as follows.

Antibody concentration (mg/ml):

Dyeto-antibody ratio(DAR): =

- 150,000: Molecular weight of antibody

- 75,000:Extinction coefficient of pHAb reactive dye

- 0.256: Correction factor for pHAb reactive dye

Astrocytes were seeded at densities of,d@ ¢ 30,0000 cells/ well in 24vell-plates and
treated with various concentrations of the antibodlye conjugate (0.5,;12.5; 5 pg/ml) that

was diluted in culture medium. Plates were measured at starting point (O hours) and after 4,
20 and 24 hours using a plate reader (Infinite M1000, Tecan)E&t532 nm and & 560 nm.

Plates were once measured in culture medium and once the media was replaced by PBS.
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2.2.8 Immunoablation of astrocytes by toxiooupled antibodiesn vitro and ex vivo

For the ablation of astrocytes derived from mixed glial cultames embryonic cellastrocytes
were plated on 96 welplates at a density of,600-10,000 cells per well (100 pl) in glial culture
medium and incubated fat-3 days before treatment started. Various concentrations (€25
pg/ml) of EAAT1/GLAST (Abcam,Cambridge, UKcloneEPR12686andanti-rabbit-saporin
(RabZAP Advanced Targeting Systems San Diego, USA) antibodies were generated by
dissolving both in culture medium. After 30 minutes of incubation at room temperature,
antibody-solutions were addeda the cells and incubated for additional 3 days. As controls,
only primary or secondary antibodies at corresponding concentrations and 1 M sodium
hydroxide (NaOH) were added to the cells. On the third day of incubation, treatment was

repeated for another 3lays.

Additionally, as a pmary target antiAquaporin 4 (AQP4; Abcam, Cambridge, ai€ipody

was used. On the last day of incubation, cell viability was assessed usiraskayT

For the immunoablation of astrocytes from slice cultures, higloeicentrations were used {1
5 pg/ml) of both antibodies. The treatment of slices began on the 6th day of incubation and
was repeated every second day for a total of 7 days. On the last day of incubation, slices were

fixated with 4% PFA and either storedABS or immuafluorescent staining was performed.

saporin

saporin ,
Astrocyte ‘

Cell death

Fig.2.2Schematic drawing of the immunoablation using R&BAP technologyAstrocytic cells
expressingGLASAL-transporters on the cell surfacare targeted by primary antibodies.
Suitable secondary antibodies coupled with saporolecules bind to primary antibodies; the
complex is internalizehito the cytosolOnce inside theell,the saporinmolecule is released

from the antibody and can lead apoptosis of the cell.
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2.2.9 Depletion of astrocytem vitro

Astrocytes were plated on 96 wedlates at a density of,600¢ 10,000cells per well (100 pl)

and incubated for BB days before treatment. The gliotoxig"-F YAy 2 | RABAAO | OA R
Abcam, Cambridge, Uasdissolved in aqua bidest. to yield a concentration of 2 mg/ml. The

pH was adjusted with 1 M NaOH to a fibetween 6 and7.5 with a concentration of 11.55

Yad® C2NJ GKS (i NBIASAYBay dissadvadd inOcBlfure anEdiurh t@rious
concentrations (0.12510 mM). As controls, cells were treated with 100 mM NaOH and the
vehicle (bidest. + NaOH). The treatment was either repeated over various timepoints or
performed once and then cells were incubated for several days. Aftentubation, the cell

viability was assessed ugi@ytoGleassay (Promegaadison, USA

2.2.10 Depletion of astrocytesx vivo

For the depletion of astrocytes from slice cultures, different concentrations and durations of
treatment were used. Addibnally, slices were either treated on the first, secondixthday

of incubation after preparation] SAAA wasprepared in several ways to achieve higher
molecular solutions. First, the compound was dissolved in pure aqua bidest. (250 mg in 20 ml
~ 77.5mM), this solution was cloudy, and the powder precipitated, even after ultrasonic bath
incubation. Because the solving process just described yielded a precipitated solution and
according to the manufacturer, the powder is less soluble in water, but dmildissolved in

1IN HCL, the powder was dissolved in 1IN HCL (24.5 mg in 1 ml ~ 152.02 mM). After the addition
to culture medium for dilutions, the medium shifted towards acidic (pH 1.4). Since an acidic

pH is toxic to cells, the pH was adjusted to 7.2H®yaddition of sodium bicarbonate.

Another solution was made by directly solving the powder in OHSC culture medium (10 mM),
again the pH was adjusted to 7.2 by sodium bicarbonate. Both approaches yielded a cloudy

solution that was unable to be sterile filtered and was therefore rejected.

In another attempt, 250 mg bAAAwas dissolved in 20 ml aqua bidest. and 5 ml 1N HC
(~ 62.05 mM). A 30 mM dilution was made in culture medium and pH was adjusted to 7.2 by
the addition of 7.5 ml sodium bicarbonate (17.14 mM). From this stotktien several
dilutions were made in culture medium (2; 5; 10 and 12.5 mM). Thereby at 10 and 12.5 mM

the added solution exceeded the volume of medium. The slices treated with these solutions,
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either directly detached from the membrane inserts after figator during staining processes

and could not be analysed using confocal laser scanning microdteAA(10 mg)was also

tried to be dissolved in little amounts of 1IN HCL (90 ul) and aqua bidest. (910 pl), to diminish
the amount of HCL in the stock sbibn. Nevertheless, pH dropped to 1, due to the amino acid
itself. 2, 5and 18mM dilutions were prepared in culture medium, without the adjustment of
pH. As a result, most of the slgwere detached from the membrane inserts during the
staining procesand could not be further examinedrinal experiments were made with the

same solution that was used iim vitro experiments.

2.2.11 Immunoablation of oligodendrocytes vitro

For the immunoablation of oligodendrocyteéd|ineucells were seeded at a density 2,000

¢ 10,000 cells per well and incubated for-Z2 hours prior to treatmentLike the immum-
ablation of astrocytes, an antibody complex consisting of a primary and a suitable secondary
toxin-coupled antibody was usedlwo complexes were designed and tested. G protein
coupled receptor 17 (GPR17) belongs to the G protein coupled receptor 1 family and is
localized in the cell membrane of cerebellar oligodendrocyte precursor cells (MRf2s)oet

al., 2016) AnttGPCR GPR17 (Abcam, Cambridge, UK) is a goat polyctdradygriherefore

the antirgoatsaporin antibody (GalZAP; Advanced Targeting Systems, San Diego, USA) was
chosen as suitable secondary candidate. The second complex consisted of@faadinl1
(Thermo Fisher Scientific Inc., Waltham, USA) antibodymmbination with an antrabbit-
saporin secondary antibody (RZIAP). Claudiil is an oligodendrocytspecific target that is

expressed on the cell membrane and tight junctions of myelin shgdbsita et al., 1999)
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2.2.12 Cell viability assessment (MTT assay and Celltiter Glo)

To determine cell viabilitygolorimetricMTT assay was performed. The principle of this assay
is that mitochondrial enzymes of viable cells can convert the yellow compound methyl
thiazolyl diphenyl tetrazolium bromide (MTT; SigMdrich, Taufkirchen, Germany) into a
blue-violet formazan as wagreviouslydescribedMosmann, 1983jfig. 2.3) This conversion

can be measured by absorption that correlates with cell viability.

CH

Methyl-thiazolyl diphenyl tetrazolium bromide Formazan

Figure 2.3: Principle of the MTT ass&onversion of tetrazolium bromide into formazan by
mitochondrial reductase activity of viable cells leads to a shift in absorption levels that can be

measured using plate reader techniques.

To do so, MTAvorking solution was diluted to a final concertican of 0.5 mg/ml in culture

medium and was added to the cells and incubated foroliriin humidified atmosphere at

37°C. In a next step, the whole medium was removed, and cells were froz8@°at for 1

hour. Afterwards, DMSO was applied to solve thepteirdye and cells were incubated for
FY20KSNJ K2dzNJ G4 NB2Y GSYLISNI GdzZNBE gAGK YAET R 2

nm using anicroplate reader (Infinite M200, Tecan, Mannedorf, Switzerland).

Another way to determine cell viability is to measw@enosine triphosphate (ATP) cam
tration in the supernatant of cells that were treated witbHAAA for several days. Therefore,
the CellTitetGlo® 2.0 Cell viability assay (Promega, Madison, Wis¢c@iSAWwas utilizedoy
adding 100 pl of the reado-use solution per well and incubated the plate with mild shaking
for 2 minutes in dark conditions. Afterwards, the plate was additionally incubated in the dark
without shaking. Luminescence was measured using a microplate réadarite M200,

Tecan, Manedorf, Switzerland).
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2.2.13 Preparation of amyloid beta species

Recombinant amyloid beta (&) (Bachem, Bubendorf, Switzerlavd)s delivered lyophilized
and stored at20°C. Before usage, the pep#idvasdissolved in hexafluorisopropanol (HFIP
SigmaAldrich, Taufkirchen, Germahwt a concentration ofl. mg/ml After 30 minutes of
incubation at room temperature, peptidsolution was aliquoted at 100 igto low-binding
tubes and sonicated for 15 minutedsing a speed vac, HFIP was evaporatemuh fitee tubes

and remaining peptide was stored &0°C.

Before treatment, monomericiA.aliquots were dissolved i % dmethylsulfoxide (DMSO
AppliChem, Darmstadt, Germgnynixed rgorously by vortexing and added up wi#h %PBS

to yield a concentration of 1 mg/ mlo produce oligomeriéi 42, aliquotsdissolved in DMSO

and PBS were incubated for 24 hours at 37°C and mild shaking at 50 rpm. Monomeric and

oligomericAl s2could be stored at80°C for up to 120 hours.

2.2.14 Treatment oflice cultures with amyloid beta

One week after preparation, slices were treated with different concentrations of oligomer
Sy NA O &Sdtutiondiluted in PBS (1 uM and 2 pMDilutions were added to the slices as
small droplets bypipetting a maximum of 2 pl on top of each slice. Treatment of slices

following a complete media change evéwo days for a total ofevendays incubation.
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2.2.15 Immunofluorescence staining of cells

Cells were plated on chamber slides and incubated for two to three days. When cells have

grown and differentiated, medium was removed, and chambers were washed with 1x PBS.

Afterwards, chambers were filled with 4% PFA for fixation at 4°C for 30 minutetbour.

After washing chambers in 1x PBS for 3 times, cells were blocked in 1P883ér one hour

at room temperature. Primary antibodies (tab. 2.17) were diluted 1:1000 in PBS + 0.1% Triton

X and incubated for one hour at room temperature. Follovihmge washing steps, secondary

antibodies (tab. 2.17) were diluted 1:1000 in PBS + 0.1 % Titmn 30 minutes at room

temperature.

Table 2.7 List of primary and secondary antibodies and species.

Primary antibody Species
Anti-GFAP goat
Anti-GPR17 goat
Anti-lbal rabbit
Anti-NeuN mouse
Anti-O4 mouse
Anti-PLP chicken
Secondary antibody Species
Anti-chickerAlexaFluor594 donkey
Anti-goatAlexaFluor555 donkey
Anti-mouseAlexaFluor488 donkey
Anti-rabbit-AlexaFluor647 donkey
Anti-rat-AlexaFluor594 goat

After the last three washing steps, grids from chamber slides were removed and cells were

embedded ind 51 12 Ct d2 NB&OSY

Denmark) and kept in dark at 4 °C until furthuse.Confocal laser scanning microscopy (Leica

SP8) with a dry plan apochromat CS 20x/ 0.7 objective was used for the visualization of fluo

rescence signals.
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2.2.16 Immunofluorescence staining of OHSC

Slices were either treated with different concéit (i A 2 yi-&(0.25F0.5! 1, 10 pg/ml) or

PBS as control for a duration of 48 hours to 7 days. Additionally, 24 hours before treatment,
slices were preancubated with 100 pg/ml clodronate to remove microglial ceffter the
incubation of 7 days, thenedium was removed from thevellsand slices were washed once

in warm 1x PBS, before they were fixated in 4 % paraformaldehyde (PFA) for at least 30
minutes. Then slices were washed 3 times in cold RB&wards, slices were cut off the
membrane insertsvith a scalpel and transferred into a-2+ell plate containing 500 pl of 3 %

BSA in PBS blocking solution. Blocking lasted 1 hour, then slices were washed again 3 times in
1x PBS for 20 minutes.

Staining of cells was done by using primary antibodies @ide@gainst specific marker
proteins (tab 2.18), diluted 1:1000 in immunostaining buffer | (tah19 and incubation took

place over night at 4°C.

Table 2.8: list of primary and secondary antibodies and species.

Primary antibody Species
Anti-CNPase goat
Anti-GFAP goat
Anti-IbA1 rabbit
Anti-NeuN mouse
Anti-PLP chicken
Secondary antibody Species
Anti-mouseAlexaFluor488 donkey
Anti-goatAlexaFluor555 donkey
Anti-rabbit-AlexaFluor647 donkey

The following day, the fluoresceidbeledsecondaryantibodies (tab. pwere diluted 1:1000
in immunostaining buffer Wvithout Triton-X (tab. 7), applied to the slices and incubated for 2

hours at room temperature. Again, slices were washed 3 times in PBS for 20 minutes,
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transferred onto glass microslidéssy R SY0 SRRSR Ay G5F 12 Cf dz2NBa

and kept in dark at 4 °C until further use.

Table 2.B: composition of immunostaining buffer | and immunostaining buffer .

Component Amount
Bovine serum albumin (BSA) 39
Triton-X (onlyimmunostaining buffer I) 049
NaNs 0.1g
PBS ad 100 ml

Confocal laser scanning microscopy (Leica SP8) with a dry plan apochromat CS 20x/ 0.7
objective and a fluorescence microscope (Zeiss, AxioObserver) with an 5x and 10x dry

objective was used for the visualization of fluorescence sighataunofluorescencémages

were analyzed by ImageJ (Fuji) by comparing fluorescence signals from different conditions

regarding GFAPRTr IbALsignal

2.2.17 Statistical Analysis

Data from the internalizatio assays are given as relative fluorescence units with no
normalization in order to compare different antibodies. Data from the viability assays are

given as mean values * standard deviation (SD) from multiple repeats per condition of one or
multiple expemments as stated in figure legends. Untreated controls were set as 100 % and
treatment conditions were normalized to that unless as stated otherwAdlestatistical test

were performed with Microsoft Excel and data was previoabbcled fornormal distibution

using theAnderson Dalintest.{ A Ay A TA OF yOS 4| & -testSvithijp&dnetdzsc A y I & |
singlesided and pairedp-values were indicated with asterisks (not significant (n.s.) > 0.05; **

p < 0.05; **p < 0.001).
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3. Results

3.1 Microglia

To investigate amyloideta mediated cytotoxicity in slice cultures, it is necessary to verify
that specific cell types can be depleted from the sli¢est, experiments were done with

B\£2 cells a microglia cell line artde bisghosplonate clodronae.

3.1.1 Depletion of B2 cells by clodronaten vitro

The cytotoxic ability of nogapsulatedclodronate on themurine microglia cell lindB\-2 was
investigated using cell viability assessmassaysin a first attempt, @00 cells pewell were
seededand cultivated for 24 hours, before treatment with 100 pg/ml clodronsti@rted. A

a positivecontrol 1 M NaOHvas added to the cellsAdditionally,untreated cellsserved asa
negative control.After additional 24 hours cell viability was assessed using MTT assay
(fig. 3.1 A)lnterestingly, even the positive control did not sufficiently kill all cells. Moreover,
clodronate treatment exceeded untreated controls (18R %), whereas tare is a high

standard deviation (222 %).

A B
140 140
120 120
.“f. 100 § 100
Z 8o Z 801
ﬁ 60 E 60
>
Z 40 2 a0
Q ]
° 20 © 20
0 . . , 0 . . .
CTRL NaOH Clodronate CTRL Clodronate Clodronate

at seeding post seeding

Hg. 3.1B\W-2 cells are not severely affected by clodronate treatmeassesed by MTT.

A BV\£2 cells were seeded at a density ¢d@ cells/well of a 96wnell plate and incubated for

24 hours prioto treatment. Cells were treated with 1 M NaOH and 100 pg/ml clodronate for
additionally 24 hoursB B\t2 cells were seeded at a density ofQ0D cells/ well of &8-well

plate and incubated for 24 hours prior to treatment. Cells vegttger treated with 100 pug/mi
clodronateon the day of seeding (pteeatment) or 24 hours later, then cells weadditionally
incubated for24 hoursMTT assay was performed to measure cell viability. Mean values + SD

of one experiment are shown.
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Sinceclodronate treatment ér 24 hours hadittle to no effectscompared to the control
conditions the same experiment with a piteeatment conditionwas performed On the day

of seeding, 100 pug/ml clodronate was added to the cells concurrélttly next day, remaining
cells were teated with 100 pg/ml clodronate and all cells were incubated for another 24 hours
before cell viability assessment was performed (fig. 3. INByv, both treatment conditions
had little effects on the cell viability compared to control conditions. Morepussth
conditions only differ in about % (pretreatment 7985 % and treatment 7&5 %), though
standard deviations of both conditions are quite high.2Ii% and 1877 %).

3.1.2 Depletionof microglia from slice cultures

Depletion of microglial cells from organotypic hippocampal slice cultures was successfully
done by the pretreatment of slices with clodronateClodronate was added to the culture

medium at the day of preparation. The next day, slices were once wash8&iar cultivated

F2N) Fy20KSN) ¢ RIF@a o0ST2NB AYYdzy27Ff dz2 NlBsa OSy OS
method is widely used and was done accordingRahteret al., 2020)and does not affect

neuronsor other glial cellgVinetet al., 2012)

Thereis no totaldepletionachievable since individual IbAfositive cells still are detectable
(fig. 3.2 BF). But more tham0 % have been depleted compared to untreated slices (fig. 3.2
A-C).Mean intensity and individual intensities of six slices per condition were analysed and
summarizel in fig. 3.2 GA significant difference was observep-value 0.0008). More
important, the architecture of the slices and especially the number and viability of neurons
(NeuN staining) was not affected by the chemical, making clodronate a useful tool for further
studies where depletion of microglia is requirddterestingly,depletion of microgliavas
more effective in slice cultures compared itovitro experiments, indicating thaB\+2 cells

react different from primary celland seem not to be a good model to study the role of
microglia in the context of neuroinflammatidny R Additiepally, this revals that slices are

a more suitable way to investigate the influencaraividual cells in the complex of more cell

types.
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Fig. 32 Depletion of microglia from OHS@salmost completely done with clodronatéMost
microglia were successfully depleted from organotypic hippocampal slice cultures using 100
pg/ml clodronate D-F) for a duration of 24 hours. Untreated slices@/Aserved as controls.
NeuN (green) was used for staining of neurons aAd [jpurple) was wed for the staining of
microglia. Images were taken with a Leica SP8 confocal laser scanning micros@pe a
magnification of 200.70 and a zoom of 0.755 shows individual IbAl signaitensity of
untreated and clodronate treated slices, 6 slices per condition were anaBiak line
indicates mean = SBP** p<0.001.
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3.1.3Induction of cytotoxicity by amyloidbeta species in OHSCs

Totest whether the application of an oligom& y NJ& O &dlufton hak an impact on cellular
survival 2 uM of two amyloid species (monomeiand oligomeic) were appliedon top of

each slice every second day in combination with a media change. O ttegy df incubation,
slices were stained with Pl and fixated with PFA before immunofluorescent staining was

performed. Compared to control slices (fig. 3.3 A), there were baaalyPFpositive cells in

both conditions (fig. 3.3).

Fig. 33 Slices are not décted by reatment of with mono- and oligomeric amyloid beta
speciesSlices were cultured for 6 days with culture medium. On the 7th day, either monomeric
(B)or oligomerig(C)amyloid beta solution at a concentration of 2 uM was applied on top of
each $ce. This procedure was repeated every second day for a duration of 7 days. lnmuno
fluorecence staining was performédeuronal cells NeuN: green; microglialbpurple) Cell

death was visualized by PI (red).

In all three conditions, microglidisplay aNJ YA F A SR Ishapeand th&cililarched €

ture of slicesand neurongemaired intact. Since microglia did not adapt their morphological

shape towards aweboid, they are stated to be not reactiwe induced by the application of

A .OnyafewPLJ2 aAGA GBS OStta 6SNBE RSUSOGSR okSYy afa
(B).This could have numerous reasons besitie treatment applicationTo investigatehe

role of microglia in amyloibeta induced toxicityhalf of the slices werd¢reated with clo

dronate for 24 hours to specifically deplete microglia. After an incubation of 6 days with con

stant media changes, slices were treated with various concentrations of an oliggmriehed

A s2>-solution. The concentrations that were usedged from 0.3 to 1.6 puM.
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The treatment was repeated every second day including a media change. After 7 days of incu
bation, slices were stained with P1 and fixated with PFA in order to conserve the cell structure
and steadystate protein levels. Immunofluescence was performed as described2i2 (16)

and images were obtained using a confocal laser scanning microscope. Representative images
are shown in fig. &. Additionally, cell death was calculated and plotted regarding the -oligo
mer-concentration (E and F). Interestingly, in slices containing microglia (B) banretell

death was visualized with PI staining, whereas in slices that wergrgated with clodronate

(D) and treated with the oligomegnriched solution @onsiderablencrease of cell death veri

fied by PI staining was observed. Moreover, cell death was significantly increased with an
increased oligomeconcentration, but solely in slices without microglia (E andgja taken

from the doctoral thesis foDr. Maren Rilcter and thepublication from Richter and Vidovet

al. (Richteret al., 2020)
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Figure 34 Microglia provide protection of neuronal cells againbeta-amyloid induced cell
death in slice culturesSlice cultures were cultured for 6 days eithéh (C and D) or without

(A and B) a préreatment of 100 pg/ml clodronate for 24 hours. Slices were treated with
different concentrations of an oligomenriched betaamyloid solution 300, 600, 1600 nM)

for 7 days. Untreated slices served as contromiimocytochemistry was performed for
neuronal (NeuN) and microglial stainingAlLl). Additionally, cell death was visualized using PI
staining. Representative images are shown. Images were takerawit®&M 510 META laser
scanning microscope (Carl ZeiseaJ&ermany) at a magnification of 1E&Quantification of
neuronal cell death after treatment of slices with different concentrations of an oligomerized
I is>-solutionfor 7 days. Slices were stained with NeuN and Pl and cell death was calculated as
Ptsignal divided by NeuNignal. F Quantification of neuronal cell death after treatment of
microgliadepleted slices with different coentrations of an oligomes y’ NA O &-$Rtiorl |

for 7 daysMean values £SD of 3 independent experiments are shidatsgnificant (n.s.) >

0.05; ** p < 0.01; *** p < 0.001.Data taken fronmRicher et al.(Richter et al., 2020)
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3.2 Astrocytes
3.2.1Finding the right antibody for toxiinduced ablation of astrocytes

Since theexistence of microglial cells in slice cultures is detrimental to neuronal survival, the
role of astrocytic cellstill needs to be investigated Next to microglia, strocytes are also
capable of releasing cytokines of pemd anttinflammatory origin as responds to cellukard
environmentalstress signals. To further investigate ithputative role in inflammation and
neurodegenerationa way todistinctive deplete these cells from the sligesieededFor this
purpose, a method designed by the manufacturer Advantadieting Systems (ATS) using
toxin-coupled antibodies was adaptdédohls and Lappi, 20003 similar work was published
byt A f 1 Ay 3 (ifédnf @&UniE@ISE oflRbrtsmouth. The authors designed an antibody
complexto depleteNG2 and GD'9oositive cellfrom glioblastoma cellfHigginst al., 2015)

The principle behind this method is described in secB@B. Briefly, a primary target on the

cell surface of the desireckll type is targeted with a suitable antibody. Additionally, a suitable
secondary antibody issed This secondary antibody is bound to a saporin molecule, referred
to as the toxin.In theory, mth antibodies should form a complex that can bind to thd cel
surface target and subsequently will be internalized into theCoéjttoplasm. Once inside the
cells,brought to the lysosomethe toxin molecule will be released from the antibody and the
cell will undergo apoptosis.

Theinitial idea was to find a surface target, e.g. a receptor or transporter, that is exclusively
expressed on astrocytes in the hippocampus of mice. The excitatory amino acid transporter 1
(EAATY), called glutamate aspartate transporter GLASTL) in rodents was fond to be a
suitable candidate, since it is predominantly expressed by astrogitekleyet al., 2017;
Parkinet al., 2018) In addition, aquaporin 4 (AQP4prealso tested orits binding ability on
murine astrocytesin vitro since it is a specifiwater channel expressed by astrocyt@hang

et al, 2014b) Therefore, internalization assays were performed using thalpi¢active dye

kit (section 2.2.6)Antibody-conjugates and correspondingy®to-Antibody Ratios (DARS)
were measured and dilutions of 1:10 and 1:50 of each conjugate were made in medium and
added to the cells. At timepoints 0, 2, 4,-2ihd 24hours fluorescence measurements were
performed with a plate reader angsults areplotted in fig. 3.5 AAccordirg to the DAR, AQP4
conjugation (DAR: 3.8)ith pHABsensitive dyavas higher than conjugation to GLAB{DAR:

2.5). But also, antibody concentration of AQP4 was higher than of GLAB&n conjugation
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took place, resulting in a twiold higher dilutionconcentratiors (fig. 3.5 B)Higher concen
trations led to higher intensities as observed at initial measurement (0 hours). AQP4 already
had a baseline intensity of 3741 RFU at a dilution of 1:10 (36.5 pg/mdtatsy, whereas the

1:50 dilution reachd 1241RFU (yellowlots). With time, intensities of all conjugates increased
until a peak at 2 hours was reached. Thereafistensities decreased again in all conditions.
Intensities of AQP4 reached a maximum of 8621 RFU whereas-GIbag8Tts peak at 2261

RRJ. Overall, the lowest intensities were obtained when GL-ASVas diluted at 1:50 (3.5

pg/ml; orange dots).
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Fig. 3.5Targeting Aquaporin 4 and GLAZTn Astrocytes results irnhanced fluorescence
intensity over a time period of 24 hourm vitro. Primary astrocytes were seeded on avésl
plate and incubated with dilutions (1:10 and 1:50) of A@i?d and GLASIFdye conjugates.
The plate was measured containing medium at 0, 2, 4a@d 24hours. Cells were incubated
at 37°C between measurement&. Fluorescence intensity measurement of antibdglg
conjugates at various time point8lean valuest SD of 6 wells per condition is shown.

B Overview of DAR and concentrations of dilutions for each conjugate.
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Consistently, higheconcentrations of antibodylye conjugate led to higher intensities (fig.
3.6) that are comparable to the intensities achieved in fig. Bdugh the peak is obtained
after 20 hoursof incubation. After 24 hours, intensity decreased again, but did not dtten
baselinelevels. Interestingly, when the plate was measured after 41 hours of total incubation,
intensity still decreased at all concentrations. Only 1 and 0.5 pg/ml of antibgeyonjugate

resulted in intensities lower than baseline.
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Fig. 36 Concatration dependent fluorescese increase of GLAST internalization in
astrocytes.Cells were seeded at B0OO per well in a 24vell plate and incubated for 3 days
before treated with various concentrations of antibediye-conjugate (0.5 pg/ml). Dye
Antibody-Ratio: 4. At timepoints 0, baseline measurement was dbtean values othree

wells per condition and time point are shown.

A concentration and timelependent increase of fluorescence intensities is well obseaged
well as an increase in fluorescence over a longer period due to slow antibody internalization

or low antibody binding propertieNathet al., 2016)
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Fig. 37 Comparison of two atibodies on their ability to be internalized in astrocytelsy
pHAD reactive dye measuremenirimary astrocytes were seeded at a densft@0,000 cells
perwell in a 96well plate. Cells were either treated withug/ml of anantibody-dye conjugate
(blue)or the dye alone in the corresponding concentration to the antibody conjugate (red)
Plates were measured in mediuafter 0, 2 and 24hours of incubationA The antibody
conjugate consisted of Aquaporin (DAR:3.3) in B the conjugate consisted of GLABT
(DAR:19.34)Two wells per condition, mean values of one experiment are showand D
Supernatant was collected in fresh tubes aredls were washed twice with PBS and measured
in PBS after 2 and 24 hours.

Striking both antibodyconjugates (red bars) tend to have higher fluorescence intensities over
time in comparison to the corresponding controls (blue bars). Whereas the efféaQbf 4
(fig. 37 A) is onlysmall the effect of the GLASIFconjugate (fig. 3 B) is almost double of

that from the control after 24 hours.

Again, there is an increase already after 2 hournsaibation,but intensity even increases up

to 16,000 RFU &ér 24 hours. iough the DAR of GLA% Tised in this assay is extremaigh,
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there is a clear difference between the dye alone treatment and antibbgy treatment
except for the baseline measurement. This indicates that at the beginning of the experiment

little fluorescence was measured whére dye was applied to cells

Plates were additionally measured in PBS after 2 and 24 hours when washed twice with PBS,
to remove the unbound antibody conjugates and dyig. 37 C and D The supernatant
containing the antibodiconjugates were collected in fresh tubes and applied again after the
measurement. The overall valued PBS measured wellre much lower compared to
measurements made in mediunNevertheless, the same picture a@erning GLAST higher
intensities remains compared to AQP4 and the -thgatment alone. Whereas the effect
between the dye and GLAS®njugate is not as high as when measured in medium (fig. 3.7
B). Furthermore, both antibodies result in higher intensitedter 24 hours compared to the 2
hours measurement-or additional controls and to verify the results, another experiment was
performed.As a negative control, intravenous IgGs (IVIg; Octagam 10%, Octapharma) were
conjugated with the dye and applied telts as well. Astrocytes should not react to exposure
with 1VIgs Furthermore, a different antibody against GLAS{IGLAST from Santa Cruz (Sg)

from another company was also tested (fig. 3.8).

53



Results

35000 ;

30000 ;
— [ 0 hours
L 25000 2 hours
X 24 hours
z
‘D 20000 1
: |
v
]
=
o 15000 1
o I
c
o
Y 10000 5
2
o I : -
= I
= 5000 1 I I

- T T -
= : = = & .
0 — _ o R

Medium PBS AQP4 AQP4 GLAST-1GLAST-1 1IVig IVIg GLAST-1 GLAST-1
+ Dye CTRL + Dye CTRL + Dye CTRL Sc + Dye Sc CTRL
Fig. 3.8 High DARs result in higher intensities wheriilaodies were applied at the same
concentration.Astrocytes were seeded at a density ofoDO cells per well in a 98ell plate.
Cells were treated wittb pg/ml of various antibodydye conjugatesand corresponding
controls. DARs are summarized in @PRlate was measured at timepoints @ and 24hours

in medium.

Clearly, GLAST conjugates reached higher intensities up to 24 hours of incubation on
astrocytes. Compared to AQP4 and GLASE conjugates. Medium and PBS background
signals were almostot detectable. As a control, conjugated gWas added to the cells as
well. The conjugate did not result in significant fluorescent signals at none of the time points.
Interestingly, antibodycontrols obtained higher signals than antibedynjugates ofAQPA4,

IVIG and GLASLTSc but not of GLAST indicating that the signal is specific for the internali
zdion of the antibody.The reason that thecontrol conditionsthemselvesexert fluorescent
signalscould be explained by the fact the control is proddcthe amount of dye that was
used for the conjugation of each individual antibody was added to an amount of medium (e.g.
1.2 ul dye in 100 pl medium). This stock solution was further diluted according to each
antibody-conjugate. The amount of dye shoudd the same for the antibody and the controls.
But since individual antibodgonjugates have been purified after conjugation using Zéba

columns (in the case of IVénd AQP4 controls could contain more dye moleculdlough
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dyes alone should not result in detectable signals since the medium has a neu{féaibiet

al., 2016)

Both GLAST antibodyconjugates were not purified after conjugation since it was shown that
purification did not have an impact on the measurements since only internalized conjugates
could be detected bytte increase in fluorescence sigfidathet al., 2016) That couldbe an
explanation whyGLASTL Seconjugates and the control nearly reached similar intensities.
However, control signals of all antibodies increase over time whereas the pH of the medium
should not change between the time points in such a great extenteNkeeless, GLASIT

conjugate almost reached double of the intensity of the corresponding control.

Table3.1: Antibody-dye conjugates and corresponding DARSs to fig..3.8

Antibody-dye conjugate DAR
AQP4 3.3

GLAST-1 14.2

IVIG 5.02

GLAST-1 5c 2.36

Since GLAST internalization seemed to be stronger than AQ& the GLAST antibody
from Santa CruZollowing experiments were performed with this antibodyowever some

of the experiments were alsgerformed with AQP4 asa comparison.In a following
experiment, GLAST and the glutamate transporter 1 (GILT also known as EAAT2) were
conjugated with the pHADb reactive dye and applied to cells at different dilutions (1:10, 1:50,
1:500, 1:1000)GLTL1 is a cell surface transporter that is@ksxpressed by astrocytes and was
tested as a possible target for ablation experimeingernalization was measured in PBS at 0
and after 24 hours of incubation (fig.93. Dilutions of GLASIT reached highest fluorescence
intensities after 24 hours at 3. and 0.3 pg/ml concentration (yellow bars). Lower
concentrations of both antibodgonjugates only had little differences between 0 and 24
hours. GLAL intensities also increased after 24 hours (orange bars) at the highest concen

trations compared to thetarting point (blue bars).

55



Results

3000 _
mGLT-1 (0 hours)
- GLT-1 (24 hours)
> 2500
E EGLAST-1 (0 hours)
S GLAST-1 (24 hours)
+ 2000+
k=
o
g -
S 1500
v
n
D
o 10001
2 [
[T
500 II II II : L I =
ou_jl . . II II , II II \
1.5 0.3 0.03 0.015

concentration [pHg/ml]

Fig. 39 Internalization assay of GLASTand GL1L reveals that GLAST internalization is
strongest after 24 hours at a concentration of 1.5 pg/nfrimary astrocytes were seeded at

a density of D00 cells per well in a 98ell plate and were cultivated for 6 days. phsactive
dye-conjugated antibodies GLIT(DAR: 13.54and GLAST (DAR: 19.34\vere added to the
wells in various dilutions (1:10: 1.5 pg/ml, 1:50: 0.3 pg/ml, 1:500: 0.03 pg/ml and 1:1000: 0.015
pg/ml). Theplate was measured after 0 and 24 hours in PBS. Mean valug® of one

experiment with triplicates are shovaxcept for 1.5 pg/mlhere value of one well is shown.

To summarize this part of the thesis, internalization of different antibdge conjugées
revealed GLAST as a promising candidate to be further tested in ablation studies on primary
astrocytes.Though some of the results apartly contradictory and the mechanism of the
internalization needs to be further elucidatgtiere is a consisteryoregarding GLASITsignals

that exceeded the ones from the other conjugates in almost all experiments shown here.
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3.2.2Immunoablation of astrocytesn vitro using toxincoupled antibodies

For the immunoablation adstrocytesGLASTL on the cell surfacevas targetedvith a suitable
primary and secondary antibodin first experiments, an excess of the secondary antibody
was used in order to make sure, that there is no competition between conjugated and free
primary antibodiesBoth artibodies were diluted in culture mediufGLAST 1:1000~ 04
pg/ml andvarious concentrations dRabZAP)and incubated for 30 minutes before added to

the wells. Cell viability was measured afi&hours by MTT assay (fig18).

A B
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Fig. 310 Cell viability assessment after treatment of primary astrocytes with antibody
complex. A 10,000 cells/ well and 5,000 cells/ well were seeded in a-2#ll plate and
incubated for 4 days before treatment with GLAS{@:100Q 0414 pug/ml) and various
concentrations (0.5, 1, 2.5, 5 pg/ml) of R&AP and controls (untreated and 1 M NaOH)
started. Plates were incubated for additional 3 days. MTT assay was performed to measure

cell viability.

Both cell densities respond equally to the high concentration of the secondary angibmuty,
even higher than when both antibodies were combined at 5 pg/ml. In contrast, viability
remains comparable to untreated cells, whereas cells treated with 1 M N&OWed a lower
viability than all other conditions, but also not as low as expectedealing that the assay
itself might not be performed properh&trikingly, when the experiment was repeated with
more cells andwells/ condition, cells treated with 1 MlaOH showed a decreased viability of

up to 92 % and a concentration dependency due to the antibody confie211). But also,
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treatment with both antibodies alone resulted in decreased viability.a concentration
dependent manner, the antibody compl@lecreased cell viability up to 54 % at 5 pg/ml-Rab
ZAP and a dilution of 1:1000 GLAST
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Fig. 311 Cell viability assessment after treatment of primary astrocytes with antibody
complex.Primary astrocytes were seeded at a density of Q@O cellsivell in a 48well plate

with 6 wells per condition and incubated for 24 hours before treatment with the antibody
complex at various concentrations (€&5ug/ml) occurred. Thereby, the primary antibody
(GLAST) was constantly applied at 1:1000.414 pg/ml). As controls, untreated cells, 1 M
NaOH and both antibodies alone were applied to cells and incubated for additional 3 days

before MTT assay was performed.

In further experiments, the complex of antibodies was diluted at a ratio of 1:1 and inedibat
30 minutes before added to the medium of ceWléghen higher concentrations (8 pg/ml) of the

antibody complexes were used, viability of astrocytes decreased even more compared to
controls (fig. 312).
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Fig. 312 Cell viability assessment aftetreatment of primary astrocytes with different
antibody complexesCels seeded at a density of IO cells per well in a 98ells plate. Cells

were treated with a combination of GLAS18.3 ug/ml) and RabZAP(8.3 ug/ml), as well as
Aquaporin 48.3 pg/ml) and RakZAP 8.3 pg/ml) and all three antibodies alonerhereas the
concentration of the toxitoupled antibody wa8.3 pg/ml Untreated cells and 1 M NaOH
served as additional controls. Cells were incubated for 72 hours and MTT assay was performed

with 6 wells per conditian

But also treatment with a lower concentration (3.3 pg/ml) of the tegoupled antibody alone

resulted in decreased viability of astrocytes (69 %).

Since the effects were not as high as expected and due to limited availalbifitytibodies,

the incubation and treatment time with lower concentrations was adapted. This time, cells
were treated three times every second day and incubated for a total of 7 days before MTT
assay was performed (fig. 3)1 Because of the long incubatiadime, the cell density was
lowered to 6000 cells/ wellAll antibodies were diluted in a ratio of 1:1 and pneubated at

room temperature.
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Fig. 313 Effect of GLAST-toxin-conjugate treatment of astrocytes is stronger than AQP4
toxin-conjugate. Adrocytes were seeded at a density g0@0 cells/ well and treated with
different concentrations of the antibodyomplex for 6 daysAs positive control, cells were
treated with 1M NaOH. As additional controls, cells were either treated with prirGamsx$T

1) or secondary antibody (R&AP) alone. Treatment was repeated every second day. On the
7t day, cell viability was measured using MasBay. Mean values SDare shown from two

experiments.

Interestingly, the primary antibodies in combination with thexin-coupled secondary
antibody decreased cell viability after days of treatment up to 3% at the lghest
concentration of 1 pg/mivhereas controls only slightly decreased cellular survival. Though
standard deviations are quite high, there is a cledfedence between the control and
treatment conditiors. Aquaporin 4 showed similar effects on the cell viability in combination
with RabZAP secondary antibodyvhereas the effect is not as strong as with GLAST

Therefore, the following experimentsere solely performedwith GLASL.

GLASTL (orange bars) itself seems not to be toxic to astrocytes except when applied at high
concentrations (5 pg/ml). In a concentratiodependent manner both the antibody complex
(blue bars) and RaBAP (red bars) alorsecreasd cell viabilityin vitro (tab. 3.2). Thereby,
RabZAP treatment alone was enough to reduce cell viability down to 28.846 %2 % at a

concentration of 5 pg/ml.
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Table 3.2: Cell viability assessment of astrocytes after treatment with primary asdcondary
antibodies. Astrocytes werseeded at a density of @O0 cells/ well andreated with different
concentrations of the antibodgomplex foi6 days.As positive control, cells were treated with
NaOH. As additional controls, cells were either trdatgth primary(GLAST) or secondary
antibody (RabZAP)alone. Treatment was repeated every second day. On theldy, cell
viability was measured using M-BEsay.Untreated and cells treated with 100 mM NaOH

served as controls. Cell viability is showrfé as rean valuest SDare shown fromone

experiment.
Concentration [pg/ml] CTRL NaOH GLAST-1 GLAST-1 + Rab-ZAP Rab-7AP
1000 10.61 £ 0.67
1 04.68 +5.82 42.33+1.70 40.13+2.14
2.5 108.51 +11.68 31.31+4.14 32.27+3.72
5 06.83 +21.95 24.56 + 1.46 28.04 +5.82

3.2.3Immunoablation of astrocyteex vivo

Since low concentrations of the antibodpmplex showed little effects on cellular surviiral

vitro even over a longer period of treatmerthe same experiments with higher concentra
tionsex vivausing slice culturesere performedAstrocytes in slice cultures form a dense-net
work (fig. 3.8 A) that is evenly distributedWith increasing antibody concentration, the
numberof GFARositive cells diminished (fig.34), whereas the cell architecture and struc
ture of neurons remained. Even the highest concentration (5 pg/ml in D) was not enough to

deplete all astrocytes from the slices.
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Fig. 314 Immunoablation in OHSCs usil@ASTl and RabZAP antibodiess concentration
dependent OHSCs were cultured for 6 days before treatment with various concentrations of
GLAST and RabZAP antibodies started. Antibodies were diluted in culture medium and
incubated at RT for 30 minutes prior teeatment. Untreated slices served as controls.
Representative images are showkControl sliceB 1 pg/ml; C2.5 pg/ml andD 5 pug/ml of
antibody complexSlices were cultivated additional for 7 days with 3 treatments and stained
for neurons (NeuNgreen and astrocytes (GFARd). Images were taken with a Leica SP8
confocal laser scanning microscagred an20x/ 0.70 objective with a zoom of 0.7Bshows
individual fluorescence intensities of GFsidghal of 4 slices per condition. Black line indicates

meanz SD.

Fig. 3.4 E shows the individual GFAP intensity of 4 slices per condition after the treatment
with 1, 2.5 and 5 pg/ml of GLARBnd RakZAP. With increasing concentration, the standard
deviation and spreading of the individual slices strongly reduces as well as the mean intensity,

which could be an indicator of reduced GF#d3itive cells.
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Nevertheless, GFAP signal is slitectablein the imagesPossibly, not all astrocytes have
been eliminated using this antibodgxin conjugate indicating that there are possible

different types of astrocytes in the slice cultures.

Due to the high amount of antibody that is needed to treat one wetitaming slices, higher
concentrations were not applicable. Therefore, a different approach was implemented that is

described in the following paragraphs.

3.2.4Depletion of astrocytes using-alpha aminoadipc acidin vitro

For the second approacthe known gliotoxin falpha aminoadipic acid{EAAA) was used. In
the late 70s and early 80s, a couple of research was done witlttdhipound ad several
studies were published concerning the astrocgteecifictoxic action. Interestingly, since the
late 90s, the use of1-AAA vanished. Most research was dane&ivoby direct injection into
cerebral regiongOlneyet al., 1980) Becausesatisfyinginvestigation of astrocytesx vivois
lacking there is a need tivestigate its putative effect on primaogllsand on slice cultures.
Direct injectionof Lh-AAA was found to be a potent way of eliminating astrocytes region
specific.To find a concentration that is sufficient for slice cultures, first experiments on
primary astrocytes were performed with low (0.125 mM) to high (10 mM) milli molar

concentrations.

Cell viability of astrocytes was assessed using celltiter Glo (Promvagison, USA herein

the ATP production of viable cells is a measure for viabiltth increasing concentration of

the gliotoxin (light green bars), cell viability of primary astrocytes decreased compared to
untreated controls (grey bar) (fig. )L Remarkably, the effect on the viabilitynist observed

until a concentration of 5 mM, kich islow in contrast to direct injectionf0 pg/ul)(Khurgel

et al, 1996) With 7.5mM (29.35 %t 4.54 % and 10 mM (1D2 %t 3.69 % cell viabilitywent

down to 10 % with a steeplecrease from 5 (781 %+ 5.01 % to 10 mM (1202 %=+ 3.69 %

which is more than double.
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Fig. 3.5 Treatment of astrocytes with '.-AAA results in concentrationdependent cell

death. Primary astrocytes were seeded at a density g0Q0 cells per weih a 96well plate

and incubated for 24 hours before treatment with various concentration8 -#fAA started

and cultivated for 72 hours. Cell viability was assessed using celltiter Glo (Promega). Untreated
cells and cells treated with 100 mM NaOH servedcantrols. Mean values + SD of one

experiment with six replicates per condition are shown.

Since, L-AAA is only slightly soluble in water (2 mg/ml) and when solved, the pH drops to a
very acidic level (pH 1) a stock solution of about 12 mM could be prd@and a pH of &

was achieved by the addition ofM NaOH For the dilutions used in fig. &klmost half of

the culture medium was replaced by the tosplution and even more when higher
concentrations were applie(7.5 and 10 mM)Additionally,viability of cells treated with 10

mM LM -AAA even underscores the viability of cells treated with 100 mM NaQBI(%a8:1.36

%). Therefore, it was necessary to verify that the effect on the viability derived from the drug

itself and not because of the regaed culture medium (fig. 36).
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Fig. 316 Treatment of astrocytes with L-AAA and corresponding vehicle contrdPrimary
astrocytes were seeded at a density60d00 cells per welb daysprior to treatment with
various concentrations oft LAAA (lighigreen bars) as well as corresponding concentrations of
the vehicle (aqua bidest. +M. NaOH, pH 4 with addition of HGLred bars). Untreated cells
and cells treated with 100 mM NaOH served as controls (grey bars). Cells were tre&ed for
days before cdtiter Glo was performed. Mean values + SD of one experiment with six

replicates per condition are shown.

Again, cell viability decreased with increasing dcogcentratiors (light green bars). The same

is true for the vehicle treated cells (red bars)tehestingly, at 7.5 mMN-AAA and vehicle,
there is a clear difference towards a more decreased viability when cells were treated with
the toxin.This effect is lost when cells were treated with 10 mM of both conditions. Moreover,
the effect of the drug ail0 mM (2026 %= 9.44 % again underscores the effect of 100 mM
NaOH (231 %t 2.65 %, whereas the vehicle is marginally higher.684%at 4.40 %. Thereby,

the concentration of NaOH in the toxatock lution and vehiclestock solutions 12 mM and
therefore much lowerindicating that the effect on the viability could be due to the drug itself

and the replacement of the culture medium.
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To solve this question, an additional experiment was performed with addition of an extra
control. Cells werdreated with different concentrations of the toxin, as well as the vehicle

and aqua bidest. alone (fig. I
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Fig. 3.7 Treatment of astrocytes with L.-AAA, vehicle control and volume replacement
control. Primary astrocytes were seeded at a density@D00 cells per well 24 hours prior to
treatment with various concentrations of {AAA (light green bars) as well as corresponding
concentrations of the vehicle (aqua bidest. + 1M NgiHh,red bars) and aqua bidest. (blue
bars). Untreated cells and cetreated with 100 mM NaOH served as controls (grey bars). Cells
were treatedonce and incubatedor 5 days before celltiter Glo was performed. Mean values

+ SD of one experiment with six replicates per condition are shown.

Clearly, the replacement a@ulture medium has a detrimental effect on cellular survival (blue
bars), but only in high concentrations. Still-AAA(10 mM)treated cells (5.53 % 0.92 %
underscore theviability of cells treated with the vehicle (8.20t%.99 % or aqua bidest. (80

%= 0.42 %. However, the same concentratialependene regarding the decreasing viability
is observable.To examine anEGO concentration, more experiments were necessary.
Therefore, the range between 1 and 6 mM weasosenas treatment conditionsand the

number of treatments and incubation times were adaptéiy. 3.18 A and B).
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Fig. 3.B Number of treatment and incubation times matter in primary astrocytes treated

with Lh -AAA.Primary astrocytes were seeded at a density g0Q0 cells per welh 96-well

plate 24 hours prior to treatment. Cells were treated three times and incubated for a total of

c RI@a o!0 2NJ G§6A0OS | yRAAA (g@azhdrs) éhdRthevehislz (ced R & &
bars) and corresponding controls (blue bars). Untreéaed cells treated with 200 mM NaOH

served as additional controls (grey bars). Mean values = SD of one experiment with six

replicates per condition are shown.
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There is an overall stronger effect observable when cells were treated three times every
secondday (fig. 3.8 A) compared to two treatments in a row and a shorter overall incubation

time (B).Nevertheless, concentratiodependene is also recognizable in both experiments.

When cells were treated three times with the toxin, cell viability alntsreased to50 % at

4 mM (53.22 % 8.93 %, though the controls reached much higher results (63.02003 %
(red bar) and 90.24 %2.28 %(blue bar). This is not the case when cells were treated twice
on two days in a rovand incubated for only 3 days in tot@é) Here, anEGO isevennot
obtainedat a concentration of 6 mM70.16 %t 12.43 %). Again, revealing that duration of

treatmentas well as the concentratidmas an impact on the effectiveness of the drug.

Becausef the effect concerning the replacement of culture medium and the purpose to treat
slices where much higher volumes are needed; lower concentrations were tested with more
incubation times and more treatmentBrimary astrocytes treatetivice with the glidoxin L -

AAA showed aoncentrationdependent decrease in AJffoduction in comparison to vehicle
treated cellseven at lower concentrations (fig. 3.19 A). Though the effect of the drug at 2 mM
(76.45 %+ 9.83 % compared to fig. 3.18 &2 mM:85.72 %t 12.92%) is marginal there is a
consistencywhereas theseells were treated one time lesshisconcentrationdependene

was also shown to be confirmedjainwith higher concentrationsver a treatment duration

of 7 days with three repeated treatmentig. 319 B).Again, the EC50 is about 5 mM (fig. 3.19
B: 43.26 % 2.45 %) or even lower according to fig. 3.18 A (36.996%3 %)Nevertheless,

in higher concentrations the replacement of medium by the solution itself influences viability
(blue bars) Interestingly, with both L-AAA preparations cell viability first increases and
overcomes the viability of untreated cells in the lower millimolar concentrations. Whereas the
viability of cells treated with 2 mNI76.45 % 9.83 % of L -AAA is about 80 % A, viability

of cells treated with 2.5 mM is higher (32 %+ 6.05 % in B even if these cells were treated
three times instead of twicelhisdiscrepancyould be explainedn the one hand by the fact
that in A three plates were used for the evaluatiarhich is reflected by the higher standard
deviation. On the other hand;omposition of the cell culture itself might play a role since

experiments were done with different cell preparations.
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Fig. 3.B Correlation between number of treatments and concentration df bAAA

A Primary astrocyteisolated from embryonic micgere seeded at a density 0f060 cells per

well and cultured for 48 hours prior to treatment. Cells were treatedetwvith various

02 y OS vy i NI-AMA B &NadH, pH 7ght green bars) and vehicleABi+ NaOHpH

7.4; blue bars). After 5 days of incubation, celltiter Glo (Promega) was performed. Untreated
cells and cells treated with 100 mM NaOH served as controls. Mean values + SDplatesee

are shownB Primary astrocytessolated from mixed glia culturegereseeded at a density of
6.000 cells per well and cultured for 24 hours prior to treatment. Cells were treated three times
with various concentration® ¥ -ARA(H.O + NaOH, pH 7.4ight green barsyand vehicle
(aqua bidest.; blue bars). After 7 days ofuination celltiter Glo (Promega) was performed.
Untreated cells and cells treated with 100 mM NaOH served as controls. Mean values + SD of

one experiment with six replites per condition are shown.
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The results show that there is a correlation between defisity, incubation time and number

of treatments. But they also show that the differences in pH did not detrimentally affect the
efficacy of the drug. Since there is always a concentration dependent decrease in viability,
whether a pH of 6 (fig.37) or ketween 67 (fig. 3.5) or even 7.4 (fig. 39 was usedIn
former experiments, when pH was not adjusted to almost neufpél 12), culture medium
shifted towards acidic (yellow calo) and was not used for treatmenthe effects of t high pH

are seen when cells were treated with 1M or 100mM NaOH alone.

3.2.5Depletion of astrocytes using-alpha amino adipic aciéx vivo

According to then vitroexperiments, the LD50 of EAAA is about a concentration of54mM

and exerts the greatest effect after repeated treatments and longer incubation times. These
findingswere transferred ontaex vivoexperiments. First, slices were treated with a dilution

of 5 mM for 24 hourdased on clodronate findingéfterwardsjmmunofluorescence staining

for neurons, astrocytes and overall cellular nuclei was performed. Images were taken with a

Zeiss Axi@bserveffluorescence microscope at a magnification of 5x (fig0)3.

As described imletail in2.2.10, different solutionsof L' -AAAwere prepared with different
solvents (see appendix for results). The following results were obtained with the treatment of
slices withLh -AAAdissolved in aqua bidest. and the adjustment of pH with 1M NaOHn@®ur
the fixation process with 4%HA, most of theslices already detached from the membrane
inserts. Free floating slicesannot be stained using the procedure described in 262.1
Nevertheless, staining was continued with the membranes and analysis showed that the
cellular architecture iseverely destructed by the compouptalt with the addition that more
neurons could be stained than astrocyt€early,Lh -AAAhas an impact on the viability of

neurons as well in slices.
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NeuN

Fig. 3205 mM LM -AAA leads to disruption of cellular architecta. Slices wereultivated for

6 days andtreated with 5 mM bL-AAAfor 24 hours. After fixation, immunofluorescence
staining was performed; neurons (NeuN, green), astrocytes (GFAP, red) and nuclei (DAPI, blue).
Images were taken witla Zeiss Axio Observer fluorescence microscopesmi@dle plan/

neofluar objective.

Due to the high damage that the compound exerted on the slices when administered via
culture medium, a 5 mM solution was diluted in PBS and applied to the slices by dropping 2 pl
on top of each slice. This technique was based on amyleid application. fie dropping
method decreased volume replacement enormouglyge slices remained intact and could be
stained by immunofluorescence (fig.23). In more detail, astrocytes remained as well

according to GFAP signal and revealing that the depletion was no¢ssfal.
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Fig. 3215 mM Lh-AAA was applied to slices by dropping the solution on top of each slice.

A dilution of5 mM I -AAA in PB®as preparedand 2 pl were dropped on top of each of the

six slices per well and incubated for 24 hours before immunofluorescence staining was
performed neurons (NeuN, green), astrocytes (GFAP, red) and nuclei (DAPI, blue). Images were

taken with 5x/0.16 plan/ neoflar objective.

Since a single treatment with 5 mbf the compound had detrimental effects even on the
viability of neurons and the application of the compound by direct dropping on the tissue had
no effects more concentrations and numbers of treatmemngre tested. While low concen
trations had little effectdn vitro on astrocyte viability, a single treatment of slices with 0.5

mM and 1 mM (fig. 22D and E) resulted in reduced GFAP sigralivo
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Fig. 322 Lh -AAA treatment in OHSEG concentrationdependent Slice cultures were treated
oncewith various concentrations of t8AA in culture medium and cultivated didays.A
untreated B 0.1 mM; C0.25 nM; D 0.5 mM;E1 mM; F 1.5 mM Immunofluorescence was

performed (NeuN, green; GFAP, redPDblue). Representative images are shown.

Again, slicesid not seem vital at all (fig. 32 D), especially regarding the dentate gyrus.
Interestingly, GFAP signal diminished with increasingAA concentration, but this was not
true for all slices from one condition. Some of the slices treated with 0.25, 1 and 1.5 mM

appeared to be damaged.

Therefore, additional experiments were performed with lower concentrations but higher
treatment events(fig. 3.23). Surprisingly, three repeated treatment did not result in efficient

reduction of GFAP signal compared to control slices (A).
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Fig. 323 Low concentrations oflh -AAA have no direct effects of viabilityn OHSCSlice
cultures were treatedhree timeswith various concentrations off LAAA in culture medium
and cultivated for 7 days\ untreated;B 0.0625 mM;C0.125 mM.Immunofluorescence was

performed (NeuN, green; GFAP, red; Dapi, blue). Representative images are shown.

In low concentrabns, even repeated treatment for a duration of 7 days was eabughfor
the depletion of at least half of all astrocytes in slice cultures @&3). Nevertheless, cell
architecture remains intact. When treated for a shorter period but with higher entrations,
astrocytes are mostly depleted, but also the cell architecture is severely disragaad(fig.
3.24).

Fig. 324 LaAAA treatment in OHSCSIlice cultures were treatetlvice with various

concentrations of LLAAA in culture medium and cultivated todays.A 0.25 B0.5 mM; C1
mM. Immunofluorescence was performed (NeuN, green; GFAP, D&®] blue).

Representative images are shown.
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To summarize this part, treatment of slioggh Lh -AAA at various concentrations, incubation
times and numbers of treatments was not successfulepleting astrocytes in slice cultures
ex vivo There is a huge variance between the different experiments and even within one
experiment, since single slices showed the desired result that could not be validated by

repeated experiments.

The following paragraph shows experiments that were done witimtlneine oligodendrocyte

precursor cell lin®lineu

3.3 Oligodendrocytes
3.3.1Immunoablation of oligodendrocytes

For the immunoablation of oligodendrocyté3lineucells (fig. 25) were seeded and treated
with different concentrations of th@rimary antibodies GPR (Fig. 326) and Claudifil and

a suitable secondary antibody coupled with saporin (Advanced Targeting System3,HéS@).
experiments were done analogously to the astrocyte immunoablation experimBetsause
isolated primary oligdendrocytes as described2i2 2 did not grow up to numbers that could

be seededand assayethe cell lineOlkneuwas usedHowever, a few stainings could be made
(see appendix figh.2). Olirneucells were broadly seeded and began to spread in culture (fig.
3.25 A). For cell viability measurements, cells were first seeded at different densities, to
examine the most suitable cell number. Cells were cultivated for 48 hours and then treated
with a @wmbination of Claudifll and RatZAP antibodies twice for a total of 5 days. MTT
assay was performed (fig. 3.25 B). Overall, a densityo6bZells per well is impractical. Cells
seeded at a density of@00 and €000 mostly yielded similar results extdpr the treatment
condition of 5 pg/ml antibody complex. Therefore, following experiments were performed
with 6,000 cells per well. Nevertheless, an effect of the antibody complex is obvious, since all

three concentrations decrease cell viability up % (5 pg/ml).
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Fig. 325 Cell viability assessment dDli-neu cells after treatment with Claudinrl1-toxin-
conjugate A Olineu cells (p 28) were seeded at a density,00® cells per well into 96 well
plates for 48 hours and pictures usingbeghtfield microscope were takem Different
densities (D00-6,000 cells/ well) of Gleu cells were seeded into-8&Il plates and cultured

for 48 hours. On theBday of incubation, cells were treated with various concentrations of an
antibody-compkx containing Claudihl and RakZAP for a total of 5 days with two
treatments. MTTassay was performed to measure cell viability. Untreated, cells treated with
100 mM NaOH and the primary (Claudih) or secondary (RabAP) antibody alone served as

contrds. Mean valueg SD from triplicates of one experiment are shown.
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Furthermore, cell viability was also assessed after cells were treated with another antibody
complex (fig. 26 A). In this case, as primary antibody the GPRNnd suitable antgoat
saporin (GakZAP; ATS) were dilutedaanlture medium adifferent concentrations (0.2 10
pg/ml) andincubated 30 minutes before treatment at room temperature. Treatment was
done twice and for a total of days. The antibodgomgex only slightly decreased cell viability

in comparison to the control conditions (both antibodies alori&lls treated with 10 pg/ml

of both antibodies together resulted in a remaining viability of 32.78%ten cells were solely
treated with GabZAP, iability already decreasedto 71.21 % at0.5 pg/ml. Since high
treatments of cells with both antibodies alone were not applicable, the experiment was
repeated with a different antibody complex and corresponding controls (fig.B)2Whereas
viability of cells treated with GR17and GakZAP decreased to 32.73 %, the effect of the
antibody complex consisting of Claudift and Ra¥ZAP decreased viability to 26.86 % at 10
pg/ml. Herein, the corresponding primary antibody control Clautin(23.39 %) undersoed

the viability of the complex while the secondary antibody R&#» (41.88 %) did nddue to
lacking standard deviationsoncerning high antibody controls, only a comparison between
the mean values can be made. general, except for the highest concentration of 10 pug/ml,
both antibody complexes were not able to decrease viability of cells to 50 %. In both situations,

primary and secondary antibodi@sone had stronger effects than the complexes.
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Fig. 326 Cellviability assessment oOli-neu cellsafter treatment with two antibody-toxin-
conjugates Olineu cells were seeded at a density @08 cells per weilh 96-well platesand
cultured for 48 hoursCells were treated twice withavious concentrations adn antibody
complex(A GPR7 and GabZAPB Claudinll and RakZAP blue bar} after a total of 7 days
of incubation MT3assay was performetl M NaOH and cells treated either with the primary
or the secondary antibody alone, served as contMé&an + SDalues of triplicates from one

experiment are shown.
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Since, 1 pg/ml had a weak and 10 pg/ml showed a strong effect on the viabtyrafucells,

the effect of 5 pg/ml was examined (figr)2Again, treatment of cells with high concentrations
of the artibody complexi§lue bars11.96 % 7.76 %) but also of the primary antibodydnge
bars; 26.28 %+ 11.61 %) alone resulted in severely decreased viabilitierestingly,
treatment with the secondary antibody alone (red bars) did not result in high reduction of cell
viabilityindicating that the effect of the complex could be specific or derived mainly from the

primary antibody alone.
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Fig. 3.7 Toxicity asessment of antclaudin-11 antibody onOli-neucells.Olineu cells were
seeded at a density of @O0 cells per well and incubated for 48 hours before treatment with
antibody complex Jaudinll and RakZAP; blue bars) as well as corresponding controls
started.Cells were treated twice, ATReasurement was performed after 7 days of incubation.
Untreated cells and cells treated with 1 M NaOH served as controls. Mean ¥&esf one

experiment with triplicates are shown.
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Claudinll antibody is providd in a solution containing 0.1 86dium azideNaNs; 15 mM
which itself is toxic to celldhoet al, 2017) To examine whether the presence of N&lds
an impact on the cell viability @li-neucells, different dilutions of Naftorresponding to the
antibody complex concentrations were madell€were treated twice, andn ATPassay was
performed (fig. 8). Clearly, Nablcontained in 5 (46.54 %11.77 %) and 10 pg/ml (20.43£6
2.57 %) dilutions is toxic to cells itself. That is resembling the results from thead4ay (fig.
3.26 and 3.7).
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Fig. 3.8 Dilutions containingsodium azide laNs) are toxic toOli-neu cells.6,000 cells per

well were seeded and incubated for 48 hours before treatment with different dilutions af NaN
started. First a stock solution of PBS containing Q252mM)NaNs was prepared. Afterwards,
different dilutions correlated to the concentrations used in previous experiments were
prepared in culture mediunthereby, 0.25: 0.015 mM; 0.5: 0.03 mM; 1: 0.06 mM; 5: 0.3 mM,;
10: 0.6 mM refer to concentration of NaNCells were treated twice and incubated for a total

of 7 days before celltiter Glo was performelhtreated cells and cells treated with 1 M NaOH
served as controls (grey bars). Mean valtteSD of one experiment with six replicates are

shown.
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To remove NaN from the Claudirll solution, the antibody was dialyzed in PBS using a
vivaspin column(2 ml, 10000 MWCO; Sartorius, Goéttingen, Germar@h-neu cells were
seeded at a lower density but for a longer time compared to previous experinf@ént3.29)
Treatment occurred twice in one week. Cells treated wWilaudinll (orange barsplone,
showed similar viabilities between concentratio@®erall,daudin-11 alone has no effect on
Olineu cells compared to previous experimeniBhe antibody complexblue bars)on the
contrary, showed a concentration dependenghen mean values were compared. Regarding
the high standard deviations at 0.5 (76.48&%6.13 %) and 1 pug/ml (78.11222.08 %) some
cells seen to be less viable than wimetreated with 5 pg/ml (63.70 % 9.99 %) In addition,
treatment with RabZAP (red bar) alone, resulted in the lowest viability (57.1616.73 %)

compared to the other conditions except for when cells were treated with 100 mM NaOH
(2.54 %t 0.28 %).
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Fig. 3.3 Dialyzed ClaudifL1 antibody is not toxido Oli-neu cells anymore 3,000 cells per
well were seeded and incubated 5 days prior to treatment with antibody complex (Cldudin
(dialyzed in PB@nhd RabZAP blue bar}. Cells were treated twice aimtubated for a total of
10 days before MFassay was performedJntreated cells, cells treated with 100 mM NaOH
and with both antibodies alone served as contrblean values = SD of one experiment with

triplicates are shown.
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The differences betweefig. 3.27 and fig. 3.29 regarding cell viability after treatment of cells
with 5 mg/ml could be derived from the different cell densities that were initially plated.
more detail, 6,000 cells were plateth fig. 3.27and incubated for 48 hoursyhereas3.000

were plated but incubated for 5 days prior to treatmentfig. 3.29 Also,the cultivation time
differed since in the first situation cells were incubated for a total of 9 days, cells in the latter
set up were incubated for 10 dayAssuming a constd growth rate for both plates, nearly

the samenumberof cells should be present at the end of both experiments wheegahe

start of treatment there were less cells in fig. 3.27 compared to fig. 3.29. Hence, more cells
per condition could be responséfor a reduced effect of the antibodypmplex as observed

in here Such an effect was also monitored in fig. 3.25 when different cell densities responded
differently to the treatment. However, regarding the high standard deviations for the antibody
complex treatment at 0.5 and ig/ml as well as the decrease of cell vigpiwhen treated

with RabZAP alone, further investigations needed to be done regarding the usefulness of this

cell line for this kind of experiments.

3.3.2 Characterization of oligodendrocytes vitro and ex vivo

Because the results in the previ@gection were contradictorg more detailed characteriza
tion of Olineucells for the usefulness for immunoablation experiments was ddoecharae
terize Oli-neucells cellswere seeded on chamber slides and cultivated for several days before
immunofluorescence staining for oligodendrocyte specific markers was perfoiGetid.were
stained with antiGHRL7 antibodies (red) (fig.30 A, B and C)Additionally, in C also nuclei
were stained using DAPI (blu®lineu cells could successfully &ained with the GRL7
antibody that was previously used in immunoablation experimeRtsthermore, two olige
dendrocyte precursespecific markers were used: Oligodendrocyte marker 4 {i@43.30 D)
and Neuron/ glial antigen 2 omelanomaassociated chondroitin sulfate proteoglycan
(NG2/MCSP; fig. 3.30 E). Both antibodies were found to stain a portion of the culiied
neucells. The number of GPRp@sitive cells is quite high even after 12 days of culture-indi

cating that the cells have not developed to a great extent over time.
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Fig. 330GPR17positive Oli-neucellsin vitro. Olineu cells were seeded a densityof 10,000

cells per chambeon PDLcoated chamber slidesultivated for 12 daysnd stainedwith
specific markerdmages were taken with a Leica SP8 w8t an 20x%0.70 dry objectiveand
a zoom of 0.75Primary and secondary antibodies were diluted 1.200 incubated for 1 hour
each.A Cells were stained with antePR17antibody and antigoat-AF555 antibodyred). B
Cells in image A at 20x magnification with a zoom of IZ.7CCells were stained with anti
GRP17 antibody (red) and DAPI (blD&)ells were stained with oligodendrocyte markéd4)
and antirmouseAF488(green) and DAPI (blue}.Cells were stained with aANG2antibody
and anttrat-AF594(red) and DAPI (blue).
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Theaddition of several factors can induce differentiationaturationprocesse®f progenitor
cellsin vitro. The cyclic nucleotide derivatthcAMPcan activate cAM@ependentprotein
kinases and induce differentiation ofigodendrocyteprogenitor cellglerived from mixed glial

cultures(Raible and McMorris, 199@nhd human ptent stem cells into dopaminergic neurons

(Xiaet al., 2016) Here, the compound was used to induce differentiatiorOd#neucells.

Fig. 331 Oli-neucells were treated with dbcAMP to induce differentiatioi®lineu cells were
seeded on chamber slides and cultivated5days.Half of the ells were treated with 1 mM
dbcAMP(D-F)and cultivated for another 5 dayA.+ D anti-GPR17B + Eanti-O4,C+ F anti-
NG2.Antibodies were diluted 1:400 each, secondary antibodies were applied at a dilution of

1:1000.Images were taken with a CLSM at agnification of 20x.

The addition ofdbcAMP to the culture medium ddlineu cells led to aslight decrease of
GPR1%&ignal (fig. 31 D). GPR17 was found to be reduced after longer incubation times due
to maturation processeg¢Viganoet al., 2016) Olineu cells were treated for Blays before

fixation and staining was performed.
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Cells were stained with arNG2, aniGPR17 and an®4. There is a reduction of Ngasitive
cells under dbcAMP treatment compared to ntveated cells (fig. 31 C and Moreover,Olr
neu cells treated with dbcAMP seemed to undergo morphological changes as they appear

more branched (fig. 31 E and F) compared to-treated cells.

All three proteins could be stained in ten days old slice cultures (88). G2 and Oositive
cells weredetected in one individual slice (A). Additionally, GPR17 cells could also be targeted
(B) though staining was not as strong as the other oiddsich is likan vitro staining where

there were also less GPRf@sitive than O4ositive cells detected.

Fig. 332 OHSCs were stained with different oligodendrocyspecific markersSlices were
cultivatedfor ten days before fixation and staining procedure was performiedages were
taken with a CLSM and an 40x/1.30 oil objectimd a zoom of 0.75A Slicesvere stained
with anti-NG2 (red), antD4 (green) and DAPI (blu®Slices were stained with arBPR17
(red), antiNeuN (green) and DAPI (blue).

Due to unpredictable events including the corona situation, imoabiation experiments of

oligodendrocytesx vivocould not bestarted.
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4. Discussion

The presenthesisprovides evidenefor the importance of astrocytes for the maintenance of
cell architecture in organotypic hippocampal slice cultuaed provides firstevidencefor the

possibility of transportemediated internalization of antibodies.

To understand and characterize the role of glial cells in neuroinflammatory procafsses
rodegenerative diseases is crucial to establish a modgfstem that displays the patholy

of the disease and allowshe individual study of cells. In a previous studye established a
model system of AD displayed by-foxicity and itwasshown that microglia could success
fully be depleted using the bispholsate clodronate and that the depletion resulted in-en
hancedA -induced cytotoxicity. Moreover, microglia remained a ramified morphology and
the mechanism behind the protection against-lhduced toxicity was proven to be phagecy
tosis (Richteret al,, 2020) Here these results were confirmed regarding the ability to suffi
ciently deplete microglia from slice cultures (fig. 3vhereas it was difficult to depletB\*2
cellsin vitro (fig. 3.1). Cell lines react different since they are not a physiological system due
to their genetic modification towards immortalif{Hennet al., 2009) It is not surprising that
B\£2 cells weremorerobust aganst clodronate treatmentn this contexiand showed less cell

death compared to primary microglia in the slices.

Treatment of slices with monomeric and oligomeriagAlid not result in enhanced cell death
as revealed by immunofluorescence (fig. 3.3 B @) compared to control (A). @$efindings

are in line with the results obtained in a previous study from the working grioughis study,

cell death by A-applicationwas inducednly in slices where microglia have been depleted.
These results indicatéhat microglia display a crucial role in the context df-iAduced
cytotoxicity ex vivo Mechanisms of this protection have been discussed in our publication
(Richteret al., 2020)

There is still a lack of a system to study the individual role of astrocytes and oligaisthes
ex vivoln this studytwo ways toinvestigatethe role of astrocytesnd oligodendrocyteasing

primary cells cell linesand slice culturegvas examined
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4.1 Finding the right antibody complex for immunoablation

To investigate the role oéstrocytes, ifst experiments were done withsolated primary
murine cells. For the ablation of astrocyt@stechnique that was described Ibligginset al.
was utilized(Higginset al., 2015) The authors used antibody constructs in combination with
toxins tospecificallytarget tumor cells for ablationThis techniqueis widely used in tumor
therapy andwas adoptedn the present studyor specific ablation of primary astrocytes in
culture. A antibody complex consisting of primary antibodies against suniacteins e.g.
receptors transportersor channelsespecially expressed on astrocytes and iaherent
secondary antibody attached to saporin molecueas designed Therefore,three different
primaryantibodiesagainst antigen§GLTF1, GLAST and AQP4) were investigated upon their
ability to bind to cell surface proteins of astrocytes and toiternalized in order to be useful
for further studies(fig. 3.5¢ 3.9). GLASAL is a glutamate aspartate transporter and was found
to be expressed to a lesser extent in hippocampal agtes, but moreprominently in
Bergmann gligStorcket al, 1992) Howeverimmundluorescence staining of isolated cells
here revealed that primary astrocytes expressed GLABDteins and that these cells had a

flat polygonalkhape (see appendix fi§.1 A).

AQP4 is a water channel distributed throughout the cerebellum, the hipppoanand

ependymal cell§Junget al., 1994)and thus exerts its funain in the regulation of water

balance Glutamate transporter 1 (GLT also referred as EAAT2) is expressed on astrocytes to
alesser extent than GLASTAQP4and Gkl O2 SEA &G Ay | aY(HiosNR Y2t SO
et al, 2008) In neuromyelitis optica(NMO) autoantibodies against AQP4 led to the
internalization of the transporter and reduction of GL&nd impaired glutamate homeostasis
(Hinsonet al., 2012) Thus,indicating that internalizatiorof transportersafter the binding of

antibodies directed againshem isarare but observedevent

Amongthe here tested antibodiesGLASTL was found to be a promising candidate, since
fluorescence intensitieas a measure of internalizatioimcreased to a higher extent over time
compared to AQP4 (fig. 3/%and B. With the highest rate of intensity after 24 houough
intensity of the control (dye alone in medium) also increased over time. When plates were
washed in PBS and measurement was also done in PBS, values per se were lower but the same
remained regardig higher intensities of GLA%Tafter 24 hours if incubatiowascompared
to control and AQP4 (fig. 3.Ca and P This time the intensity of the contrtdeated cells
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again was also high but did not reatie intensityof the antibodydye conjugateWhereasall

three proteins arefound in the plasma membrane of astrocyt@singet al., 1994; Nielsert

al., 1997)the binding and internalization ability differedhe two glutamatetransporters
(GLT1 and GLAST) showed similar effects concerning internalization @iJ). But because,
GLASL fluorescence intensity exceeded that of ALt the highest concentrations, GILT

was not used in the other experimentsiternalization of macrmolecules like proteins e.g.
antibodies usually is mediated through cell surface recept®indingof antibodies to these
receptors, results in endocytosis and transport of the endocytic vesicle to endosomes and
lysosomes where degradation processes will take p{Reters and Brown, 2015; Parsletv

al., 2016) However, evidence indicates thahdocytosis is also mediated through different
surface proteinas was shown by the internalization of Mab against tumor surface antigens
(Matzkuet al., 1988) Recent studies regarding tumor specific Malgets for drug delivery
(antibodydrug-conjugate; ADC) identified a member of the selwarrier family (SLC) as
promising candidate for pancreatic and prostate epithelial tumor ta(ittie et al., 2016)

The choline transporter like protein (CTL4) is targeted by an ADC since this kind of transporter
is upregulated in tumor cells and therefore can be used to specifically target diseasett cells.
was also shown that the conjugate was internalized and brotglthe lysosome after 24
hours which is the favored organelle for the antibediye conjugate investigated he(®attie

et al,, 2016) This type of ADC is now in phase | clinical @aleleret al., 2016; McHuglet

al., 2019) Though the exact mechanism is missing, internalization in these studies is not
dependent onreceptor mediated endocytosi®\ similar phenomenon was described by the
group of Pulaski. In their studfne auhors found that binding of an 5D3 antibody to an ABCG2
transporter on A549 cellesultedini KS G NI yaLR2 NI SNRAa AYOASNYyF€ AT
to early endosomes, lysosomes or back to the plasma membrane in order to be recycled
(Studzianet al, 2015) This was the first study that demonstrateBCDG2ransporter
internalization after antibodybinding. Translocation of membrane proteins e.g. glucose
transporters/ receptors is well knowfRahbekClemmenseret al, 2014) It was shown that

the serotonin transporter (SER&% well as the dopamine (DA{Doder anl Melikian, 2003)

and glycine transporter 2 (GLYTEprnéset al, 2008)¢ also members of SLCsindergo
internalizationand are mostly directed to early endosomé&s degradationrather than
recycled. Transcytosiof macromolecules was already investigated and shown by others

(Matzku et al, 1988; Megiast al, 2000) Also in astrocytes, macromolecules like serum
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albumin (BSA) have been found to be transported through the cell cytoplagunlink and
Devon, 199Q) Though BSA is a protein with a molecular weidV) of 65 kDa. But even
greater proteins sah as transferrin (79.5 kDa) and complexes of BSA andféran were
found to be internalized by astrocytéy endocytosisGLASAL itself has a MW of 664 kDa.

One can speculate that antibodies bound to the transporter are internalized due to
spontaneas transcytosis of the transporter itsekbr forced by the binding procesand
brought to the lysosome for degradation purpos@hie effect of antiGLASTL antibody
binding to the transportem vitrowas not investigated here. One possible consequenaélco
be the disrupted function in glutamate uptake upon binding of the antibodgjugate and
subsequently the internalization process of the malfunctioning transporter for degradation
purposesas was shown to happen with AQP4 and-GliT NMO diseased asitytes(Hinson

et al, 2012)

Here, the internalization of GLI; GLAST and AQP4fter binding of commercially available
antibodiesin primary astrocytes was evaluateasd regaded asa tool to identify a suitable

candidate for further immunoablation studiés vitroand ex vivo

4.2 Immunoablation of primary astrocytem vitro

Due to the internalization experiments, GLASWas used for the preparation of antibody
toxin conjugates and testeith vitro on primary astrocytes on its ability to specifically target
and reduce GLASITpositive cellsvarious concentrations of the antildly complex on primary
astrocytes in cell culture over several incubation timesre tested(fig. 310-3.14). Results
show that there is a concentratiasependene correlated with cell viability for the antibody
complex and the toxktoupled secondary ariiody aloneMore likely, the concentration of

the primary antibody is crucial to form a sufficient number of complexes. The viability only
slightly decreasg when treated with 1 and 2.5 pg/ml of R&AP andén unequal amount of
GLAST1(0.41 pg/ml)(fig.10.8 B)although internalizatiomevealed thata concertration 0f0.3

mM of the GLAST was enough for internalization

Despite there are less cells seeded in fi@0B than in A, the effect of the antibody complex
remained similar and was not detrimemtaVhereas cell viability even exceeded untreated

cells at 5 pg/ml RaZAP + 0.41 pg/ml GLA$SIBuUt since even NaOH was not enough to kill
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mostof the cells, the assay itself might have not worked propeifhen the experiment was
repeated (fig. 3L1) with a higher number of cell& concentration dependent decrease of
viability was observed. But also when treated with GLASNhd RakZAP alone, viability
decreased. There is a variation between the different experiments. When cells were treated
with an even concentration of both antibodies (fig. 214) the effect on the viability was
concentration dependent. GLASTtreatment alone hadonly slight effects. RaZAP
treatment on the other hand resulted in severely decreased viabilityese results arpartly

Ay tAYS 6A0GK GKS TFAYRAy3Ia 2F tAf1Ay3iz2yQa
dependene as well(Higginset al, 2015) But they did not observe that treatment with the
toxin-coupled antibody alone hthsuch an effect on the viabilitybserved hereln a different
study from the manufacturerthat producesthe toxin-coupled antibodies, cell viability is
affected by the toxin at a concentration of 2.5 pg/ (dbhisand Lappi, 2000)hich is similar

to the results presented here. One explanation for the reduction of cell vialmlititro could

be that the astrocyte culture isolated from a mixed glial cell culttmat was used for
experiments did not consist df00% pure astrocyteKumamaruet al,, 2012) It is alreay
known that primary cells isolated from tissue do not readisolute purity (McCarthy and
Vellis, 1980; Kirklegt al., 2017) In addition, since individual experiments were performed
with cells deried from several isolation processes, the actual number of cells and purity may
vary. That is different to the studies mentionalove since the authors used commercially
available glioma derived cell lines. Remaining microglia in the cell culture corddgmnsible

for the decreased cell viability due to toxireatment alone since they are capable of
phagocytosis and could have died because of that. Therefore, the data from the antibody
complex treatment seem to express the cell viability of astrocyseésze microglia do not
express the primary target GLAS{Kirkleyet al., 2017) Since both antibodies could form the
complex during the préncubation period prior to treatment, only cells expressing GEAST
could be targeted by the complex in the cell culturbafl excludes microglidn addition,

treatment with AQP4 resulted in similar findings (fig.2Zahd 13).

In former publications, a distribution of GLABpositive cells throughout the cortex has been
evaluated (Peregoet al, 2000) In more detdi whereas GFAP could stain both types of
astrocytes(fig. 6.1 B) GLAST antibodies were able to stain polygonal flat cells, referred to
as type 1 astrocytes. lime here usedcell culture, mosbf the observed cells weretype 1

astrocytes that displayklarge cell bodies and made connections in form of processes with
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surrounding cells, forming a layer after several days of incubationthBoe werealso cells
with a small somandthin processes that remained on top of the cell layer but were rather
isolated. Of course, these cells could also contrihatie cell viability measurements but are
not targeted by the antibody complexMoreover, cultures containing neurons have a
decreased amount of glutamate transporter 1 (GLTexpression whereas the expression of
GLAST is unaffectedGegelashvilet al., 1997). Since immunoablation was predominantly
designed to be used in slice cultunebere neurons are present, GLASWaschosen to be

the preferred antibody for ablation studies vivo

Microglia could also be part of thexplanationconcerning the L-AAAresultsin vitro. Again,
because the cultures used are not 100% pure, remaining cell viability signals can derive from
remaining microglia in the culture that are not affected by the treatment them@edkada

and Hattori, 1986) Besides, presence of microglia was said to inhibit the toxicity of the
compound(Brown and Kretzschmar, 1998his was found to be proportional to the number

of microglia present in theuttures and could explain why higher concentrations ofAAA

were used here and why there is also a discrepancy between the individual experiments
presented in this studyOnthe one hand, microgliare able torelease glutamate thatould
compete with the compoun@Czerlet al,, 2011; Takalet al,, 2012;Ridolfiet al,, 2013)and on

the other hand, microgliaauld phagocytose the compounthereby lowering the actual
concentration In addition, b-AAA was found to be active on different types of astrocytes. In
more detail, astrocytes type | are predominantly affected by the compound whereas type 2

astrocytes are mainly unaffectd@rown and Kretzschmar, 1998)

Due to a low concentration of the stock, the amount of the drug added to the wells exceeded
50% of total volume in théighest concentration (7.5 mM). Therefore, additional controls
were appliedo check whether the replacement of media by the diaution influences cell
viabilityin vitro. Actually the replacement did have an effect on the viability, but the effect of
the drug was more intense and specifitheseresults slightly differ with experiments from
isolated primary rat astrocytg8ridge<et al,, 1992) herein the authors found a concentration
dependent decrease of cell viability due lto-AAA already after 48 hours of exposuwréh

the highest decrease at a concentration of 1 miMhereas here, an EC50 was found to be
achieved at 40 5 mM. Moreover,in previous studiesesults also indicated that the@uration

of treatment and concentration of the drugvas important for consistet depletion of
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astrocytesn vitro(Hucket al., 1984) Theauthors observed a detrimental decrease of viability
of nearly 97 % after 40 hours of incubation with 0.34 MMAIAA.The observed effects here
were obtained with even longer incubation times and higb@ncentrations compared to the
older studies.An explanation for the discrepancy between the concentrations of former
studiesand the ones used here could derive from the fact that the presence of microglia in
the cultureleads to decreased effects of tdeug(Brown and Kretzschmar, 1998 explained

earlier.

4.2 Immunoablation of astrocyte®x vivo

Since greater effects on the cell viability of astrocytes in cell culiveee observed same
experiments on slice culturegere performed Again GLAS-IL was used as the primary target
and treatment of slices occurred three timésiring a week. In the slice cultures even the
highest concentration of 5 pg/ml was not sufficient to deplete all Gpddttive cells. Besides,
neuronal cells (Newpgositive) were not affected by the antibodgomplex and cell
architecture remained intact, since neurons do not express GILASEhmittet al., 1997;
Peregoet al, 2000) Nevertheless, a trend with a concentratidapendence was observable.
Possible explanations for the incomplete depletamuld be that the working concentrations
were too low for the number of cellgresent in the slicethat exceedghe amountin cell
culture. On the other hand, the volume of the wells for the slice cultures is 1.2 ml and the
slices are incubated on membra inserts that are surrounded by the media. It may be that
the antibodycomplexes in the media are not equally distributed throughout the two days of
treatment between the media changes, since the slices are not in constant movement, which
is different toother culture method¢Gey and Gey, 1936; Hogue, 194i)other eason could

be that due to the presence of different types of astrocytes in the slices, not all types express
GLASTL and because of that there are still GFp®5itive cells detectabléRothsteinet al,

1994; Peregeat al, 2000; Tabata, 2015)According to GFABtaining, predominantly type 1
astrocytes were observed in the cell culture. In contrasist of the cells in the hippocampus

are of the second type. As explained earlier, type 2 astrocytes do not express-GhABIE

cell surface.
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Treatment of slices with the amino acif-BAA resulted in detachment of cells from the
insert,thusimmunofluorescence staining wamt possible, or slices appeared damaged under
the microscope. In former publications, the toxicity ¢f-AAA was shown to not affect
neurons when the compound was administetiedzivo(Khurgelet al., 1996; Nishimurat al,,
2000) But neurons in our preparations did not look vital at all in high concentrations-of L
AAA.This was also observexl vitrowhen cells were treated with high molar concentrations
(5 mM) which is comparable to the concentrations used H&arthwaite and Regan, 1980)
The effect on neuroscould be due to the loss of structural maintenancetbg depleted
astrocytes. For the first time, this was shown to be an effect of the loss of astrocytes in the
injection region byth -AAA of raimedial prefrontal corteXLimaet al, 2014) These results are

in line with findings fronMcBean(McBean, 1994Wwho observed that glial cells are important
for the integrity of neuronal cells and that manipulation of these cells could lead to toxic
reactions in the central nervous systgdékel and Dimou, 201 7Aurthermore, due to a loss

of astrocytes in the slices, neurons can be affected by oxidative stress and dch@ér
signaling(Sunet al,, 2018) Additionally, the start point of treatment seems important, since
begin of treatment on the first day of cultivation had severe effects on neuronalivalirv
compared to the treatment of older cultureHucket al, 1984) which is different to

clodronate treatment that is applied to slices on tti@y of preparation.

It was shown that directly injectedh EAAA solutions were toxic to astrocytes in cerebral
regions(Takada and Hattori, 1986; Nishimwtal, 2000; Limaet al., 2014)as well as the
substantia nigra and locus coeruldi@hanget al., 1993)ut not in the hippocampal formation
(Saffran and Crutcher, 198@frodents. But more recent results showed that astrocytes could
be depletal for at least 10 days vivoby injection of L-AAA into the CA3 region of rat
hippocampugSunet al., 2018) This discrepancy could be due to different types of astrocytes
present in thecerebral regions of the cortex as well as in the hippocampal formation itself
(Testenet al,, 2019) According ta previougpublication(Brown and Kretzschmar, 1998) -

AAA is toxic to type 1 astrocytesjtinot to type 2 astrocytes whichagobserved to be more
prominent in the slice cultures. Additionally, different ages of animals, that were used could

contribute to the diverse outcome of experimer(Sunet al., 2013)

To sum up the major differences regardifgAAA treatment, from the studies mentioned

compared with the results presented here, are (1) that most of the experiments from the past
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were donein vivowhereasthe experimentshere were donein vitro and ex vivo In addition,

the cultivation method using membrane inserts has many advantages towards the former
techniques, but in this case, it could be hindering. Also, the way of treatment differs (2), since
most regarch was done by direct injection into cerebral regions and our experiments were
done by application through media. Furthermogerange of concentrationsvas tested(3)

that are much higher than most of the studies used, since any effects in lower otaltim
rangeswere observed The fourth difference is the solvent (4) that was used to solve the
compound. Interestingly, there is no consistent protocol how to proper solve the amine acid
powder.Considerabletrouble was causedvhen trying to solve it in aqua bidest. Since it is an
amino acid, the pH dropped. In order to counteract this, thews$ adjustedo around 7.4-

7.6 by adding NaOH to the solution. Because it was only possible to solve the compound to a
final concentraton of 2 mg/ml in water, this resulted in a molarity of 12.5 mM. Further
attempts to solve the compound in culture medium, PBS or 1N HCL failed, since the addition
of a proper amount of NaOH to raise the pH towards a physiological level led to precipitatio

of the powder and no proper working solution.

4.3 Immunoablation of oligodendrocyte# vitro

NG2 is a cell surface marker for oligodendrocyte precursor cells ((BH@$)anet al,, 1999;
Zhuet al,, 2008)and was found to be present in the cell culture@ifneucells (fig.3.30 E).
Oligodendrocyte marker 4 (O4lso is acell surface marker oOPCsbut it also stains
immature as well as matur@hd myelinatingcells(Traiffortet al,, 2016) Olineucells coudl be
stained by this antibodin vitro (fig. 3.30D). It seems that there is a mixture of different types
of oligodendrocytes in the culture with a majority being-pakitive. As there are also NG2

positive cellsQlirneuculture consists omostly precursor cells as revealed by staining.

In contrary, ells could not be stained with ar@laudinll antibody. Claudiil is a myelin
associated protein(Bronsteinet al., 2000b) SinceOlirneu cells were found to be mostly
precursor and nommyelinating cells, it is not surprising that cells were lackifemdin-11
staining.This couldn part explain, whycellsdid not respond to treatment withCaudin-11
and RabZAP (fig.3.2and 3.5). The observedeffect waslow and found to be mostly derived
from the presence of sodium azide (N&hh theconservationsolutionof Claudinll antibody

(fig.3.%). Removal of Naf\esulted in less toxicity of Claudirl treatment alone (fig. 3.
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Nevertheless, Claudihl was also found to be expressed in cultured oligodendrocytes before
myelinating(Bronsteinet al., 2000a)and could contribute to some of the effects observed in
viability assaydMoreover, cells could be stained with as@PR17 antibodias vitro. GPR17 is
expressed predominantly in OPCs that are -noyelinating and thus not maturé@Moghaet

al., 2016) which is in line with the findings from the marker staini®PR17 expression
decreases with indaation time of cultures derived from neonatal rats already after 6 days in
culture (Fumagalliet al., 2011) This is in line with findings from the slice cultures, where
staining of slices (fig. &) reveals that theg are still immature OPCs present even after ten
days of culture therefore GPR17 could still be detectderimary oligodendrocytesvere
stained with antiProteolipid protein PLB, anti2',3-Cyclienucleotide 3'-phosphodiesterase
(CNPaspand anttGPR17 antibodig@ppendix, fig6.2). CNPase is @ytoplasmic protein and
amarker of mature oligodendrocytes/hereas PLP is a cell surface marker of mature but non
myelinating oligodendrocyte®oth markers also do target mature and myelingticells, as
PLP is involved in myelin formatiand therefore expressed late in the developmaeavith a

slight increase from dayi vitroand the peak at day 14~umagallet al., 2011)

In order to investigate the different stages of oligodendrocyte differentiafiowitro, cells
were treated withdbcAMPfor 5 days (fig. 31). Cells treated with dbcAMP appear to have
more branches compared to ndreated cells, thereby the O4 signakigyhtly enhanced (fig.
3.31E). This is in line with findings fralang et alwho treated Olineucells for at least 10
days before staining was performédunget al, 1995) They found that O4 signal is increased
after treatment with dbcAMRand that cells develop multiple branché¢evertheless, GPR17
signalwas unaltered but still cells could not bstained with Claudirll, indicating that

maturation was not completed until days 5 of treatment here.
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4.4 Conclusiorand future perspectives

The am of the presentstudy was to find techniques that can specificadigcriminate
astrocytes and oligodendrocytes from a dertsdl network like slice culture$he ablation of
specific cell types is crucial to investigate their specific role in neuroinflammation of
neurodegenerative diseases and to better understand the individuatesfof each cell type.

The neuroprotection against i Amediated toxicity by microglia was examined and
summarized ina recent article(Richteret al, 2020) Next to microglia, astrocytes and
oligodendrocytes exert important functions in maintaining an environment thaeegssary

for the survival of neurons as well. Astrocytes play a crucial role in theiftake of neure
transmitters as glutamate from the synaptic cleft after the synaptic transmigéitamagakis

and Rothstein, 2006; Liddeloat al, 2017) Disturbances in this homeostasis can lead to
glutamate- and excitotoxicityMahmoudet al., 2019; Zhangt al., 2019) Glutamate is taken

up by various transporters on the surface of astrocyfesseet al., 2018) Among others, two
have been investigated here. GLAISWas found to be a promising candidate since internali
zation signals werstrongest and treatment of slices responded in a concentratiependent
manner. To the best of my knowledge, this was the first work to demonstrate GLASr-
nalizationin vitro and immunoablation of astrocytesx vivousing GLAST as a target to
specifically ablate astrocytes. These results are rather surprising since the iltetioa of
transporters into cells after binding of antibodies is a rare event. The underlying processes for
the internalization are of great interest since this methadilcl be further developed for drug
delivery studies to different kinds of cells. This method could lead to a broader spectrum of

ways for drugtargeting as it is already used in cancer treatm@arslowet al., 2016)

Moreover,the present study providefurther evidene for the importance of astrocytem
maintaining the cell architecture inslice cultures, since depletion of astrocytes from slices
resulted in a severely disrupted cytoarchitecture leading to neuronal cell deatAAA has
beenwidely usedin vivoto eliminate astrocytes regiespecific(Khurgelet al., 1996) Here,

Lh -AAA treatment showed a concentrati@ependence on the viability of isolated astrocytes
in vitro and in some cases al&x vivo Furthermore, preparation ofhlkAAA, duration of
treatment as well asage of the slices seemed to be important. Preparation '6GARA is
difficult, since only few amounts of the drug are soluble in water yielding a low millimolar

stock solution and it was shown that the replacement of medium by the drug itself had
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consequenes for the survival of astrocytes. Nevertheless, the efiieatitro was specific to

the drug.Ex vivgtreatment of slices led to a destruction of cellular architecture and probably
thereby to the death of neurons as well. These results indicate that astrocytes are important
for the integrity of other cells and if depleted, the network can no longer bentamed. This

is in line with the already known supportive functions of this kind of cells. Next to maintaining
the metabolic environment, astrocytes seem to exert physical support by forming a network
around and between neurons. Once this network isudiséd, environmental and pathogenic

factors can affect neurons.

Regarding neurodegenerative diseases like AD, reduction of astrocytes could lead to enhanced
vulnerability of neuronal cells towards malformed proteins and ongoing inflammatory pro
cesses theeby worsening the symptoms and further perpetuating the vicious cycle-of in
flammation and damage. However, in a few slices, neurons were still detectable using
immunofluorescencevhereas GFABignal was missing, indicating that astrocytes have been
depleted but neurons stayed unaffected by the drug. Further investigations are needed to find
the right concentration and duration of treatment of slices with-AAA and additionally,
solvents are required that are themselves not harming neurons but coulddxktogoroduce

higher molar stock solutions.

For the depletion of oligodendrocyte§]irneucells have been utilized and characterized by
immunofluorescent stainings. According to the stainings, the cells of the cell line were found
to be premature to agreater extent. Two surface targets have been used for ablation studies
here. Among them, the antClaudinll antibody showed greater effects on the viability than
the anttGPR17 antibody, whereas celisvitro could not be stained with antClaudinll
antibodies. Slices were also GPRibaitive but Claudiil-negative based on immunro
fluorescence reactivity. The effect of the attiaudinll antibody was revealed to be due to
the conservation solution containing sodium azide (BJathich was proven to bexic in low
concentrations itself. After the removal of Nghhe effect of the antiClaudinll antibody

was observable but not significant enough for further experiments on slice cultures. These
results indicate, that not all surface antigens and antiescould be used as targets for toxin
delivery into glial cells. A screening of antibehtigen candidates is crucial. Appropriate

candidates that successfully have been internalized into the cells of interest should be
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considered for the toxin conjugain. More investigations regarding the effect of GPR17

targetingex vivaois needed since binding of this antibody was succesgsfutroandex vivo

In conclusion, according to the results presented heransportertargeted toxindelivery is

a promising method for the specific ablation of astrocytes and oligodendrocytes. Hence the
possibility that this kind of treatment could be extended for the treatment of various diseases
as part of the personalized mexie care of individual patients not only regarding cancer
treatment. In future studies, promising candidates for internalization should be used for
ablation thereby taking into account that there are different types of astrocytes and various
maturity levds of oligodendrocytes present in the slice cultures. OHSCs in this context exposed
to be the appropriate model system for ablation studies. The slice cultures display all kind of
cell types of interest at different activation states at once. Dibaged aproaches have been
successful inn vitro and in vivo studies but are not applicable fax vivoexaminations
according to the set up here. After the ablation of specific cell types from slice cultures, slices
should be treated with oligomeenriched A-solutions to examine their contribution to
neuronal survival. To further investigate the role of the individual cell types in neuroin
flammation in the AD model system, markers of inflammation such as cytokines could be
measured in untreated and treateslices as well as in natepleted and depleted slices which
was already done for microglia and revealed insight into their neuroprotective action. This
would lead to a better understanding of the interaction between the different glial cell types
under ADpathological circumstances. By understanding the mechanisms that lead to-neuro
inflammation, possible interventions could be designed to interrupt the inflammatory vicious

cycle.
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5. Summary
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debate. On the molecular level, AD is characterized by the accumulation of thé\bstiid
protein as well as neurofibrillary tangles. Additionally, evidence pinpoints to a crucial role of
inflammatory processes in the progression of tisease. The cellular mechanisms leading to

neuroinflammation and neuronal death observed ih A K S A Y § Namesstill Bnkléas | &4 S

It has long been thought that the immune system of the brain is unique and separated from
the blood and the remainingrganism by the blood brain barrier. Actually, the central nervous
system has a special set of defence mechanisms against pathogens and invaders that is distinct
from the innate or adaptive immune system. Important players of this defence system are glial
cells. Glial cells are nareuronal cells that are subdivided into three cell types, including
microglia, astrocytes and oligodendrocytes, with different modes of action and function.
Astrocytes and microglia actively take part in the defence process,eabaligodendrocytes
seem to have a more supportive function. To understand and characterize the role of glial cells
in neuroinflammatory processes, it is crucial to establish a model system that displays the
pathology of A T K S A Y S NandialloRsitlie&ilvidudl study of cells. It was already shown
that microglia could successfully be depleted using the bisphosphate clodronate from
organotypic hippocampal slice cultures. However, there is still a lack of a system to study the
individual role of astrodgs and oligodendrocytesx vivo Here, two different approaches
were tested on their ability to be useful in ablation studies of astrocytes and oligodendrocytes
in vitro and ex vivo Forin vitro studies primary derived cells from either embryonic or
postatal mice were usedex vivestudies were exerted on murin@rganotypic hippocampal

slice culturesthat in general serve as an excellent model system to study cell to cell
interactions and communications. The depletion of astrocytes by antiboxin conpgates

was promising in vitro but lacking efficaey vivo The cell surface transporter GLASWas

found to be a promising candidate, since internalization signals were strongest and treatment
of slices responded in a concentratidependent manner. Trement of slices with the 1L
alphaaminoadipic acid led to depletion of astrocytes and provides evidence for their impor
tance in maintaining cytoarchitecture and thereby influeng the viability of neuronal cells.

Antibodytoxin conjugates were also used for the ablationQifneu cellsin vitro. Among
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them, a combination containing the antibody against the cell surface protein Cldddin
showed greater effects on the viabilityan the combination of the receptor antibody GPR17.
The underlying processes for the internalization are of great interest since this method could
be further developed for druglelivery studies to different specific cells. This method could

lead to a broder spectrum of ways for drurgeting as it is used in cancer treatment.
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5.1 Zusammenfassung

Die Atiologie der Alzheiméfrankheit, der haufigsten Ursackaer Demenzjstimmer noch
Gegenstand der wissenschaftien DiskussionAuf molekularer Ebene ist die Alzheimer
Krankheit durch die Anhaufung des betanyloidProteins sowie durctie Ansammlungeu
rofibrillarer Buindelgekennzeichnet. Dartber hinaus gibt es Hinweise auf eine entscheidende
Rolle von Entziindungeozessen beim Fortschreiten der Erkrankung. Die beididreimer
Krankheitbeobachteten zellularen Mechanismen, die zu Néuftammation und neuronalem

Tod fuhren, singedoch weitestgehendoch unklar.

Lange Zeit ist man davon ausgegangiass das Immunsystem des Gehirns einzigartig ist und
durch die BluiHirn-Schranke vom Blut und dem tbrigen Organismus getrennt ist. Tatsachlich
verfligt daszentrale Nervensystem Ubeeigene Abwehrmechanismen gegen Krankheitser
reger und Eindringlinge,iel sich vom angeborenen oder adaptiven Immunsystem unter
scheicen. Wichtige Akteure dieses Abwehrsystems sind die Gliazellen. Gliazellen sind nicht
neuronale Zellen, die in drei Zelltypen unttt werden, daruntefallenMikroglia, Astrozyten

und Oligodendrozytenyelcheunterschiedliche Wirkuren und Funktiomn ausibenAstro

zyten und Mikroglia nehmedabeiaktiv am Abwehrprozess teil, wahrend Oligodendrozyten
eine eher unterstutzende Funktiozu haben scheinen. Um die Rolle der Gliazellen bei reuro
inflammatorischen Prozessen zu verstehen und zu charakterisieren, ist es entscheidend, ein
Modellsystem zu etablieren, das die Pathologie der Alzheifmankheit darstellt und eine
individuelle Unérsuchung @ser Zellen ermdglicht. Es konnte bereits gezeigt werden, dass
Mikroglia erfolgreich mit dem Bisphosphat Clodronat aus organotypisdhippocampalen
Schnittkulturendepletiert werden konnten. Es fehlt jedoch noch ein System, um die indivi
duelle Rolle von Astrozyten und Oligodendrozyéxvivazu untersuchenin der vorliegenden
Arbeitwurden zwei verschiedene Ansétze auf ihre Eignung fir Ablationsstudien an Astrozyten
und Oligodendrozyterin vitro und ex vivogetestet. Furdie in vitro Versucle wurden ge
wonnenePrimérzellen entweder von embryonalen oder postnatalen Mausen verwendeg.

ex vivoVersuchewurden anSchnittkulturenvon Mausen durchgefiihrt, die im Allgemeinen
ein ausgezeichnetes Modellsystem zur Untersuchung vorZgklhteraktionen und-Kom
munikationen darstellen. Di®epletionvon Astrozyten durch AntikérperoxinKonjugate
zeigte in vitro vielversprechend Ergbnisse diese konntenex vivoaber nicht bestatigt

werden DerZelloberflachemansporter GLAST erwies sich als ein vielversprechendem
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didat, da die Internalisierungssignale am starksten waren und die Behandlung der Schnitte
konzentrationsabhangigeprach. Die Behandlung der Schnitte mit derAminoadipinsaure
fuhrte zu einerReduktionvon Astrozyterin vitro und liefert Hinweise auf deren Bedeutung

fur die Aufrechterhaltung der Zytoarchitektur und damit fir die Beeinflussung der Lebens
fahigkeitneuronaler Zellen. AntikbrpeFoxinKonjugate wurden auch fur die Ablation vOii-
neuZellenin vitroverwendet. Unteidiesen Konjugatereigtedie Kombination mit dem Ober
flachenproteinAntikorperClaudinll grofRere Auswirkungen auf die Lebensfahigéiksieine
Kombination mit dem RezeptakntikdrperGPR17Die zugrundeliegenden Prozesse fur die In
ternalisierung sind von grof3em Interesse, da diese Methode fur Studien zur Verabreichung
von Medikamenten an verschiedene spezifische Zellen weiterentwisleztien kénnte. Die

se Methode konnte zu einem breiteren Spektrum von Mdglichkeiten fur die gezielte Verab

reichung von Medikamenten fiihren, wie sie in der Krebsbehandlung eingesetzt wird
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7. Appendix

7.1 Supplemental data

100 pm

Fig. 6.1Verification of antibodybinding on primary astrocytesPrimary astrocytes were
cultured on chamber slides fixated and stained with-&1itASTL (A) and antiGFAP (B) (1:500;
secondary antibody 1:1000) antibo¢hed)and DAP([blue) Images were taken with CLSM

at a magnification of 20x/ 0.70 and a zoom of 0.75.
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Fig. 6.2 Staining of primary oligodendrocytes reveals maturatidavel. Primary
oligodendrocytes were cultured on chamber slides, fixated and stained witRlaRt{A), anti
CNPase (B) and aftiPR17 (C). Images were taken with an CLSM and an 20x/ 0.70 objective

with a zoom of 0.75. Antibodies were diluted 1:500 each.
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