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1 Abstract

Microglia are yolk sac-derived resident immune cells of the brain. They are important for

brain development and tissue homeostasis, as well as for the response to tissue injury

and diseases. Activation of microglia around amyloid-b et a ( Ab) deposits
hall mark of Al zhei mer 6s disease (AD), but n
clearing these deposits to combat disease. While the microglial population is maintained

by local self-renewal, newly recruited myeloid cells are believed to be more effective in

r e d u c i buglen Ar6 study the functional differences between endogenous microglia

and newly recruited myeloid cells, we followed up on the observation that conditional

ablation of microglia in the CD11b-HSVTK (TK) mouse model provokes a massive influx

of peripherally-derived myeloid cells to the central nervous system (CNS). To determine

whether these newly recruited cells are able to phenotypically and functionally replace
microglia in vivo, we first characterized the exchange of these cells intravitally by two-

photon microscopy. Morphologically, newly recruited myeloid cells have shorter, less
branched cytoplasmic processes and smaller cell-to-cell distances compared to
endogenous microglia. Furthermore, these cells show faster cell body movement and

are more reactive towards a laser-induced tissue lesion than resident microglia,
indicating enhanced functional capabilities.

To test if these newly recruited cells are more effective in the disease context than
microglia, we crossed APPPS1 mice, resembling features of AD, to TK mice and

studied the impact of the exchange of resident microglia with peripheral myeloid cells on

AD-like pathology. Surprisingly, almost complete exchange of microglia with peripheral

myel oi d cell s had n o -pathohqyya dMhile eoma ane @rocask | A Db
mor phol ogy of newl y recruited cell s remai n
pathology, process movements wer e sl ower i n -plagues. iFuarthdrnyore o f A
these cellsdidnotc | ust er  glagqueshsdggeating that an additional stimulus

may be required to induce reduction of amyloid deposits.

Finally, as an alternative approach to stimulate the innate immune system in AD, we

aimed at modulating the phenotype of microglia towards increased A Bclearing
capabilities in a mouse model of AD, by inhibiting the NALP3 inflammasome with the
inhibitory drug Ebselen. While intraperitoneal Ebselen treatment was able to drastically

improve amyloid pathology, toxic side-effects of the drug make research into alternative
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application routes and drug formulations necessary to make it a viable treatment option
for AD patients.

Altogether, even if modulation of microglia and their inflammatory responses in AD
remains a valuable target, effective therapeutic strategies require further research to

dissect the exact roles of the immune system in neuroinflammatory diseases.

2 Zusammenfassung

Mikroglia, die aus dem Dottersack stammenden residenten Immunzellen im Gehirn,
spielen eine wichtige Rolle in der Gehirnentwicklung, Gewebs-Homdoostase, sowie in
der Immunantwort des Zentralen Nervensystems (ZNS) nach Gewebsschadigung und
Infektionen. Amyloid-bet a ( Ab) A bein avgsentlichesgGhargkteristikum der
Alzheimer Erkrankung (AE), sind umgeben von aktivierten Mikrogliazellen, welche
jedoch nicht fahig zu sein scheinen, A beffektiv zu reduzieren und somit die Krankheit
einzudammen. Wahrend die residente Mikroglia-Population des Gehirns sich vorrangig
selbst erneuert, sind, gemal} der Fachliteratur, neu rekrutierte myeloide Zellen aus der
Peripherie scheinbar effektiver in der Reduzierung der amyloiden Last des Gehirns. Um
die funktionalen Unterschiede von endogenen Mikroglia und neu rekrutierter myeloider
Zellen zu studieren, verwendeten wir das CD11b-HSVTK (TK) Mausmodell, in welchem
die konditionelle Depletion von Mikroglia ein massives Einstromen von peripheren
myeloiden Zellen ins ZNS auslést. Um zu untersuchen, ob die einstrémenden Zellen
residente Mikroglia in vivo phéanotypisch und funktional ersetzen koénnen,
charakterisierten wir den Zellaustausch intravital mittels Zwei-Photonen Mikroskopie.
Die aus der Peripherie stammenden myeloiden Zellen unterscheiden sich von
residenten Mikroglia durch kirzere, weniger verzweigte Zellfortsatze und reduzierte
Zellabstande. Zudem zeigten die myeloiden Zellen eine schnellere Zellkdrper
Bewegung, sowie eine schnellere Reaktion auf eine Laser-induzierte Gewebslasion,
was auf eine gesteigerte Aktivitat dieser Zellen schliel3en lasst.

Um zu testen, ob die rekrutierten Zellen auch im Krankheitskontext effektiver sind als
Mikroglia, kreuzten wir APPPS1 Mause i ein bekanntes AE Mausmodell - mit TK
Mausen und studierten den Effekt des Zellaustausches von residenten Mikroglia gegen
periphere  myeloide Zellen hinsichtlich der Effekte auf die Pathologie.

Uberraschenderweise hatte der fast vollstandige Austausch von Mikrogliazellen keinen

5
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Einfluss auf di e Ab Pat tperduodydeldortsatxtomphotogied d i e
der infiltrierenden myeloiden Zellen nicht durch Ab beeinflusst wurden, war die Aktivitat
dieser Zellen, gemessen an der reduzierten Zellkdrper- sowie Zellfortsatz-Bewegung, in
der Umgebung von Ab Plaques herabgesetzt. Zudem besiedelten die myeloiden Zellen
nicht die Ab Plaques, was darauf hindeutet, dass, als Grundvoraussetzung fir die
Reduktion von Ab ,ein zusatzlicher Stimulus bendtigt wird um diese Zellen zu den
Plaques zu rekrutieren.

Als alternativen Ansatz zur Stimulierung des angeborenen Immunsystems in der AE,
beabsichtigten wir den Phéanotyp von Mikrogliazellen durch die Hemmung des NALP3
Inflammasoms durch den NALP3-Inhibitor Ebselen zu beeinflussen, letztlich mit dem
Ziel, die Kapazitdt der Mikroglia Ab zu beseitigen, zu erhdhen. Wahrend die
intraperitoneale Ebselen Applikation zu einer deutlichen Verbesserung der Amyloid-
Pathologie fiihrte, sind weitere Studien zu alternativen Applikationsrouten und
Wirkstoffformulierungen aufgrund der toxische Nebenwirkungen des Pharmakons
vonnoten, um Ebselen in der Klinik anwenden zu kénnen.

Zusammenfassend ist die Modulierung von Mikroglia bzw. der inflammatorischen
Prozesse in der AE ein wertvolles und sinnhaftes Angriffsziel. Fur effektive
therapeutische Strategien sind jedoch weitere Studien vonnéten um die exakte Rolle

des Immunsystems in der AE zu verifizieren, bzw. zu validieren.
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3 Introduction

3.1 Microglia

3.1.1 Physiology and function of microglia

Microglia constitute the resident immune cells in the brain and spinal cord [1]. They
make up 5% to 20% of the glial cell population in mammalian brains with heterogeneity
in their density among different central nervous system (CNS) regions [2]. Assembled
as a tight network of cells with highly ramified processes that cover most of the
parenchyma, microglia appear to monitor the brain for damage and infection [3, 4].
These highly adaptive cells are currently not only considered as inflammatory cells
reacting to CNS injury, but also as critical for normal brain function. Recent studies
using in vivo two-photon microscopy indicate that resting microglia in the healthy brain
are not dormant and non-motile as thought before, but can rather be characterized as
dynamic cells which continually extend, retract and remodel their processes [4, 5]. In
this line of research, it was shown that microglia monitor and control the activity of
neurons, as they contact synapses as well as extra synaptic regions, and are able to
actively respond and influence neuronal activity [6, 7]. Furthermore microglia seem to
be important in shaping the neuronal brain network in development: These cells control
neuronal precursors and neuronal numbers as active killers through various molecular
mechanisms and are not only waste collectors for apoptotic cells [8-12]. As microglial
density in development coincides with the peak of synaptogenesis [13], there is
increasing evidence that the activity of these cells drives synaptic pruning, elimination
as well as the maturation of synapses. In adulthood, microglia seem to maintain some
of these features and are thus critical regulators of synaptic plasticity, adult
neurogenesis as well as learning and memory (reviewed in [14]).

In the damaged CNS microglia constitute the main line of immune defense by rapid
migration to the affected location, where activation and morphological transformation
take place. Microglial activation is accompanied by increased secretion of chemokines,
cytokines and numerous cell surface markers that serve to propagate the immune
response [15]. To date, distinction of activated microglia from their resting counterparts
by means of a defined, unique marker is lacking. Combined morphological,
immunophenotypical and molecular characterization is the primary method used for

their identification and classification [16].
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Thus, microglia are today considered asthemobi | e ef fector <cells of
immune system as first line of defense against invading pathogens or tissue injury [15]
with important functions in shaping the neuronal circuit of the healthy CNS.

3.1.2 Origin of microglia

CNS-resident microglia share pivotal characteristics with tissue macrophages.
Unequivocally, they are of myeloid nature, being dependent on the transcription factor
PU.1 in development [17, 18] and express the macrophagic markers CD11b and F4/80
in the murine brain [19]. However, unlike macrophages, they are not derived from
hematopoietic stem cells in a Myb and CSF1 (colony-stimulating factor 1) dependently
fashion from the fetal liver and later bone marrow (BM), but are independent from these
transcription factors and originate in the yolk sac at E8.5-E9.0 [20, 21]. Thereafter, they
colonize the developing brain in a bloodstream-dependent fashion and establish
lineage-specific gene expression [20]. Until now, the discrimination of microglia from
peripheral monocytes is not straight forward. Ibal and the fractalkine receptor
(CX3CR1) are most commonly used to identify microglia in the brain, but these markers
are likewise expressed by myeloid cells in the periphery.

Microglia are a long-lived cell population maintained by self-renewal [22-24] and are
prone to age-related morphological changes [25], senescence and dysfunction [26].
Interestingly, there have been reports that under inflammatory conditions peripherally-
derived myeloid cells can enter the brain in the diseased CNS [24, 27]. This infiltration
or even recruitment seems to happen in a CCR2/CCL2 chemokine signalling dependent
fashion [28, 29]. One of these inflammatory conditions where CNS infiltration and even
disease contribution of peripherally-derived myeloid cells was reportedi s Al zhei me
disease [30].

32 Al zhei mer 6s di sease

The most common deterioration of memory accounting for 80% of dementia cases, with
more than 35 million people affected worldwide,i s Al zhei mer 6s di sease
of dementia causes death within three to nine years after diagnosis and the principal
risk factor is age. It is expected that in 2050 one new AD case will be diagnosed every
33 seconds, creating tremendous impact upon health care systems [31]. Termed a
sporadic disease of the elderly which is connected to many molecular lesions, it was

first presented in 1906 by Alois Alzheimer in Tuebingen and named after him by Emil
8
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Kraepelin subsequently [32, 33]. Until now, no curative therapy is available for this

detrimental disease.

3.2.1 Pathophysiology and clinical symptoms

Al zhei mer Gssmodly commecteceto reduced synaptic contacts [35, 36] as well
as extracellular amyloid-beta ( A fplaques and intracellular tau aggregates (tangles),
where these normally soluble proteins assemble [34]. Tau protein is an abundant
soluble protein in axons, where it promotes assembly and stability of microtubules and
vesicle transport. Upon hyper-phosphorylation by different enzymes, tau becomes
insoluble and self-associates into paired helical filament structures. These aggregates
thereby destabilize microtubules and hamper axonal transport, leading to the
compromise of synapse and neuronal function (reviewed in [34, 37]). Nevertheless, the
accumulation of neurofibrillary tangles (NFTSs) is thought to be a secondary event to Ab
cytotoxicity.

The AD protein is a secreted product present in the brain and cerebrospinal fluid (CSF)
of healthy humans throughout life, suggesting a physiological function, which has not
been entirely elucidated yet [38-40]. Ab is generated by the processing of the amyloid
precursor protein (APP), a transmembrane protein of unknown function with a single
membrane spanning domain [41, 42], as part of the amyloidogenic pathway, depicted
and described in more detail in Figure 1.

The major species of Ab are 40 and 42 amino acids long with Ab4, having two additional
hydrophobic amino acids resulting in a more aggregation-prone protein form [43, 44].
The increase in levels of this amyloid species forms the foundation of the amyloid
cascade hypothesis, which has been the central hypothesis describing the development
of AD [45, 46]. Physiological concentrations of Aby are tenfold higher than those of
Ab,4, and account for the majority of secreted Ab [47]. The amyloid cascade hypothesis
states that a shift of this ratio towards Ab,; triggers of misfolding and accumulation of
different ADb species, resulting in plaque formation [45]. It is known that Ab can
spontaneously self-aggregate into multiple coexisting forms, oligomers of two up to six
peptides being the most common, which coalesce into intermediate assemblies [48].
These protein clusters can also grow into insoluble fibrils arranging into b-pleated

sheets [49, 50]. Currently, it is thought that soluble oligomers and intermediate amyloids
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are the most neurotoxic forms of Ab ,rather than the insoluble extracellular amyloid
plagues (reviewed in [51]).

Nonamyloidogenic Amyloidogenic

N

APPsa APPsp

p3

y-Secretase o-Secretase BACE-1 S y-Secretase Extra-
-
- AP cellular

[
N Cellular
(] [ Q membrane
é oS é Cholesterol
AICD APP AICD Cytosol
C49-50 C49-50 ’
AB

Figure 1: Processing of amyloid precursor protein. In the amyloidogenic pathway the membrane
anchored APP protein is cleaved by the aspartic protease b-secretase identified as BACE1 (b-Site APP
cleaving enzyme) which is abundantly expressed in the brain. This leads to shedding of the large
ectodomain APPsb into the luminal and extracellular fluid [52, 53]. The membrane bound C-terminal stub
of 99 amino acid residues (C99; APP;, ¢ 1)ds subsequently processed by g-secretase with its catalytic core
presenilin resulting in the intracellular fragment AICD and Ab to be released intra- or extracellularly [54].
This aspartic-protease can cleave at different positions producing extracellular Ab forms of 38 to 43
residues in size with Aby being the most abundant form (reviewed in [55]). The non-amyloidogenic
processing pathway does not generate Ab as APP is cut within the Ab sequence by a-secretase
belonging to the ADAM (a disintegrin and metalloproteinase) family, generating the extracellular secreted
APPsa fragment and the C83 C-terminal (APPyc1e). C83 is subsequently cleaved by gsecretase in AICD
and the p3 residue (Figure modified from [31]).

Plaque aggregation seems to be the origin of neurofibrillary tangle formation as well as
the disruption of synaptic connections. Over the long term, amyloid plaques are
connected to a multitude of inflammatory and molecular mechanisms, like oxidative
stress and chronic neuroinflammation, leading to neuronal cell loss and cognitive
impairment (Figure 2).

Importantly, pathological changes can occur 20 or more years before the manifestation
of the first clinical symptoms. The most common initial symptom is the gradual

worsening of the ability to remember new information, termed mild cognitive impairment
10
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(MCI). MCI precedes other symptoms, as synapses and neurons of the hippocampal
formation, important for learning and memory, are particularly vulnerable to early AD-
related stressors [56]. This degeneration correlates with the duration and severity of the
disease, involving early atrophy of the entorhinal cortex, followed by mesial temporal
atrophy and global atrophy at late stages of the disease. Clinically, this is connected to
the decline of cognitive and functional abilities of patients, causing inability to perform
activities of daily living in advanced stages of the disease. Finally, patients lose their

ability to communicate, are bedbound, and rely on around-the-clock care. [57]

Figure 2: Neuropathological alterations in the human Alzheimer diseased brain. (a) Cross sections
of an AD brain showing atrophy of the hippocampus and cortex at late stages of the disease (left) in
comparison to a healthy brain (right). Pathological hallmarks of AD are the deposition of Ab in senile
plagues (b) and hyperphosphorylated tau protein in neurofibrillary tangles (NFTs, c). Source: Courtesy of
Department of Neuropathology, Charité i Universitatsmedizin Berlin.

322 Late and early onset of idklfactorei mer 6s di sea

The most prevalent form of the disease with an age of onset of 65 years or older affects
99% of cases and is caused by a multitude of factors. Ab plaques as well as NFTs are
connected to many environmental [58] and genetic risk factors [59] as well as age
(reviewed in [60]) which modulate different molecular mechanisms leading to late-onset
AD. This complex network is still not understood in detail, resulting in the fact that still
no effective treatmentf or Al zhei mer 6s di sease exists.
Less than 1% of cases develop the disease under 65 years of age. These patients are
affected by the more severe early-onset familial AD, which is caused by autosomal
dominant genetic mutations [61] in genes encoding either the secretase processing
sites of human APP on chromosome 21 (reviewed in [62]), or the catalytic cores of ¢

secretase, i.e. presenilin 1 [63] or presenilin 2 [64].

11
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3.2.3 Mousemodelsof Al zhei mer 6s di sease

The genetic mutations identified in familial AD cases are used to mimic the disease in
animal models. Most commonly, human APP with different sets of mutations is
introduced into the mouse genome. The resulting transgenic animals develop amyloid
plagues and memory loss and show signs of hyper-phosphorylated tau. Unfortunately,
they cannot replicate all aspects of the full blown disease, as they do not develop NFTs
and seldom show neuronal loss [65]. However, there are transgenic mice harboring
additional mutations in tau, resulting in NFTs next to amyloid plagues [66].
Nevertheless, APP transgenic animals are very useful tools to study the underlying
biological processes of amyloid deposition and resulting neurodegeneration in vivo.

3.2.4 Diagnosis and therapy of Al zhei mer 6s di sease

The diagnosi s of Atstlinotetramle forivard tadaysByven sheughi tre
current diagnostic criteria can identify the majority of disease cases, an unequivocal
diagnosis is only possible postmortem through neuropathological autopsy. Commonly,
following diagnostic criteria of the Al zhei mer 6s Associ ati on
Neurological Disorders and Stroke from 1984 [67], the first care physician is evaluating
a suspicion for AD after revising medical and family history to screen for risk factors. To
assess the mental status, cognitive tests as well as physical and neurological
examinations are performed. These include testing the level of alertness, attention,
orientation, short-term and remote memory, language, visuospatial functioning,
calculation, and executive functioning or judgment [68]. Neuropsychometric tests often
include the CERAD neuropsychological test battery, the Mini-Mental State Exam [69]
and the Clock Drawing test [70]. In order to exclude reasons and diseases other than
classical neurodegenerative disorders responsible for the clinical diagnosis of dementia,
computed tomography or magnetic resonance imaging is performed [57]. In 2011
revised criteria and guidelines for diagnosing AD were published, updating the
guidelines from 1984 [71] so that currently the diagnosis of AD distinguishes two stages
of the disease (MCI and dementia) and incorporates biomarkers (summarized in Figure
3).

Thus far no treatment for AD is available that slows or stops neurodegeneration or
upstream initiators of the disease. All therapeutics available enhance the availability of
neurotransmitters in the brain to temporarily improve the disease symptoms. Only five
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drugs exclusively tackling the symptoms of AD are currently approved by the US Food
and Drug Administration, to which at least half of the patients do not respond. This sows
the tremendous need for further research to efficiently prevent or halt the disease [57].
Currently, active investigation is mainly conducted into immunologic and amyloid-based

t herapy approaches, ADb vacciaona(teviewedin72]). ng t he
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Figure 3: Bi omarkers for di agno s ifi$he thfeshddd far hicenarkeedetécsion dfi s e a s €
pathophysiological changes is denoted by the black horizontal line. The grey area denotes the zone in

which abnormal pathophysiological changes lie below the biomarker detection threshold. In this figure,

tau pathol ogy pr endretithe but dhl§ eadyeop at & sub threshold biomarker detection

|l evel . Ab deposition then occurs independently and ri
and red arrows). This induces acceleration of tauopathy and CSF tau then rises above the detection

threshold (light blue arrow). Later still, FDG PET and MRI (dark blue arrow) rise above the detection

threshold. Finally, cognitive impairment becomes evident (green arrow), with a range of cognitive

responses that depend on the individual's risk profile (light green-f i | | ed aaeg) o IFADH=D
fluorodeoxyglucose, MCI = mild cognitive impairmentq figure and text from [73].

3.3 Microgliain Al zhei mer 6s di sease

Inflammation is a central part of the pathophysiology of AD. Neuroinflammation
accompanying senil e pl aelyaeonseqgaenck ofNHese potein s n o
deposits, but actively contributes to AD pathology [74]. Recently, genes encoding for the
immune receptors TREM2 and CD33 were identified as genetic risk factors for late
onset AD. Both play a role in phagocytosis: TREM2 mediates phagocytic clearance of
neuronal debris and is highly expressed by microglia [75-78] whilst a mutation in the
microglial surface receptor CD33 was connected to reduced Ab phagocytosis ex vivo
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[79, 80]. Microglia interact closely with Ab fibrils through their processes [81-83], cluster
around Ab ardleget prmed fr activation ([84], Figure 4A). Microglia were
shown to induce an inflammatory reaction in response to plaques by secreting immune
molecules such as interleukin (IL)-1, IL-6, IL-12, IL-23, GMCSF, TNFU and complement
proteins in vivo as well as many more cytokines, chemokines and growth factors in vitro
[85-89]. Furthermore, these cells are able to bind soluble Ab v i a v a-suifaseus c e
receptors, as SCARA1, CD36, CD14, U6 b ihtegrin, CD47 and Toll-like receptors
(TLR2, 4, 6, 9), resulting in phagocytosis and degradation via the endolysosomal
pathway [90-93]. The major extracellular proteases of microglia able to degrade soluble
Ab ar e n éNEP)andnsulindegrading enzyme (IDE).

Yet of course, microglial actions do not suffice to inhibit AD pathology [94]. As a matter
of fact, the chronic exposure to Ab as well as inflammatory mediators seem to even
cause a chronic, non-resolving inflammation in late stage AD, accompanied by the
release of reactive oxygen and nitrogen species (ROS, NOS; [95, 96]). This oxidative
stress is presumed to damage the local microenvironment and to aggravate disease
pathogenesis [97]. Microglial immune actions in CNS pathology are summarized in
Figure 4B.
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Figure 4: Microgliain Al z hei mer 6 s(A)Micreglicaaseeactivated and cluster around Ab  pl aques
[98]. (B) Schematic depiction of various steps of microglia actions in AD (text and figure from [99]): fiThe
presence of Ab (as well as other pathological proteir
inflammation, or mutations in genes encoding innate immune mol ecul es) can O6pri meod
is, make them susceptible to a secondary stimulus and/or promote their activation. Priming results in

various functional microglia phenotypes (indicated by different colors), presumably accompanied with no

or only minor morphological alterations and/or even no (major)cel-s ur f ace mar ker di fferen
wi || sustain chronic activation of primed microglia (
production of inflammatory cytokines and chemokines by microglia, which in turn will maintain activation

of these primed cells. This process results in a vicious circle, which ultimately causes an (yet reversible)

impairment of microglia; moreover, it also affects surrounding CNS resident cells such as astro- and
oligodendrocytes as well as neurons, possibly aggravating tau pathology (denoted by the dashed line and

a question mark), and finally causing neurodegeneration and neuron loss. If these processes perpetuate

over a prolonged period, itforc es mi cr ogl i a i n t-oou-liké (dystropkiQ ghenotype, which u r n

is thought to be irreversible. fi

Recent literature gives first indications as to why microglia are not able to circumvent

AD pathology. First, these long-lived cells are prone to ageing [25], and aged microglia
14
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are not as good at phagocytosing Ab as t h ei countgrpadsni®@. They were
also shown to have a compromised responsiveness to injury as well as to a laser-
induced tissue lesion in the vicinity of amyloid deposits [101, 102]. Thus, microglia seem
to become dysfunctional in the vicinity of amyloid plaques and reach a state of cellular
senescence [103]. Temporary ablation of these cells for 30 days in an AD transgenic
mouse model showed no alterations in amyloid burden, underlining the missing

contribution of these malfunctional cells in late stages of AD [104].

331 Mani pul ation of microglia in Al zhei mer és

To tackle amyloid burden and thus improve AD outcome, the inefficient clearance of Ab
needs to be improved. Thus, many studies focus on the exchange of microglia with cells
harboring an improved capability to phagocytose amyloid or on an experimental

stimulation or modulation to reverse the impaired microglial phenotype.

3.3.1.1 Cell therapy

Several studies proved that progenitor cells transplanted into the diseased CNS were
able to ameliorate pathogenesis of AD and may thus be seen as a valuable cell
therapeutic tool. Progenitor cells are capable of either creating a new pool of microglia
by direct differentiation, modulating the microenvironment of resident microglia or
increasing their metabolic activity [105]. For example, systemic administration of human
umbilical cord blood cells increased the phagocytic capacity of microglial cells and lead
to a reduction in parenchymal and vascular Ab [106]. Likewise, the transplantation of
adipose- or bone marrow (BM)-derived mesenchymal stem cells was shown to slow
down AD pathogenesis [107, 108].

Other previous studies showed that hematopoietic cells seem to be recruited to the AD
brain and cluster around a subpopulation of amyloid deposits [30]. Thus, the main line
of research is concentrating on cell based therapies involving peripherally-derived
myeloid cells. For example, BM-derived monocytes were shown to be more efficacious
in Ab  p h a g o {109}, especialy when derived from healthy individuals and non-AD
patients [110]. Furthermore, a very recent study by Hohsfield et al. showed that
intravenous transplantation of young monocytes enhanced amyloid clearance in an AD

mouse model [111]. In addition, reduction of the migratory potential of monocytes to the

brain by CCR2-deficiency in transgenic AD mice resulted in accelerated/aggr av at ed
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accumulation, pointing to critical and beneficial involvement of peripherally-derived cells
in AD [27, 112, 113].

3.3.1.2 Cell stimulation and immunomodulation

Changing the proinflammatory signature of chronically activated microglia into more
alternatively activated cells that promote tissue repair by immunomodulation was shown
to be effective for A bdegradation. Likewise, stimulation of microglia could enhance their
phagocytic ability and result in better amyloid clearance. For instance, systemic as well
as intra-hippocampal administration of the TLR4 ligand lipopolysaccharide (LPS) or its
derivate  monophosphoryl lipid A reduced cerebral amyloid deposits by activating
microglia [114, 115]. In addition, reduction of Beclin 1 expression in vitro and in vivo
inhibited phagocytosis by decreasing the recycling of the immune receptors CD36 and
TREM2, making it a valuable target to tackle amyloid burden upon upregulation [118].
Another successful approach has been the inhibition of the IL-12/23 signaling pathway,
which resulted in ameliorated AD pathology, including improved cognitive function [87].
On the other hand, anti-inflammatory agents have also been used to modulate
microglial activity. For example, application of anti-inflammatory agonists of nuclear
retinoid X receptors (RXR) were shown to induce CD36 signaling, thus stimulating
phagocytosis and increasing A buptake [122, 123]. In addition, the treatment with the
anti-inflammatory small molecule HPB242 also resulted in amelioration of AD pathology
[124]. Another recent, very promising approach targeted the NALP3 inflammasome
[127]. Inflammasomes are multimolecular protein complexes in myeloid cells, such as
monocytes and microglia, that sense infectious agents, as well as host-derived danger
signals as part of the innate immunity (Figure 5, [128]). The inflammasome subtype
NALP3 was recently shown to be activated by A b[129]. Genetic deletion of NALP3 in
an AD mouse model resulted in increased microglial phagocytosis and increased
expression of IDE leading to a marked reduction in cerebral amyloid deposits as well as
improved cognitive function [127]. Therapeutic targeting of NALP3 therefore is a very
promising approach to decelerate AD pathology.

There are additional studies for immune targets that may manipulate AD pathology. As
some of those generate conflicting results, they are not described in detail here but can

be reviewed in [99].
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Figure 5: Inflammasomes as innate immune sensors in microglia. Multiprotein complexes, termed
inflammasomes, can sense individual pathogens or host-derived insults. The NLRP3/NALP3
inflammasome is the best studied subtype so far and is activated upon sterile stimuli, such as urine
crystals, Ab or cell stress related ion fluxes. A priming stimulus (signal 1), acting through Toll-like
receptors and the nuclear factor-a B (aNBFsignaling pathway, often precedes assembly of the
inflammasome complex in order to upregulate the expression of pro-IL-1 b and NLRP3.
sensing or enzymatic activation within the cytosol through a sterile stimulus (signal 2), the cytosolic
sensors oligomerize and recruit the adaptor protein ASC (apoptosis-associated speck-like protein
containing a CARD (Caspase activation and recruitment domain)) to form an activation platform for
Caspase 1. This protease is subsequently cleaved into its active form and further regulates the
maturation and release of IL-1 b a n1B, butlalso triggers pyroptotic cell death. dsDNA = double-
stranded DNA, LT = lethal toxin; modified text and figure from [128].
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3.4 Previous work

In collaboration with the group of Mathias Jucker (University of Tuebingen), the group of
Frank Heppner recently established an in vivo system utilizing CD11b-HSVTK mice to
substantially ablate microglia at any given time point, which subsequently allows us to
functionally study microglial properties in vivo [104]. The transgenic CD11b-HSVTK
model developed by Heppner et al. (2005) [130] harbors the thymidine kinase (TK) of
the herpes-simplex virus (HSV) under the control of the myeloid cell-specific CD11b
promoter and is able to transform the antiviral nucleotide analogue prodrug ganciclovir
(GCV), into toxic triphosphates [130, 131]. Thus, this system allows controlled depletion
of myeloid cells, such as macrophages and microglia, upon GCV administration [132].
Depletion of nearly all brain resident microglia (>90%) is achieved by
intracerebroventricular (icv) administration of GCV for 10 days [104]. Interestingly,
recent data from our group demonstrate a rapid repopulation of the microglia-depleted
CNS with lIbal- and CD11b-positive (Ibal+; CD11b+) cells (Figure 6), as determined by
immunohistochemistry. The repopulating cells (tdRFP in Figure 6) were more humerous
than resident microglia (GFP in Figure 6) in non-microglia-depleted TK-negative control
mice and distributed evenly throughout the brain.
Data from our group suggests that the infiltrating cells are inflammatory monocytes from
the periphery, as they are highly positive for the hematopoietic marker Ly6C and CD45
which are upregulated under inflammatory conditions. These cells colonize the entire
CNS and remain in the brain, where they give rise to microglia-like cells 60 days after
entry into the brain. This transformation is characterized by downregulation of Ly6C and
CD45 expression differential to CNS-resident microglia, that express CD45™ CD11b+
[133].
Since recent findings propose peripherally-derived myeloid cells as good candidates to
combat amyloid deposition (see introduction 3.3.1.1), the CD11b-HSVTK system can be
used to test this hypothesis when crossed to an AD mouse model. Thus, by crossing
CD11b-HSVTK mice to APPPS1 mice (termed APP+;TK+ or-), which mimic
amyloidosis and are commonly used as mouse model for AD (see method section), our
group tested the capability of peripherally-derived myeloid cells to reduce Ab pl aques
To deplete resident microglia and establish a full repopulation of the brain with
peripherally-derived cells, APP+;TK+ mice were treated with GCV for ten days and
analyzed for plaque burden 14 days after cessation of treatment. Here, no reduction of
18
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amyloid burden in APP+;TK+ mice could be seen compared to treated APP+;TK-

controls.

Iba1 GFP tdRFP

CD11b-HSVTK+

CD11b-HSVTK-

Figure 6: Histological staining of endogenous microglia and repopulating peripherally-derived
myeloid cells. The pictures shown are acquired from 178 day old CD11b-HSVTK mice crossed to mice
harboring one allele of the green-fluorescent protein (GFP) knocked into the fractalkine receptor locus,
that underwent irradiation and reconstitution with bone marrow from red fluorescent reporter mice (tdRFP;
see method section). Thus, in these mice, endogenous microglia are GFP-labeled, while peripheral
immune cells are positive for tdRFP. Immunhistological staining for Ibal, GFP and tdRFP was performed
after 10 days of GCV treatment, to deplete endogenous microglia, and cessation of treatment for 14 days
to allow for repopulation to occur. In CD11b-HSVTK+ animals, endogenous GFP+ microglia are depleted
substantially and show a morphology indicating activation. In these animals the brain is fully repopulated
by tdRFP peripherally-derived cells, accounting for the majority of Ibal+ cells. On the other hand, nearly
no tdRFP peripherally-derived cells are detectable in CD11b-HSVTK- animals. Scale bar: 1mm, inlay
100pum; own data.

However, treatment of these mice with GCV for a prolonged time-span of 38 days
followed directly by amyloid burden analysis after cessation of treatment at a mouse
age of 200 days showed a s/l i gnmtunomiseochanustryi
using 4G8 antibodies (Figure 7). Thus, the experimental setup of prolonged GCV
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treatment seems to prime peripherally-derived myeloid cells to efficiently tackle AD

pathogenesis.

Figure 7: Peripherally-derived myeloid cells recruited to the brain
. are able to reduce amyloid burden. APP+;TK+ori (TK+ or TK-)
mice were treated for 38 days with GCV and sacrificed for Ab analysis
after cessation of treatment at the age of 200 days. Only mice where

-
5y
1

4G 8 covered area [%]
o
[ ]

o the brain was repopulated by peripherally-derived myeloid cells after
*7 e ) microglial depletion (red) showed a slightly reduced plaque burden in
° RS comparison to mice with endogenous brain microglia (green). Source:
¢ Courtesy S Prokop and K Miller from the Department of
° Neuropathology, Charité i Universitdtsmedizin Berlin.
® TK- ® TK+

3.5 Aim of the study

Microglia, the resident immune cells of the brain, constantly scan the brain for
pathogens and have important functions in brain development and tissue homeostasis.
These cells are derived from the yolk sac very early in development and have a long life
span. The microglial pool is maintained mainly by self-renewal, the recruitment of
myeloid cells from the periphery to the CNS being a rare event, mainly occurring in
special situations, like disease.

As described in our previous work (chapter 3.4), the CD11b-HSVTK system creates a
niche in the brain and attracts peripherally-derived myeloid cells after microglial
depletion [5]. Histological stainings point to the fact that these peripherally-derived cells
can mimic microglial morphology in the brain. However, it is still unclear whether these
invading cells are able to replace microglia phenotypically and functionally in vivo, which
comprises the first part of this thesis.

The second part of the thesis focuses on the role of microglia in the AD context.
Microglia are able to phagocytose and clear A h a main pathological hallmark of the
disease, in vitro [91, 134, 135]. On the other hand, in vivo studies point towards a
disability of these cells to tackl e Al z hei me r[B04]. Tp atterhpd to seguce
amyloid burden and thus improve AD outcome, this thesis followed two approaches:
First, to exchange malfunctional endogenous microglia with myeloid cells from the
periphery, using the CD11b-HSVTK mouse model. Second, to manipulate endogenous

microglia aimed at modulating its amyloid clearing capacities.
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3.5.1 Project Aim 1: In vivo characterization of myeloid cell dynamics in the

healthy brain

Under normal biological conditions the invasion of peripheral monocytes into the CNS is
a very rare event. The biological processes underlying the infiltration of the brain are
unknown, and thus our knowledge about this cell population in the brain is limited. The
first part of the thesis aims to characterize the newly entered myeloid cells in the brain
and the repopulation process itself. For this, the microglial depletion process followed by
repopulation was monitored in vivo by two-photon microscopy in the healthy CNS using
a long-term imaging setup. Brain infiltrating cells were characterized and quantified for
their morphological characteristics, such as soma and process parameters, and
compared to brain resident microglia. Furthermore, the dynamics of soma and process

movements of the various myeloid cell types were measured.

352 Characterization and mani pul ation of

In vivo, microglia seem unable to sufficiently tackle amyloid burden in AD. Thus, this
project sought to reduce amyloid burden by replacing and/or manipulating these
malfunctional cells. Recent studies suggest that peripherally-derived myeloid cells
recruited to the brain are better at combating Ab than their CNS-resident counterparts
as they were shown to contain Ab species and associate with plagques in vivo, hinting
towards a better phagocytosing capability [109]. In addition, restricting the entry of
peripheral cells to the CNS by deletion of the chemokine receptor CCR2, increased

plaque load and modulated Ab deposition [27, 112].

3.5.2.1 Project Aim 2: Replacement of resident microglia by peripherally-derived

myeloidcellsi n Al zhei mer 6s di sease

The invasion of peripheral cells into the amyloid loaded CNS and the underlying
biological processes have not been studied in detail. Most of the literature as well as our
own previous work only provides a brief overview: the results of the study by Grathwonhl
et al. (2009) rely on histological snap-shots of amyloid burden in transgenic mice at two,
three or four weeks post depletion of resident microglia using the CD11b-HSVTK mouse
model [104]. The second aim of this study therefore aimed at pursuing the microglial
depletion and repopulation process in the diseased CNS in an intravital context over

longer time periods in order to study differential effects of microglia and peripherally-
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derived myeloid cells. Along this line, soma and process tree parameters of -AD
associated microglia were compared to peripherally-derived myeloid cells, to cells not
touching amyloid deposits - as well as to the setting within the healthy CNS. Likewise,
dynamics of these cells and plaque occupancy were analyzed. These measurements
were aimed at clarifying whether peripheral myeloid cells are indeed better capable to

clear Ab

3.5.2.2 Project Aim 3: Phenotypic modulation of endogenous microglia by NALP3

i nfl ammasome inhibition as therapeutic s

Reversing the malfunctional phenotype of microglia in the diseased CNS presents an
additional therapeutic approach to tackle amyloid burden. Recent studies (3.3.1)
described a novel role of the NALP3 i nfl ammsé
disease. This sensor of innate immunity, present in monocytes and microglia, is a
promising target for therapeutic manipulation. Genetic NALP3 knock-out reduced
amyloid burden, which encompassed an improvement in microglial phagocytosis [127].
Nevertheless, until recently, no specific inhibitor of this multicomplex protein was known.
Ebselen, a safe organoselenium compound, was recently identified as specific NALP3
inhibitor by Prof. Hornung at the University of Bonn (personal communication). Ebselen
is listed as safe and approved drug by the US National Institutes of Health Clinical
Collection and is known to cross the blood-brain barrier. Thus, the third aim of this
thesis was to test Ebselen as a potential therapeutic to combat AD. Therefore, mice
exhibiting AD-like pathology were treated for three months with intraperitoneal injections
of Ebselen and subsequently, their brains were analyzed for amyloid burden and

inflammasome activation at an age of 120 days.
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4 Methods

4.1 Invivo experiments

4.1.1 Animal handling and cross-breeding procedures

As an ani mal mo d e | for Al z h eri(termed GARPP+)dnice ¢1363$, e

kindly provided by Matthias Jucker (University of Tuebingen), or APPPS1- (termed
APP- or wildtype, wt) littermate controls were used. This transgenic strain expresses the
Swedish mutation KM670/671NL in APP, which affects the BACEL1 cleaving site and
shifts cleavage towards the amyloidogenic pathway. Furthermore, these mice express

the L166P mutation in the presenilinl enzyme, thus shifting the A hy/ Aspratio towards

AQwi t hout i ncreasi ng .tThese mutations, knownnirom farhiliaro f

AD cases, result in robust amyloid plaque pathology in these mice, starting already at
two months postnatally in the cortex. [136]

To visualize microglia for in vivo microscopy experiments, APPPS1 mice were crossed
to CX3CR1-GFP mice [137] (termed FracGFP), kindly provided by Helmut Kettenmann
(MDC, Berlin). Here, the enhanced green fluorescent protein (GFP) was knocked into
the fractalkine receptor locus. To sustain fractalkine signaling, only heterozygous mice
(termed FracGFP*") were used.

To ablate microglia, FracGFP*;APP+ ori mice were bred to CD11b-HSVTK mice
(termed TK+ or TK-; described in 3.4). For in vivo microscopy FracGFP":APP+ or i
;TK+ orT mice, as described in the experimental setup in the results section, were
used.

For all experiments male or female mice at various ages were analyzed. Animals were
housed in standard cages under pathogen-free conditions on a 12 hour (h) light/dark
cycle with food and water ad libitum. All animal experiments were performed in
accordance to the national animal protection guidelines approved by the regional offices
for health and social services in Berlin (G0289/11, G0333/13; LaGeSo Berlin).

4.1.2 Polymerase chain reaction genotyping

Mouse ear biopsies were lysed in approximately 100 pl genotyping lysis buffer (10 mM
Tris(hydroxymethyl)-aminomethan (Tris) hydrochlorid (Merck; pH 9), 50 mM potassium
chloride, 0.5 % Nonidet P-40, 0.5 % Tween20) containing 0.1 mg/ml proteinase K (in 10
mM Tris (pH 7.5); Roche) per tail at 55°C overnight. After inactivation (5 minutes (min),
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95°C) and centrifugation (10 min, 13000 rounds per min (rpm)) 2 ul of the lysate was
used for genotyping. Each polymerase chain reaction (PCR) reaction was performed in
a volume of 20 pl with 2 pl of the sample (1:10 dilution for FracGFP samples), 1x RED
Mastermix (Invitek), 375 nM primer d N T P(&efer to Table 1 for sequences). The PCR
reaction was performed in a Thermocycler PCR machine with the respective cycle
conditions for each transgenic line depicted in Table 2. The PCR products were
confirmed by gel electrophoresis (1.5% w/v agarose gel with 0.5 mg/ml Ethidium
bromide in Tris-acetate-ethylenediaminetetraacetic acid buffer (TAE, Life technologies)),
120V for 45 min using negative and positive controls aswellasHy per Ladd ég E 50

(Bioline) as size marker. DNA was visualized under ultraviolet light.

Table 1: Oligonucleotide primer for genotyping

Primer Sequen8®8é 506

O

APP CT 5 GAATTC CGA CAT GAC TCA GG

o

APP CT 3 GTT CTG CTG CTG CAT CTT GGA CA

FracGFP 5 6 CCCAGACACTCGTTIGTCCTT

FracGFPwt 306 GTCTTC ACG TTC GGT CTG GT

FracGFP knock-in 3 6| CTC CCC CTG AAC CTG AAAC

TK5 6 GACTTCCGTGGCTTCTTGCTGC

TK3 6 GTGCTGGCATTACAGGCGTGAG

Table 2: PCR profiles for genotyping

PCR APP TK FracGFP
Initial . .
. 94°C | 2min 1x | 94°C 90 s 1x 94°C 2 min 1x

denaturation
Denaturation | 94°C 30s 94°C 30s 94°C 20s 10x
Annealing 58°C 30s 35x | 53°C 30s 35x 65°C 15s o

- +1.5°C per cycle
Elongation 72°C 30s 72°C 30s 68°C 10 s
Denaturation 94°C 15s
Annealing - - 50°C 15s 28 x
Elongation 72°C 10s
Final . . .

. 72°C 5 min 1x | 72°C 5 min 1x 72°C 2 min 1x
elongation

4.1.3 Generation of bone marrow-chimeric mice

To generate bone marrow (BM) chimeras for fluorescent visualization of peripheral
myeloid cells, BM from ROSA26-tandem red fluorescent protein (tdRFP) reporter mice
([138]; kind gift of Jana Glumm, Charité i Universitatsmedizin Berlin) was extracted.
Briefly, femur and tibia were removed and BM was flushed out with sterle Dul beccods

modi fied Eagl ebs me d i u The ¢eD BUEpEnsion Iwasy mashed g e n)
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through a 70 um filter, centrifuged (7 min, 1300 rpm), resuspended in DMEM and cells
were counted. Recipient mice were exposed to 10 Grey whole-body irradiation, after
which they received intravenous (i.v.) injection of 10’ BM cells. Subsequently, animals
received treatment with antibiotics (0.01% Enrofloxacin, Baytril®, Bayer Vital) for one
month. Animals were subjected to further in vivo manipulations four weeks after BM

transplantation.

4.1.4 Cranial window and pump implantation

One day prior to surgery, miniosmotic pumps (Model 2001 or 2004, Alzet®) were filled
with 2.5 mg/ml GCV (Cymevene®, Roche) in artificial cerebrospinal fluid (aCSF (in mM:
125 NaCl, 2.5 KClI, 2 CaCl,, 1 MgCl,, 25 NaHCO3, 1.25 NaH,PO,, 25 glucose). For
surgery the mice were kept under general anesthesia (fentanyl, 0.05 mg/kg; midazolam,
5 mg/kg; medetomidine, 0.50 mg/kg). The pump was placed into a pocket formed under
the skin on the back of the animal. The skin and the periost were removed to expose
the skull. Depending on the experimental setup, the flexible tube connected to the
miniosmotic pump was fixed on the skull with dental cement (Flowline, Hereaus Kultzer)
or attached to an icv cannula (Connector w/o pedestal, Plastics One). The cannula was
inserted at anterior-posterior +0.1 mm, medial-lateral +1.0 mm and dorsal-ventral -3 mm
from bregma for GCV delivery into the ventricle. It was held in place by dental cement.
On the left hemisphere a round cranial window (4 mm diameter, 0.13 mm thickness)
was installed over an intact Dura mater as previously described [139, 140] together with
a custom build titanium ring for automatic relocation of the imaging position (Figure 8B).
Following surgery, mice were treated with an intraperitoneal (i.p.) injection of 4 mg/kg
rimadyl (Carprofen®, Pfizer) and additionally with 200 mg paracetamol (ben-u-ron®,
Bene) in the drinking water for seven days. After ten days, the pump reservoir of the
2001 model was exchanged for the 2004 model or removed through a small incision
into the animalds shoul der, wi t houThe 2004st ur L
model was removed likewise after four weeks. After surgery, the animals were allowed

to recover for five days before starting the imaging process.

4.1.5 Two-photon imaging and laser lesion quantification

One day prior to imaging, APP+ animals were i.p. injected with 10 mg/ml Methoxy X04,
an amyl oid staining sol u[l4l]loRor twogphotor imagiag, a ze A

custom built head fixation apparatus that allows precise relocation of imaging positions
25



Methods

over weeks (see [139] and Figure 8A) was installed on the motorized xy stage of the

two-photon microscope (LaVision Biotech).

Figure 8: Technical establishment of two-photon imaging. (A) Custom built head fixation for
automatic relocation of imaging positions and localization ring (top right corner) to set microscope
coordinates to origin (x=0, y=0). (B) Picture of an installed cranial window together with the icv cannula
and a custom made titanium ring for fixation of the animal in the head fixation apparatus.

The microscope coordinates were set to origin (x=0, y=0) at a defined fluorescently
marked label on a localization ring (upper right panel in Figure 8A). Next, mice were
placed on a heating pad, kept under isoflurane anaesthesia (induction at 2%,
subsequently reduced and held at 0.5 - 1%) and fixed into the head fixation apparatus
with a custom built titanium ring, that was installed together with the cranial window
(Figure 8B). The cover slip of the cranial window was cleaned with ddH,0 and the
coordinates for imaging were localized with the automated xy locator function of
ImSpector Pro (LaVision Biotech) and the motorized stage. If necessary, the position
was manually fine-tuned with respect to the characteristic three-dimensional plaque
pattern or blood vessel landmarks. Imaging was performed using a 20X XLPLAN water-
immersion objective (0.95 numerical aperture; Olympus) and multiphoton excitation of a
Spectra Physics Mai-Tai laser connected to an optical parameter oscillator (HPE,
tunable 710-1100 nm) to visualize GFP+ microglia and Methoxy-X04 at 850 nm and
peripheral tdRFP+ cells at 1100 nm. Signals were detected via photomultipliers and
following filters: 525/50 for GFP, 460/40 for Methoxy-X04 and 590/60 for tdRFP. During
each imaging session three regions of interest (ROI) per mouse were imaged at 400 Hz
with constant laser power and a resolution of 300x300 um, 512x512 pixels. A z-stack of
approximately 70 pum thickness was recorded, starting at a cortex depth of a minimum
of 40 um with a step size of 2 um. All ROl were imaged once every minute for a

minimum of 30 minutes.
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For laser induced lesions, laser power of ~200 mW for 3 seconds (S) in a point scan
mode was applied. Imaging was performed right after lesion induction as described.
After the last imaging session, mice were euthanized with dry CO, and transcardially
perfused with ice cold phosphate buffered saline (PBS). The right brain hemisphere was
snap frozen in liquid nitrogen for biochemical analysis and the left hemisphere was
transferred for 48 hours (h) to 4% paraformaldehyde (PFA), followed by 24 h in 30%
agueous sucrose at 4°C for generation of free floating sections (4.2.1)

4.1.6 Analysis of two-photon microscopy data

Al l recorded i maging videos were regis
ImageJ to correct for translational drifts [142]. Further analyses were performed using
Imaris 7.0 (Bitplane).

For evaluating the fluorescent properties of FracGFP*" and Ibal-GFP+ mice, the
fluorescent GFP+ signal of imaged maximum intensity projections was assessed using
the integrated density measurement of ImageJ. For cell fluorescence, a round shaped
ROI was set around individual cells and the measured integrated density was
normalized to the cell area and signal background of the image. Fluorescent bleaching
was calculated as a percentage of the integrated density of the whole image at a given
time point to the integrated density of the first imaged time point.

For soma values, the surfaces of cells were detected (Figure 9A) and tracked with the
surface reconstruction algorithm of the Imaris software (Figure 9B). All cell soma of one
ROI were detected and tracked automatically as a batch and subsequently filtered
manually for high quality somas. In detail, soma with too little fluorescence, incorrect
reconstruction or tracking and cells where the soma was too close to the imaging border
were excluded from further analysis. For soma size and soma sphericity, only values
from the first recorded time points were used. For soma speed, cells were tracked over
30 min. For long-term soma movement somas were tracked over recorded movies for
the whole duration of the experiment, i.e. seven weeks.

In order to analyze cell distances between cells and measure cell proximity to plaques,
cells were detected using the spot recognition algorithm of Imaris at the first recorded
time point (Figure 9C). Spots were manually controlled for to exclude double labeling of
one cell and to ensure detection of every soma present in the imaging volume. Plaques
were detected at the same time point using the surface reconstruction algorithm. The

xyz coordinates of spots and plaques were exported and the distances between cells as
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well as cells and plaques were measured for every detected cell with a customly written

algorithm (kindly provided by Zoltan Cseresnyes, JIMI Berlin).

Figure 9: Bitplane Imaris 7.0 analysis of two-photon data. (A) Representative image of a
reconstructed microglial cell soma. (B) Representative track of an endogenous microglial cell soma over
30 minutes. (C) Spot detection of cell somata for cell-to-cell and cell-to-plaque distance analysis. (D)
Representative image of process detection of myeloid cells.

The cell processes were reconstructed using the filament detection algorithm of Imaris
for each cell individually. Only cells not extending over the imaged volume were used
for analysis and each cell was double checked manually after automated tracking
(Figure 9D). To quantify process extension and retraction, | analyzed maximum intensity
projections from the first recorded time point to those five minutes later. For each
imaging time point three ROI with high quality resolution and signal were chosen. Five
extensions and retractions of two up to five cells were randomly quantified with ImageJ
as described before [5].

Quantification of microglial reaction after a laser lesion was performed in ImageJ using
maximum intensity projections for every recorded minute of one ROI. The distance of

microglial processes to the auto-fluorescent lesion was measured every two minutes.

4.1.7 Application of Ebselen in vivo

To test the effect of the selenium derivate Ebselen in vivo, the compound was dissolved
in dimethylsulfoxide (DMSO, 0.5 mM) and further diluted in 25% w/v hydroxypropy! b-
cyclodextrin (termed b-cyclodextrin), serving as vehicle. 30 day old APP+ or wt mice
were treated with 30 mg/kg of Ebselen or vehicle by i.p. injections three times weekly
(3x10 mg/kg) or alternatively the substance was dissolved in drinking water (see Figure
30A). Upon treatment mice were euthanized using dry CO,, transcardially perfused with
ice cold PBS, blood was collected (4.1.8) and the brain devoid of the cerebellum and
olfactory bulb was divided into three parts (see Figure 30A). The left hemisphere was

transferred into ice cold hanks buffered saline solution (HBSS) for CD11b+ cell
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extraction and gene expression analysis (4.3, 4.5.2), the upper right hemisphere was
snap frozen in liquid nitrogen for biochemical analysis (4.4) and for generation of free
floating sections the lower right hemisphere was transferred into 4% paraformaldehyde
(PFA) for 48 h, followed by 24 h in 30% aqueous sucrose at 4°C (4.2.1).

4.1.8 Screening of blood, liver and kidney in Ebselen treated animals

For blood sampling from alive animals during an experiment, 300 ul of blood were
collected from the facial vein using a lancet. For terminal blood collection, mice were
euthanized with dry CO, and as much blood as possible was collected from the heart
using a 27 gauge (G) syringe prior to transcardial perfusion. Synlab GmbH, Berlin,

analyzed various blood and several serum parameters.
4.2 Staining procedures

4.2.1 Generation of free floating sections

Sections of PFA-fixed brain tissue were prepared by embedding the tissue in tissue tec
(Richard-Allan Scientific™ Neg-50™ Frozen Section medium, Thermo Scientific). The
tissue was frozen at -21°C, cut as serial coronal sections of 30 um thickness using a
cryostat (HM560, Microm) and stored free floatingly in cryoprotectant solution (30%
ethylenglycol, 20% glycerol, 50 mM sodium phosphate buffer, pH 7.4) at 4°C in a 24
well plate.

4.2.2 Amyloid staining

4.2.2.1 Pentameric formyl thiophene acetic acid (pFTAA)

For luminescent conjugated oligothiophene pFTAA labeling of soluble pre-f i br i I | ar A
we l | as AMf43]pfrea ftpatiegssections were washed three times in PBS and
subsequently incubated with 2.8 uM pFTAA solution for 30 min at room temperature
(RT) on a shaker. Finally, sections were rinsed again three times with PBS and
mounted on a glass slide with aqueous mounting agent (Microscopy Aquatex, Merck,

Germany).

4.2.2.2 Congo red

For labeling of fibrillar A h free floating sections were washed twice in PBS and
mounted on a glass slide, followed by counterstaining with matured hematoxilin. After
subsequent incubation in stock solution | (0.5 M NaCl in 80% ethanol, 1% NaOH) for 20
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min and stock solution Il (8.6 mM Congo red in stock solution I, 1% NaOH) for 45 min,
glass slides were rinsed twice in absolute ethanol. To fix the sections, they were
incubated twice in xylene for one minute and covered using Roti®-Histokitt Il mounting

medium.

4.2.3 Immunohistochemistry

Immunohistochemical stainings were used to detect amyloid (4G8 antibody) as well as
microglial cells (Ibal antibody; Ibal+). To evaluate the amounts of endogenous
microglia versus peripherally-derived myeloid cells in the brain, antibodies were used to
detect the fluorescent tags GFP and tdRFP.

For 4G8, Ibal and GFP stainings, free floating sections were washed three times with
PBS, followed by blocking with 10% normal goat serum (NGS) in PBS containing 0.3%
Triton-X-100 (PBS-TX) for 1 h at RT on a shaker. Next, the blocking solution was
discarded and the primary antibody was added in 5% NGS in PBS-TX (Table 3) and
incubated overnight at 4°C. The next day, sections were washed three times with PBS
and incubated with the respective secondary antibody (Table 3) in 5% NGS in PBS-TX
for 90 min at RT on a shaker. After another washing round (3x PBS), the peroxidase
coupled secondary antibodies were developed with liquid diaminobenzidine (DAB,;
Dako, K3647) and counterstained with matured hematoxilin. Sections were mounted on
a glass cover slide, dehydration was performed in an ascending alcohol series (70, 80,
96 and 100%) and the slide was bathed in xylene for 1 min twice before covering, using
Roti®-Histokitt Il mounting medium.

For colocalization of Ibal cells in FracGFP*" and Ibal-GFP+ mice fluorescent stainings
were performed to account for innate GFP fluorescence. Therefore, a fluorescent
second antibody was used as indicated in Table 3. Here, no DAB development was
necessary and slices were directly mounted with aqueous mounting medium
(Aquatex®, Merck) after incubation and washing of the second antibody.

For tdRFP staining, free floating sections were washed twice with PBS containing 0.3%
Tween-20 (PBS-T), followed by 20 min incubation in PBS-T at 37°C. Blocking was
performed for 1 h at RT on a shaker with 5% fetal bovine serum (FBS) in PBS-T. Next,
the blocking solution was discarded and the primary antibody in PBS-T (Table 3) was
added and incubated for 1 h at RT and overnight at 4°C. The next day, sections were
washed three times with PBS-T and incubated with the respective secondary antibody

(Table 3) in PBS for 30 min at RT on a shaker. After another washing round (3x PBS),
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the peroxidase coupled secondary antibody was developed with liquid DAB containing
20 pl/ml Nickel solution and counterstained with matured hematoxilin. Sections were
mounted on a glass cover slide, dehydration was performed in an ascending alcohol
series (70, 80, 96 and 100%) and the slide was bathed in xylene for 1 min twice before

covering, using Roti®-Histokitt Il mounting medium.

Table 3: Antibodies for immunohistochemical staining

Primary o . Dilut-
antibody Host Dilution | Company | Secondary antibody | Host o Company
4G8 mouse 1:1000 Covance | POD anti-mouse IgG | goat | 1:300 Dianova
POD anti-rabbit IgG | goat | 1:300 Dianova
Ibal rabbit 1:500 Wako Alexa-Fluor®568 Don- . Life
anti-rabbit 1IgG key 1:300 technologies
GFP rabbit 1:2000 Abcam POD anti-rabbit IgG | goat | 1:300 Dianova
rabbit,
tdRFP biotin 1:50 Rockland Avidin- POD 1:50 Vector Labs
conjugated

4.2.4 Stereological quantification of amyloid and immunohistochemical staining

All stereological quantifications were performed using the Stereo Investigator system
(Microbrightfield) including an Olympus microscope BX53, the Qlmaging camera
COLOR 12 BIT and a stage controller MAC 6000. For quantification of amyloid plague
counts stained by 4G8 antibody, Congo and pFTAA, as well as counts of Ibal, GFP and
tdRFP labeled cells, the optical fractionator workflow was used. Here, ten systematically
random sampled sections throughout the cortex were analyzed, counting individual
plaques or cells (parameters described in table 4; [144]). To quantify 4G8, Congo and
pFTAA amyloid covered area the same ten sampled sections were used and analyzed
with the area fractionator workflow detecting stained areas of the tissue throughout the

cortex (parameters described in table 4).

Table 4: Parameters for stereological quantification.

Objective Counting frame scan grid size Cavallieri grid spacing
amyloid count 10X 300 X 300 500 X 500 NA
cell count 60X 75X 75 300 X 500 NA
amyloid area
10X 300 X 300 500 X 500 10 pm
covered
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4.3 Quantification of gene expression

For gene expression quantification, RNA was isolated from CD11b+ cells using
peqGOLD TriFast™ reagent (peglab) according to manufacturerd grotocol. After RNA
quantification and quality validation using i-c o n t rTechanEsoftware, 12 pl of RNA were
transcribed to cDNA using the QuantiTect® Reverse Transcription Kit (Qiagen)
according to manuf aquantitatierRéatTime-PCRL Tagvan®.Gene
Expression Assays for respective genes and the TagMan® Fast Universal PCR Master
Mix (Invitrogen) were used with 0.5 pl cDNA as technical triplicates. The plate was read
using ABI 7900HT Real-Time PCR System (Applied Biosystems) and data was
analyzed with the delta-delta C; method [145].

4.4 Quantification of protein expression

4.4.1 Protein extraction from brain tissue

To determine IL-1 band IL-18 protein levels in APP+ and wt mice of different ages,
brains from transcardially PBS-perfused mice were extracted, weighted and
homogenized in 10 pl/mg radioimmunoprecipitation assay buffer (RIPA; 50 mM Tris-HCI
(pH 7.5), 150 mM NaCl, 1% Nonidet, 0.5% Natriumdesoxycholat, 0.1%
sodiumdodecylsuflat (SDS)) containing protease inhibitor (Roche, 1 tablet per 10 ml).
Homogenization was performed mechanically using syringes with cannulas of
decreasing diameter (23, 27 and 30 G) followed by an incubation time of 30 min on ice.
After centrifugation (30 min, 12000 g, 4°C) supernatants were snhap frozen in liquid
nitrogen.

For quantification of amyloid in brains of experimental mice, a four step extraction of
snap frozen brains was performed as described previously [146]. Briefly, brains were
weighted and mechanically homogenized in 10 yl/mg Tris buffered saline (TBS; 20 mM
Tris, 137 mM NaCl, pH 7.6) containing protease inhibitor, as above. Homogenates were
centrifuged (100000 g, 45 min), the supernatant snap frozen in liquid nitrogen and the
cell pellet subsequently homogenized in TBS containing 1% Triton X-100 (TX) using a 1
ml pipette and the same volume of buffer as for the TBS fraction. After 30 min
incubation on ice, the sample was centrifuged with above parameters and the
supernatant snap frozen. The procedure was repeated for SDS buffer (2% SDS in
ddH,0) and formic acid (FA; 70% in ddH,O), which were incubated at RT. Protein

concentrations of each fraction were determined using the Quantipro™ BCA Protein
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Assay Kit (Pierce) according to the manufacturer& protocol and the Photometer Tecan
Infinite® 200M (Tecan).

4.4.2 Quantification of IL-18 protein expression

To determine IL-18 protein levels in RIPA or 4-step extracted homogenates, an
enzyme-linked immunosorbent assay (Elisa; MBL Bioscience) was used, following the
manufacturer® protocol. Each homogenate was measured at a volume of 100 ul (1:10
dilution for RIPA samples, 1:2 dilution for the TBS fraction of 4-step extracted brains)
and technical duplicates were produced. Absorption was read at 450 nm and 570 nm
(for wavelength correction) on a microplate reader (Infinite® 200M, Tecan) and

analyzed using the Magellan™ Software.

4.4.3 QuantificationofIL-1 b and Ab protein expression

To determine IL-1b, Afho and s Adiotein levels in RIPA or 4-step extracted
homogenates, an Elisa using the Mesoscale Discovery (MSD) 96-Well system was
performed. For IL-1 b the SMALL-SPOT® assay was performed including technical
duplicates using 50 pl of 1:2 diluted RIPA homogenate or TBS-fraction in manufacturer
supplied bythd MULTI-SPOO® Hudn (6E10) Triplex Assay using 25 pl of
sample in technical duplicates was used. For this purpose, TBS- and TX-fractions were
diluted 1:2, SDS-fractions 1:10 and the FA fraction was first neutralized by 1:10 dilution
in 1M Tris (pH 8.0) and subsequently diluted 1:125 in a 1% BSA solution (supplied by
the manufacturer). All plates were analyzed with a MS6000 (MSD) machine.

4.4.4 Western blotting

For detection of Pro-Caspasel and its cleaved fragment, synaptic markers PSD95,
GAD65 and synaptophysin as weNEP and $DE, Afain
homogenates of mice treated i.p. with Ebselen were analyzed using Western Blots. For
analysis of synaptic markers, TX- and SDS-fractions were used whilst TX-fractions were
used for Caspase-1 detection and SDS-f r acti ons for A b
respectively. During the blotting procedure, 30 pg protein per lane (in LDS loading
buffer (Invitrogen) containing 5% mercaptoethanol, cooked 5 min at 95°C) were run on
10-20% Tricine gradient polyacrylamide gels (Novex) for approximately 90 min at 120V
in running buffer (0.1 M Tris, 0.1 M Tricine, 0.1% SDS, pH 8.3).
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Table 5: Antibodies for Western blotting

Primary o i o Com-
i Host Dilution | Company Secondary antibody Host | Dilution
antibody pany
PSD95 mouse | 1:1000 Maguk HRP anti-mouse IgG H
shee
GADG65 mouse | 1:2000 Abcam HRP anti-mouse IgG P
Synapto- ) Antikorper ) )
. rabbit 1:2000 ) HRP anti-rabbit I9G
physin online
GE
) Cal- ) )
IDE rabbit 1:1000 . HRP anti-rabbit IgG | donkey | 1:5000 health-
biochem
- - care
6E10 rabbit 1:2000 Covance HRP anti-rabbit IgG
Caspasel | rabbit 1:250 Santa Cruz HRP anti-rabbit IgG
NEP mouse 1:500 Abcam HRP anti-rabbit 1IgG H
shee
GAPDH mouse | 1:5000 Millipore HRP anti-mouse IgG P

For analysis of APP processing (6E10 amyloid antibody), self-made 3-layered stacked
gels were used (layer 1: 33.3% acrylamidsolution (14.7% Acrylamid + 0.9% Bis-
Acrylamid in ddH,0), 33.3% gel buffer (3 M Tris-HCI, 0.3% SDS), 33.3% glycerol (32%
glycerin in ddH,0); layer 2: 20% acrylamidsolution, 33% gel buffer, 46.9% ddH,O; layer
3: 10% acrylamide solution, 25% gel buffer, 64.9% ddH,0O; all layers polymerized with
0.09% ammonium persulfate (APS, 1:10 diluted) and 0.01% tetramethylethylene
diamine (TEMED)) with cathode (0.1 M Tris-HCI, 0.1M Tricine, 0.1% SDS) and anode
buffer (0.2M Tris, pH 8.9). The gel was loaded with 40 ug protein per lane (in LDS
loading buffer containing 5% mercaptoethanol, 5 min at 95°C) for approximately 90 min
at 120 V. All proteins were subsequently electro blotted on nitrocellulose membranes
(Hybond, Amersham Biosciences) for 1 h at 100V in transfer buffer (25 mM Tris, 192
mM Glycin). After blocking the membranes with 5% Amersham™ ECL™ blocking agent
(GE healthcare) in PBS-Tween 0.1% wash-buffer (ECL-PBS-T) for 1h at RT, the
respective primary antibody (Table 5) was diluted in 1% ECL-PBS-T and incubated for
15 min at RT and overnight at 4°C. Following three 10 min PBS-T washing steps, the
membrane was incubated for 90 min at RT on a shaker with the according secondary
antibody in 1% ECL-PBS-T (Table 5). After repeated washing of the nitrocellulose
membrane three times for 10 min with PBS-T, the immunoreactive bands were
visualized using the Amersham™ ECL™ immunoblotting detection system (GE
healthcare) for 5 min at RT. GeneTool Software (Syngene, Cambridge, UK) was used to
guantify the signal, data was analyzed with Adobe Photoshop CS6 and normalized to

the internal GAPDH signal.
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4.5 Cell culture experiments

4.5.1 Primary cell culture of peritoneal macrophages

Peritoneal macrophages were prepared from adult wt or APP+ mice euthanatized with
dry CO.,. The peritoneum was carefully exposed, 10 ml sterile PBS was i.p. injected and
the mouse was gently shaken for 1 min. Next, PBS containing the resident
macrophages was slowly withdrawn and centrifuged for 7 min at 800 rpm. Cells were
counted, plated at desired density in Roswell Park Memorial Institute medium (RPMI,
Invitrogen) supplemented with 10% FBS and 50 U/ml penicillin/streptomycin (PenStrep;
Invitrogen) and maintained at 37 °C in a 5% CO, humidified atmosphere.

4.5.2 Isolation and culture of CD11b+ cells

Isolation of CD11b+ cells was performed from brain tissue of APP+ or wt mice. Mice
were euthanized with dry CO, and transcardially perfused with ice cold PBS. The brain
was extracted, the cerebellum and olfactory bulb was discarded and the remaining
tissue was manually cut finely in HBSS using scalpels. Subsequently, the tissue was
dissociated into a cell suspension using the MACS®Neural Tissue Dissociation Kit (P)
(Mil tenyi Bi otech) f ol | owBriefty, the issue wes digesteic t ur e
using enzymes and buffers supplemented with the kit at 37°C and homogenization with
the gentleMACS® Dissociator (Miltenyi Biotech). Afterwards, the homogenate was
filtered through a 70 um mash filter, centrifuged (1300 rpm, 10 min) and suspended in
ice cold MACS buffer (PBS, pH 7.2, 0.5% FBS). Next, cells were incubated with 20 pl
magnetic CD11b+ MicroBeads (Miltenyi Biotech) per brain hemisphere and incubated
for 15 min at 4°C. After a washing step, the cell suspension was resuspended in 1500 pl
of MACS buffer and separated over LS magnetic columns (Miltenyi Biotech) placed in
the MidiMACS® magnetic separation unit (Miltenyi Biotec). Cells were counted, 10°
cells were plated per well in a 24 well plate containing DMEM supplemented with 10%
FBS and 50 U/ml PenStrep and maintained at 37°C in a 5% CO; humidified
atmosphere.

4.5.3 Viability assay

To evaluate the maximal tolerated concentration of Ebselen in vitro, a WST-1 (Life
Technologies) c e | | viability assay was perfor med
instructions. For this, peritoneal macrophages were extracted from wt mice as
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described, 5x10* cells per well were plated in a 96 well plate and maintained overnight
(37°C, 5% COy). The next day, medium was changed and indicated amounts of
Ebselen, DMSO or pure medium as negative control were added and incubated for 24 h
(37°C, 5% CO,). Indicated concentrations of hydrogen peroxide (H,O,) were used as
positive control. Afterwards, 10 ul WST-1 was added per well and incubated for 4 h at
the same conditions, followed by 1 min thorough shaking. Cell viability was measured at
450 nm on a Tecan Infinite® 200M (Tecan) Photometer with a reference wavelength of

600 nm. Values were blank reduced to wells containing only supplemented RPMI.

4.5.4 In vitro IL-1b and TNFU protein expression

To quantify the effects of Ebselen treatment on NALP3 inflammasome dependent (IL-
1b) and independent (TNFU) protein expression in vitro, peritoneal macrophages from
wt mice were extracted as described and 10° cells were plated in a 24 well plate. To
activate the NALP3 inflammasome in vitro LPS, acting over TLRs, as first signal and
adenosine-tri-phosphate (ATP), acting as second sterile inducer, were used ([147]; see
Figure 5). 24 h after extraction and plating of peritoneal macrophages, culture medium
was discarded and LPS (1 pg/ml) with 50 puM, 100 uM Ebselen or vehicle (DMSO)
diluted in culture medium was added to stimulate the cells. An equivalent amount of
PBS in medium was used as a negative control for stimulation. After 24 h of incubation
(37°C, 5% CO,) 5 mM ATP was added for 30 min, then cell supernatants were collected
and measured for protein content with the respective Elisa following the manufacturer®
protocol (eBioscience). 50 ul of supernatant were used as technical duplicates and
diluted to fit into the range of the standard curve. Absorption was measured at 450 nm
and 570 nm (for wavelength correction) on a microplate reader (Infinite® 200M, Tecan)

and analyzed using the Magellan™ Software.

4.5.5 Phagocytosis assay

To evaluate the influence of Ebselen on microglial phagocytosis in vitro, CD11b+ cells
from 120 day old APP+ and wt mice were extracted and plated on cover slips in 24 well
plates as described (4.5.2). After one day, medium was changed and cells were
stimulated with 50 uM Ebselen or DMSO. After another 24 h medium was changed to
serum-free DMEM containing 50 uM Ebselen or DMSO to starve the cells and thus
induce phagocytosis. Yellowgreen fluorescent Fluoresbrite® carboxylated microspheres

(2 um diameter, Polysciences Europe GmbH) were coated with FBS by shaking at 1000
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rom for 30 min at RT. Microspheres were centrifuged at 3000 rpm for 5 min and then
washed twice in DMEM, followed by a centrifugation step at 3000 rpm for 5 min. Finally,
the coated beads were resuspended in DMEM and applied to the plated cells at 8.4x10°
microspheres per well. After 30 min incubation (37°C, 5% CO,), cells were washed
twice with pre-warmed PBS, followed by overnight fixation with 4% PFA at 4°C. The
next day, in order to stain CD11b+ cells, the coverslips were washed three times with
PBS and blocked with 10% NGS in PBS-TX for 1 h at RT on a shaker. The Ibal primary
antibody (Table 3) was diluted 1:500 in 5% NGS in PBS-TX and applied to the cells for
2 h at RT on a shaker. Rinsing the cells again three times with PBS was followed by 90
min incubation at RT on a shaker with AlexaFluor®568-conjugated anti-rabbit IgG
(Table 3; in 5% NGS in PBS-TX). Finally, cover slips were rinsed with PBS (3x) and
mounted with 4',6-Diamidino-2-Phenylindole (DAPI)-containing aqueous mounting
medium (Fluoroshield® Mounting Medium with DAPI, abcam). Phagocytosis was
analyzed from confocal pictures (10 ROI per condition, 3 animals per genotype)
acquired with Zeiss Axio Observer Z1 and the software Axio vision 4. For evaluation the
percentage of phagocytic microglia per image was determined using the ImageJ cell

counter plugin in addition to the phagocytic index, as described [102].

4.6 Statistical analysis

All data was expressed as mean + standard deviation (s.d.). For comparison of the
mean between two groups, statistical analysis was performed by applying the Mann-
Whitney U-test in GraphPad Prism 5. Comparisons of the mean among more than two
groups were undertaken using a one-way or two-way analysis of variance (ANOVA)
wi t h Tuk e yconsparisomd posi-tpst, @& indicated in the figure legends. P values
of less than 0.05 were considered to be significant and were indicated as follows: * p <
0.05, ** p < 0.01, *** p < 0.001 and **** p<0.0001.
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5 Results

For the in vivo characterization of microglia replacement by peripherally-derived myeloid
cells using CD11b-HSVTK mice in the healthy and AD diseased brain, technical
establishment of long-term in vivo two-photon imaging together with the surgical
procedures for CD11b-HSVTK depletion had to be established.

5.1.1 Technical establishment of long-term two-photon imaging and microglial

depletion

First, | had to establish two-photon imaging and surgery techniques, which had not been
used in our lab so far. To enable long-term microscopy, | decided to use chronic cranial
windows instead of thinned skull techniques, which only allow up to three repeated
imaging sessions over time ([148]; see discussion chapter 6.1). The window technique
was adapted from a published protocol and trained to perfection by installing the cranial
window over an intact Dura mater being as non-invasive as possible to circumvent
microglial activation after the surgery [139]. Furthermore an imaging setup to fixate
operated mice under the microscope was needed. For this, first a custom made imaging
apparatus, published by Hefendehl et al., was optimized by Dr. Jan Leo Rinnenthal
(Neuropathology, Charité i Universitadtsmedizin Berlin) [139]. The custom made titanium
ring with a frontal guide notch and circular guide groove was permanently attached
around the cranial window with dental cement and ensured head fixation of the animals
at identical angles between long-term imaging sessions. The mouse with an installed
custom made titanium ring was fixated in a custom made imaging apparatus, which was
installed at the two-photon microscope facility prior each imaging session.

To induce repopulation of the brain by peripherally-derived myeloid cells, the
established protocols in the lab used an icv cannula for GCV delivery in order to deplete
CD11b-HSVTK+ microglia. Since this cannula was too big to fit on the skull together
with the custom made titanium ring, approaches for topical GCV delivery were tested to
circumvent icv cannula installation. In these cases, the cranial window was installed,
leaving a hole in the dental cement around the cranial window of 5 mm diameter.
Through the gap, 50 mg/ml GCV was applied to anesthetized animals daily and
manually with a syringe. Even though microglia were depleted efficiently in the area of
application, this setup led to severe side effects, such as infections and bleeding, as

well as death due to the daily anesthesia. Thus, an automated approach was
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established, where a miniosmotic pump filled with 50 mg/ml GCV was connected to
tubing that allowed topical GCV application when installed together with an angular
cranial window (Figure 10A). Microglia were depleted up to 90% in the area of GCV
application after ten days (Figure 10B), mice did not suffer from infections or bleedings
and showed normal survival rates. Nevertheless, the angular window showed signs of
turbidity after one month of installation and could not be used for microscopy thereafter.
One can therefore conclude that the topical automated application of GCV is a useful
tool for short term studies of microglial depletion, as it is not invasive in comparison to
icv GCV administration and leads to a robust local microglial depletion. For long-term
microscopy, a 4 mm diameter cranial window was installed on the left hemisphere and
2.5 mg/ml GCV was administered via a special icv cannula that fitted onto the right
hemisphere (Figure 10C). As established in our lab, icv administration of 2.5 mg/ml
GCV leads to microglial depletion of >90% in the whole brain after ten days (see Figure
6).
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Figure 10: Technical establishment of in vivo microglial depletion. (A) Scheme depicting the
installation of an angular cranial window (5 mm diameter) with topical administration of 50 mg/ml GCV via
a miniosmotic pump. (B) GFP staining of microglia depleted via topical administration of GCV in
FracGFP";TK+ mice shows a major reduction of cells in the application area (>90%). (C) Scheme
depicting the installation of a cranial window (4 mm diameter) with icv administration of 2.5 mg/ml GCV
via a miniosmotic pump.

5.1.2 Establishing the visualization of microglia

Next to the establishment of microglial depletion, | had to determine the fluorescent
properties of two different microglia reporter mouse lines. The available mouse lines
were: the CX3CR1-GFP (termed FracGFP) mice, where GFP is knocked into the gene
of the fractalkine receptor as described in 4.1.1, and lbal-GFP mice, where GFP is
expressed under the control of the Ibal promoter.

This analysis showed that FracGFP*" mice are brighter than Ibal-GFP+ mice (Figure

11A). Furthermore, imaging of these mice over one hour confirmed that the fluorescent
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signal of FracGFP™" animals is less prone to fluorescent bleaching (Figure 11B).
Colocalization staining and stereological quantification of brain sections from both
strains showed that both mouse models, namely FracGFP*" and Iba-GFP+, label all
Ibal positive cells in the brain, incorporating microglia, perivascular macrophages and
other subtypes of myeloid cells (Figure 11C, D). Due to the evaluated advantages in
certain fluorescent properties of FracGFP*" mice, we decided to use this line in all

experiments.
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Figure 11: Technical establishment of microglia visualization and experimental start point. (A)
Mean fluorescent intensity of FracGFP™" and Ibal-GFP+ mice normalized to background. N = 14 cells (B)
Bleaching curves of FracGFP*" and Ibal-GFP+ animals plotted as mean fluorescence over time divided
by the fluorescence of the first imaging time point. A less pronounced linear decline of fluorescence
depicts greater bleaching robustness. N = 3 animals (C) Stereological cell count of Ibal-Alexa568-stained
and GFP-tagged Ibal-GFP+ and FracGFP™" cells. One dot is depicting one analyzed mouse brain. (D)
Representative picture of a FracGFP*" cortex region stained with Ibal-Alexa568 for colocalization of
signals, as analyzed in C (scale 50 um). (E, F) No morphological signs of microglial activation are visible
in the cortex of FracGFP™" mice with an installed chronic cranial window after two (E) or seven days (F;
scale 500 pm). Statistics (A, C): Mann-Whitney test.

As there are conflicting reports about microglial activation after installation of a cranial
window [149, 150], | validated if microgliosis induced by the required manipulation is a
caveat in the experimental setup. Therefore, a cranial window was installed and

FracGFP*" mice were sacrificed two (Figure 11E) or seven (Figure 11F) days after the
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surgery. No morphological signs of microglial activation were seen at both time points,
indicating that microscopy of operated mice can, in principle, be started as early as two

days after cranial window installation.

5.2 Project Aim 1: In vivo characterization of myeloid cell dynamics in the
healthy brain

5.2.1 In vivo monitoring of the replacement of resident microglia by peripherally-

derived myeloid cells in the healthy central nervous system

To characterize the microglial depletion process in CD11b-HSVTK mice and to follow
the repopulation process of peripherally-derived myeloid cells, a visual discrimination of
these cell types was required. As described, up to date no stand-alone marker exists to
distinguish microglia from peripheral monocytes. Ibal and the fractalkine receptor
(CX3CR1) are most commonly used to identify microglia in the brain, but these markers
are likewise expressed by myeloid cells in the periphery. Thus, all available transgenic
mouse models fluorescently labeling microglia, such as the herein used FracGFP*"
mice, also label peripheral myeloid cells with the same fluorophore. It has therefore not
been possible so far to distinguish these cell types in currently available genetic mouse
models. Therefore, we established a protocol using bone marrow (BM) chimeric mice
allowing for discrimination of microglia in the brain from peripheral myeloid cells.

First, FracGFP™" mice were crossed to CD11b-HSVTK mice to enable microglial
depletion. Taking into account the previous work from the group of Frank Heppner
(Neuropathology, Charité i Universitatsmedizin Berlin), where TK mediated depletion of
microglia in an AD-like context at the age of 200 days had been achieved (see chapter
3.4), the experimental procedure had to be started at the age of 127 days in FracGFP*"
;TK+ or - mice in order to model the respective findings in an AD-like setting (second
aim of this thesis). Therefore, FracGFP™;TK+ or i mice at the age of 127 days were
lethally irradiated, resulting in the extinction of all hematopoietic cells, including green
fluorescent cells in the periphery, while sparing FracGFP™" positive microglia in the
CNS. After subsequent adoptive transfer of bone marrow taken from tdRFP mice into
FracGFP™TK+ or i recipients, all peripheral immune cells were tdRFP-positive, while
microglia carried the GFP signal. After one month of recovery, microglial depletion via

icv GCV delivery was initiated and a chronic cranial window was installed.
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Figure 12: In vivo imaging of endogenous microglia replacement by peripherally-derived myeloid
cells. (A) Experimental setup: To distinguish endogenous microglia from peripherally-derived myeloid
cells FracGFP*"; TK+ or i mice were lethally irradiated and reconstituted with BM from tdRFP reporter
mice at an age of 127 days. After one month of recovery, a cranial window was installed together with a
miniosmotic pump connected to an icv cannula for delivery of 2.5 mg/ml GCV. After five days of recovery,
mice were imaged at the depicted days using two-photon microscopy. Three ROI per animal were imaged
for a minimum of 30 minutes. (B) Stereological counts of lbal, GFP and tdRFP positive cells at
termination of the experiment. (C) Representative maximum intensity projections from the first time point
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of recorded two-photon imaging movies for both experimental conditions. The blood landmarks
demonstrate the precise relocation of the imaging positions over time. Scale 100pm.

Previous experiments had shown that peripheral cells start to repopulate the brain six
days after start of microglial depletion in a similar experimental setup (data not shown).
Therefore, mice were imaged six and seven days after initiation of the depletion of
microglia (mouse age 160 and 161 days, corresponding to days post depletion (dpd) 6,
7) to visualize the first repopulating cells. Additionally, imaging was performed 10 days
after initiation of microglial depletion to visualize the endpoint of GCV delivery, where
>90% of resident microglia are known to be ablated [104]. The repopulation process
was followed at four more time points over the following two weeks (mouse age 165,
166, 168 and 178 days corresponding to dpd 11, 12, 14, 24; Figure 12A). For each time
point it was possible to relocate the exact imaging position due to the establishment of
the custom made head fixation system, additionally blood vessel landmarks were used
as reference (Figure 12C). As expected, tdRFP-peripherally-derived myeloid cells
started to invade the brain at day 160 (6 dpd) in microglia depleted FracGFP*";TK+
mice. In these mice, nearly no GFP+ microglia were found at day 165 (10 dpd) and the
brain was already repopulated entirely with red fluorescent cells that adapted microglial
morphology. In FracGFP*";TK- controls, where no microglia depletion occurred, tdRFP+
peripheral cells could only rarely be detected in the brain (Figure 12C). In addition,
these rare tdRFP+ cells in TK- mice did not exhibit the typical ramified morphology of
resting microglia and migrated rapidly through the tissue (Figure 13A).

After termination of the experiment, brains were stereologically analyzed for cell
composition, which was shown to reflect the in vivo imaging movies: in FracGFP*":TK-
control mice, peripherally-derived cells contributed only to 24% to the overall amount of
CNS myeloid cells (6448 + 773), while the majority of Ibal+ cells (26862 + 4404) was of
resident origin, i.e. consisted of FracGFP*" microglia (22234 + 207; Figure 12B). The
invasion of peripheral cells in the control context was most likely due to leakiness of the
BBB as a result of irradiation and/or tissue disruption by the icv cannula. Microglia
depleted FracGFP*;TK+ mice, however, had an increased Ibal+ cell number in the
brain (34302 £ 6667; 128%), that was mainly composed of peripherally-derived myeloid
cells (28553 +2741), while 78% of resident microglia were depleted (down to
5900 + 1141 cells; Figure 12B).
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5.2.2 Analysis parameters are not substantially influenced by the CD11b-HSVTK
genotype

Movies from two-photon imaging suggested, that peripherally-derived myeloid cells
resemble resident microglia phenotypically. To thoroughly characterize the morphology
of these newly recruited myeloid cells, relevant soma and process tree parameters of
the distinct cell types were analyzed. In order to allow the comparison of endogenous
microglia in non-depleted FracGFP*";TK- animals and peripherally-derived myeloid cells
in FracGFP™;TK+ animals, we aimed to ensure that the TK genotype does not
intrinsically influence the parameters. Thus, endogenous microglia as well as
peripherally-derived cells underwent soma reconstruction in FracGFP™TK- and +
animals using Imaris 7.0 (Bitplane). While soma movement over 30 minutes of
recording (termed soma speed) was increased in peripherally-derived cells of TK-
(10.08 £ 5.43 nm/s) compared to TK+ cells (8.29 £ 4.57 nm/s), endogenous microglia
showed no differences (TK+ 6.73 + 3.21 nm/s; TK- 6.85 + 2.88 nm/s; Figure 13A).
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Figure 13: Soma parameters are not substantially influenced by the CD11b-HSVTK genotype.
Parameters of reconstructed somata from all imaged ROI at all investigated time points were analyzed for
microglia as well as for peripherally-derived myeloid cells from FracGFP™";TK+ (TK+) and FracGFP™";TK-
(TK-) animals upon GCV delivery. (A) Soma speed measured for 30 minutes. (B) Soma sphericity, i.e.
roundness of the soma. (C) Soma size. Statistics: 1-way ANOVA, only significance between TK+ and TK-
cells in endogenous and peripherally-derived groups is shown; One dot equals one cell, N=4 animals per
genotype, 3 ROI per animal.

This reflects the impression from imaging movies that peripherally-derived myeloid cells
in non-depleted TK- animals did not adopt microglial morphology, but were rapidly
moving within the CNS environment. The measure for the roundness of the soma, i.e.
soma sphericity, was unchanged between the experimental groups (endogenous: TK+
0.90 = 0.05; TK- 0.92 £ 0.04; peripheral: TK+ 0.89 £ 0.05; TK- 0.88 £ 0.07; Figure 13B).

In addition, soma size of peripherally-derived cells did not differ between TK+
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(795.3 +541.4 pym® and TK- (663.6 +433.9 ym®) animals. Only soma size of
endogenous microglia was significantly elevated in TK+ animals (1682 + 1376 um?; TK-
1308 + 901.9 um?), as these cells undergo activation before undergoing GCV-mediated

cell death (Figure 13C), offering an explanation for these differences.

Thus, soma parameters are not substantially influenced in otherwise untreated CD11b-
HSVTK mice.

5.2.3 Peripherally-derived myeloid cell somata move faster and are smaller in
size

As mentioned in the previous chapter, two-photon movies indicate that peripherally-
derived myeloid cells resemble microglia phenotypically. To assess the morphology of
the newly invading cells more thoroughly, different cell body parameters of distinct cell
types were analyzed. First, soma parameters of imaged cells were assessed with
respect to putative changes over time. Thus, soma values of TK+ peripherally-derived
myeloid cells and TK- endogenous microglia were analyzed for each imaged time point
and plotted over time. Furthermore, TK+ endogenous microglia were included in the
analysis at day six and seven dpd to characterize cells that undergo GCV-mediated cell
death. Peripheral myeloid cells, invading the brain at day six and seven dpd, showed a
more rapid soma speed compared to endogenous microglia at these time points
(endogenous TK+: 10.33 + 4.14 nm/s; endogenous TK-: 9+ 2.56 nm/s; peripheral:
16.17 £ 7.16 nm/s; Figure 14B). Thereafter, the soma speed of the peripherally-derived
myeloid cells stayed constant over time (Figure 14A).

Furthermore, we analyzed all soma parameters independently from how long they had
been exposed to CNS tissue, as no major changes were detected when plotting them
over time. Thus, resident microglia and peripherally-derived myeloid cells, previously
analyzed separately for each imaging time point, were now combined into a pool of
cells. Here, analysis of soma speed over all imaged time points showed an increase in
the motility of peripherally-derived myeloid cells, similar to the results from day six and
seven dpd (endogenous: 10.29 + 3.93 nm/s; peripheral: 12.81 + 5.47 nm/s; Figure 14C).
Thus, the soma speed of peripherally-derived myeloid cells remained increased, at least
when recorded for 24 days in the brain.
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Figure 14: Somata of peripherally-derived myeloid cells are smaller and faster compared to
endogenous microglia. (A) Soma speed of peripherally-derived myeloid cells over time in the CNS. (B,
C) Soma speed of resident microglia and peripherally-derived myeloid cells at (B) day six and seven in
the CNS tissue and (C) analyzed over all recorded time points. (D) Soma sphericity of peripherally-
derived myeloid cells over time in the CNS. (E, F) Soma sphericity of resident microglia and peripherally-
derived myeloid cells (E) at day six and seven in the CNS and (F) analyzed over all recorded time points.
(G) Soma size of peripherally-derived myeloid cells over time in the CNS. (H, I) Soma size of peripheral
cells and endogenous microglia at (H) day six and seven dpd and (l) analyzed over all recorded time
points. Statistics: 1-way ANOVA (A, B, D, E, G, H), Mann-Whitney test (C, F, I). One dot represents the
average value of 9 cells from one ROI, 3 animals per genotype with 3 ROI per animal.

When analyzing the roundness of cell somata, i.e. soma sphericity, the peripherally-
derived myeloid cells appeared to get less spherical after 24 days in the brain tissue
(Figure 14D). Nevertheless, soma sphericity did not differ between compared cell types
at day six and seven dpd (endogenous TK+: 0.88 + 0.06; endogenous TK-: 0.9 + 0.04;
peripheral: 0.92 + 0.03; Figure 14E) nor over all analyzed time points (endogenous:

0.9 £ 0.04; peripheral: 0.91 £ 0.03; Figure 13F).
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Likewise, soma size of peripherally-derived myeloid cells was not altered over time and
did not differ at day six and seven dpd compared to TK- microglia (Figure 14G, H).
Nevertheless, these cells were smaller than endogenous microglia when analyzed over
all time points (endogenous: 963.3 + 329.6 pm?®; peripheral: 792.9 + 294.7 um?; Figure
141). As already described in Figure 13C, an increased soma size of TK+ endogenous
microglia was detected at day six and seven dpd, which is well explained by the
activation of these cells following GCV-mediated cell death (endogenous TK+:
1692 + 591.8 um?; endogenous TK-: 883.8 + 332.2 um®; peripheral: 748.6 + 327.1 pm>;
Figure 14H).

In summary, peripherally-derived myeloid cells invade the brain already six days after
initiation of GCV-mediated depletion of resident microglia and adapt microglial
morphology. Their somata are largely similar to that of endogenous microglia, while

being slightly faster and smaller over a period of 24 days in the CNS.

5.2.4 Processes of peripherally-derived myeloid cells are smaller and less

ramified

Next, we aimed to compare parameters that describe microglial processes. For this, the
amount of process branch points per cell, the sum of all process lengths as well as the
amount of primary filaments, defined as processes originating directly from the soma,
were analyzed. Again, the time-dependent evolution of all investigated parameters were
analyzed by plotting them over time, where peripherally-derived myeloid cells did not
show any alterations (Figure 15A, C, E). Thus, these cells did not change in process
length or branching when being exposed to the brain tissue, at least within the observed
time span of 24 days.

Furthermore, similar to the analysis of soma parameters, all analyzed processes of
endogenous microglia and peripherally-derived myeloid cells were compared
independently of the time exposed to the CNS tissue. Peripherally-derived cells had
overall less branched and shorter processes (Figure 15B: endogenous: 45 + 30;
peripheral: 15+9; Figure 15D: endogenous: 802.6 +401.2 um; peripheral:
231.8 £ 104.7 ym). However, these changes in the process tree were not due to a
reduced number of primary filaments originating from the soma (endogenous: 5 + 2 um;

peripheral: 4 + 2; Figure 15F).
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Figure 15: Peripherally-derived myeloid cells have shorter processes that are less ramified. (A, B)
Branch points per cell of (A) peripherally-derived myeloid cells over time and (B) resident microglia and
peripherally-derived myeloid cells analyzed over all time points. (C, D) Sum of all processélengths per cell
of (C) peripherally-derived myeloid cells over time and (D) resident microglia and peripherally-derived
myeloid cells analyzed over all time points. (E, F) Amount of filaments originating from the cell soma of
(E) peripherally-derived myeloid cells over time and (F) resident microglia and peripherally-derived
myeloid cells analyzed over all time points. Statistics: 1-way ANOVA (A, C, E), Mann-Whitney test (B, D,
F); One dot represents one cell from 3 animals per genotype; 3 ROI per animal.

In summary, peripherally-derived myeloid cells adapt microglial process morphology as
soon as they enter the brain. However, the amount of primary filaments, and thus the
foundation of the process arbor does not differ between these cells. Nevertheless,
peripherally-derived myeloid cells have shorter and less branched processes, indicating
that within 24 days i1 the time-span investigated by us - there is no additional,
substantial evolution of processes once they have formed within the CNS

microenvironment.
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5.2.5 Processes of peripherally-derived myeloid cells are functional and react

more rapidly towards a laser-induced lesion

Next, we aimed to test whether peripherally-derived myeloid cell processes are
functional. For this purpose, process retractions and extensions of peripherally-derived
myeloid cells as well as of endogenous microglia were quantified after 10 dpd up to 24
dpd in the CNS tissue. Here, no time-dependent changes in subtle process movements
were detected (Figure 16A, B).
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Figure 16: Peripherally-derived myeloid cells are able to extend and retract their processes to the
same extent as microglia. Baseline movements of processes measured over five minutes. (A) Process
extension speed of peripherally-derived myeloid cells over time. (B) Process retraction speed of
peripherally-derived myeloid cells over time. (C) Process extension speed of endogenous microglia and
peripherally-derived cells analyzed over all time points. (D) Process retraction speed of endogenous
microglia and peripherally-derived cells analyzed over all time points. Statistics: 1-way ANOVA (A, B),
Mann-Whitney test (C, D); One dot represents one process movement; 5 movements per ROI from 4
animals per genotype; 3 ROI per animal.

When looking at process movements independently of the imaging time point,
peripherally-derived cells moved their processes at around 1.06 pm per minute (Figure

16C, D). These movements were not significantly different to those of endogenous
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microglia, which showed a mean movement of 1.02 um per minute (Figure 16C, D).
Thus, peripherally-derived myeloid cells appear to be well equipped to scan the brain
environment by extending and retracting their processes.

Furthermore, we quantified the ability of peripherally-derived myeloid cells to react to
injury by measuring process movements towards a laser-induced lesion [4]. To this end,
a small focal tissue damage was induced by a laser lesion in the cortex of the brain. As
visible in Figure 17A, microglial processes immediately extended towards injury and
appeared to fsealo the lesion with their processes shortly after 30 minutes. To our
surprise, even though peripherally-derived myeloid cells had shorter, less branched
processes, they were able to react faster to a laser-induced lesion by extending their
processes with 0.68 + 0.16 pm/min when compared to endogenous microglia (0.55 +
0.um/min; Figure 17B, C).

In summary, peripherally-derived myeloid cells have a functional process tree that is

able to react faster towards an injury, compared to endogenous microglia.
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Figure 17: Peripherally-derived myeloid cells react faster to a laser-induced lesion. Representative
maximum intensity projections from indicated time points of two-photon imaging videos. (A) Microglial
process extension to a laser-induced tissue lesion. The cells extend their processes towards the auto-
fluorescent lesion right after injury induction. The fsealingo of the lesion is not yet complete after 30
minutes. (B) Process extension of peripherally-derived myeloid cells to a laser-induced lesion. These cells
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are faster the site-directed process motility towards lesion, reaching the injury after 30 minutes. (C)
Quantification of process movements towards the lesion. N = 5 animals per genotype. Statistics: Mann-
Whitney test.

5.2.6 Peripherally-derived myeloid cells are denser and more numerous in the

cortex

Since the stereological analysis showed that more Ibal+ cells are found in repopulated
brains (Figure 12B), the distribution of peripherally-derived myeloid cells in the CNS
tissue was analyzed. For this purpose, the in vivo distances between endogenous
microglia and peripherally-derived myeloid cells were derived from all recorded two-
photon movies. To achieve this, the xyz coordinates of cell somata were used and the
distances between these coordinates were calculated with a custom written program
(Zoltan Czeresnyes, JIMI Berlin). We found, that peripherally-derived myeloid cells were
in closer vicinity to each other compared to the cell-to-cell distances of endogenous
microglia (Figure 18A).
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Figure 18: Peripherally-derived myeloid cells are arranged in denser networks compared to
microglia. (A) Percentage of peripherally-derived myeloid cells and microglia in set cell-to-cell distance
radii. (B) Cells per mm?® brain parenchyma. (C) Amount of peripherally-derived cells in the brain at
different time points in the CNS. One dot incorporates the average value of one ROI, 3 animals per
genotype with 3 ROI per animal. Statistics: Counterpart comparisons between endogenous microglia and
peripherally-derived myeloid cells: Mann Whitney test (A, B), 1-way ANOVA (C).

This explains the elevated number of cells in repopulated brains, which, in the cortex,
increased in a time-dependent fashion at least until day 24 after microglial depletion
(Figure 18C). In addition, as the processes of peripherally-derived myeloid cells were
shorter, they require to be in closer vicinity to each other in order to cover the entire

brain tissue with their processes. Thus, while ~5500 endogenous microglia were

52



Results

present in 1 mm?® of cortex, >11600 peripherally-derived myeloid cells were required to

surveil the same volume of tissue (Figure 18B).

In summary, our data show that microglial depletion mediated through the CD11b-
HSVTK transgene and subsequent repopulation of the brain by peripherally-derived
myeloid cells starts as early as six days after the start of GCV treatment. The invading
cell s adopt-l iaknérghology rapgly aftarlbrain tissue entry. The analyzed
cell populations have similar shaped soma and a comparable predisposition of their
process tree. Nevertheless, even if peripherally-derived myeloid cells mimic microglia
well, they exhibit smaller somata with shorter and less branched processes when
analyzing them over 24 days in the CNS tissue. Surprisingly, these newly incoming cells
also appear to be more functional, as they are able to react faster to a laser-induced
tissue injury, while baseline process extensions and retractions are comparable to
endogenous microglia. Thus, we next tested this type of myeloid cell exchange and its
effect in on Al zhei mer § samalyite s she functionality of these cells in

combating amyloid deposits.

5.3 Project Aim 2: Replacement of resident microglia by peripherally-

derived myeloidcellsi n Al zhei mer 6s di sease

5.3.1 In vivo monitoring of the replacement of resident microglia by peripherally-

derived myeloid cells in the Alzheimer diseased central nervous system

To characterize the microglial depletion process induced by the CD11b-HSVTK
transgene followed by repopulation of peripherally-derived myeloid cells in the AD
context, a similar experimental setup as described in project aim 1 (5.2.1) was chosen.
We therefore crossed FracGFP™;TK+ or i mice to APPPS1 mice, which develop an
AD-like pathology (termed APP+ or 7). For discrimination between microglia and
peripheral myeloid cells, 127 day old mice of the various genotypes (Figure 19A) were
lethally irradiated and reconstituted with tdRFP BM from the respective reporter mice,
as described before. After one month of recovery, microglial depletion via icv GCV
delivery was initiated and a chronic cranial window was installed. To enable the myeloid
cell exchange in the CNS of AD-like mice, we chose an experimental setup with long-
term delivery of GCV, which was shown to reduce amyloid burden (see chapter 3.4).
After the start of depletion of resident microglia at an age of 155 days, the GCV osmotic
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pump reservoir was exchanged for a long-term pump at day 165 in all experimental
mice in order to ensure delivery of GCV until day 192. Imaging time points for healthy
APP- control mice were very similar to those chosen in the first project aim, enabling
long-term imaging of the repopulation process up to 38 days after starting microglial
depletion. APP- (non-AD) control mice were sacrificed for stereological analysis after
cessation of treatment at day 192. The depletion and repopulation in APP+ mice was
imaged weekly for 48 days after the initiation of microglial depletion and mice were
sacrificed for stereological analysis at day 202. (Figure 19A). Amyloid plaques were
labeled by Methoxy-X04 injections i.p. 24 hours prior each imaging session in order to

visualize Ab plaques in vivo.

The stereological analysis to characterize cell composition reflected the in vivo imaging
movies (Figure 20): in non-AD FracGFP*";APP-;TK- (termed FracGFP*";TK-) control
mice, 32% CNS myeloid cells were of peripheral origin (9393 + 4078), while the majority
of Ibal+ cells (28853 + 1630) was made up of FracGFP" myeloid cells, that is resident
microglia (24989 + 4078; Figure 19B). The invasion of peripheral cells in the control
context could be explained by the leakiness of the BBB due to irradiation and/or tissue
disruption by icv cannula implantation. Microglia-depleted FracGFP*;APP-:TK+ (termed
FracGFP™TK+) mice exhibited increased Ibal+ cell numbers in the brain
(38447 £ 6596; 133%), that were mainly composed of peripherally-derived myeloid cells
(31327 £ 2512; 109%). In this experimental setup 83% of microglia were depleted
(down to 4994 + 1676 cells; Figure 19B). Cell composition in AD mouse brains were
comparable to the non-AD setting: FracGFP*;APP+;TK+ brains consisted of 35% more
numerous lbal+ cells (33897 +5070) mainly comprising peripherally-derived myeloid
cells (109%; 27261 + 3051), while only a minority of resident endogenous microglia
(down to 23%; 5756 = 1540; Figure 19C) was detectable. On the other hand,
FracGFP":APP+TK- mouse brains mainly exhibited resident microglia and at best
harbored 18% of peripherally-derived myeloid cells (4547 + 916; Figure 19C).

When analyzing amyloid plaques positive for the 4G8 antibody after termination of the
experiment, a trend towards a reduced amyloid load by the amount of plaques (TK+:
1030 + 173/mm? TK-: 1570 + 185/mm?®) and a trend towards a reduction in the area
covered by amyloid burden (TK+: 4.04 £ 0.75%; TK-: 5.44 + 1.69%) in the cortex could
be detected, which, however, was not significant (Figure 19D).
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Figure 19: In vivo imaging of the replacement of endogenous microglia by peripherally-derived
myeloid cells in AD-like mice 7 Cell and Plague Counts. (A) Experimental setup: To distinguish
endogenous microglia from peripherally-derived myeloid cells FracGFP™;APP+ or -;TK+ or i mice were
lethally irradiated and reconstituted with BM from tdRFP reporter mice at an age of 127 days. After one
month of recovery, a cranial window was installed together with a miniosmotic pump connected to an icv
cannula for delivery of 2.5 mg/ml GCV to induce microglial depletion. After five days of recovery, mice
were imaged at the days mentioned in (A) using two-photon microscopy. GCV delivery was prolonged
after ten days by implanting a new miniosmotic pump that ensured GCV-delivery for another 28 days until
day 192. Three ROI per animal were imaged for a minimum of 30 minutes. Amyloid deposits in APP+
mice were labeled by Methoxy-X04 i.p. injection 24 hours prior to each imaging time point. (B, C)
Stereological counts of Ibal-, GFP- and tdRFP-positive cells in (B) FracGFP";APP-;TK+ and i (termed
FracGFP™;TK+ and 1) and (C) FracGFP™;APP+;TK+ and i mice at termination of the experiment. (D)
Stereological counts of 4G8-positive amyloid deposits in FracGFP™;APP+TK+ and i animals at
termination of the experiment. Dpd = days post depletion. Statistics: Mann-Whitney test (D).

Similarly to project aim 1, the exact recovery of the imaging position was possible for
every microscopy session due to our custom made head fixation system, since blood
vessel landmarks and Methoxy-X04 labeled plaques could be re-identified (Figure 20A,
B).

As expected, red peripherally-derived myeloid cells started to invade the brain at day
160 (6 dpd) in microglia depleted healthy FracGFP*";TK+ mice (Figure 20A) as well as
microglia depleted FracGFP*";APP+;TK+ (Figure 20B) animals. In these mice nearly no
GFP+ endogenous microglia were detected after day 167 (10 dpd), while the brain was
already entirely repopulated with red fluorescent cells originating from the periphery,
thathad adapt ed ifknergeofogyg!| i a
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Figure 20: In vivo imaging of the replacement of endogenous microglia by peripherally-derived
myeloid cells in AD-like mouse brains. Representative maximum intensity projections from the first
time point of two-photon imaging movies in FracGFP™";TK+ and - mice in the healthy (A) and AD-like (B)
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context. The blood landmarks and Methoxy-X04 labeled plagues in (B) demonstrate the precise recovery
of the imaging positions over time. Scale 100um, dpd = days post depletion.

In TK- controls, where no depletion of resident microglia occurred, only rarely peripheral

cells were found in the brain (Figure 20A, B). In addition, peripherally-derived myeloid

cellsin TK-mi ce di d nmcwdlia-lliokoekd fAbmut  we liske celmongratingg r o u
fast through the tissue which was true for both the AD and non-AD context (see Figure

13A).

5.3.2 Peripherally-derived myeloid cell somata are overall smaller and slower in
the Alzheimer-diseased context

To characterize peripherally-derived cells in the healthy and AD context upon the long-
term GCV treatment paradigm, firstly soma values were analyzed at day six and seven
dpd in healthy control animals (APP-negative; APP-) for TK+ peripherally-derived
myeloid and TK- endogenous microglial cells. Furthermore, TK+ endogenous microglia
were included in the analysis to characterize cells undergoing GCV-mediated cell death.
Figure 21A depicts that in long-term GCV-treated FracGFP*:APP-TK+ (termed
FracGFP*";TK+) mice peripherally-derived myeloid cells were faster than endogenous
microglia (at day six and seven after depletion) as detected in the first thesis aim for
healthy animals, where GCV treatment was stopped after 10 days (see Figure 13B;
endogenous TK+: 12.64 £ 3.7 nm/s; endogenous TK-: 10.91 +4.42; peripheral:
21.36 +£10.4 nm/s). For soma sphericity no differences were detected between the
various experimental conditions (Figure 21B; endogenous TK+: 0.90 +0.03;
endogenous TK-: 0.83 + 0.10; peripheral: 0.89 + 0.06). However, as described before,
an increased soma size of TK+ endogenous microglia was detected at day six and
seven dpd in non-AD brains, which can be explained by the activation of these cells in
the course of GCV-mediated cell death (endogenous TK+: 2043 +639.9 um?;
endogenous TK-: 1012.8 + 321.2 pm?; peripheral: 839.1 + 476.5 um?; Figure 21C).
In the AD context, long-term soma movement was measured over seven weeks in
FracGFP*";APP+;TK+ or - mice. Here, the first imaging time point from weekly imaging
sessions was registered to correct for translational imaging drifts and somata were
tracked over 48 days. Even though peripherally-derived cells showed a trend towards
faster soma movement in the amyloid loaded brain (7.53 = 2.42 pm/week), the
difference to endogenous microglia was not significant (4.96 + 2.44 um/week; Figure
21D).
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Figure 21: Peripherally-derived myeloid cells have smaller somata that move faster in wildtype
brains at early time points after microglial depletion, but show an equal soma speed in the AD
brain over 48 days. (A) Soma speed of peripherally-derived myeloid cells in the healthy non-AD brain.
(B) Soma sphericity in healthy brains at six and seven dpd. (C) Soma size in healthy brains at six and
seven days in the CNS. (D) Soma speeds in AD-like mouse brains, tracked over 48 days. (A-C) One dot
incorporates an average of >6 cells from two animals per genotype, 3 ROI per animal. (D): One dot
represents all somata from one ROI with 3 ROI per animal tracked over 48 days. Statistics: 1-way
ANOVA (A, B, C), Mann-Whitney test (D)

Next, we analyzed soma parameters of peripherally-derived myeloid cells and resident
microglia in non-AD versus AD-like brains for all recorded time points. In brains
exhibiting AD-like changes, we furthermore discriminated myeloid cells which were in
direct proximity to amyloid plaques, thus touching the amyloid deposit with the soma or
their processes as well as cells that were more distant to plaques.

Soma speed of peripherally-derived myeloid cells, recorded over 30 minutes,
decreased, while soma size increased over time in the brain parenchyma (Figure 22A).
Thus, in healthy APP- control brains, the freshly invading cells evolved with respect to
their morphology and appearance during the time being exposed to the CNS
environment. However, a time-dependent change of soma speed, soma sphericity or
soma size of peripherally-derived myeloid cells was not detected in brains of AD-like
animals, regardless of their distance to amyloid (Figure 22A).

When analyzing soma speed independent of time in the CNS tissue, there were no
changes of endogenous microglia in the healthy brain when compared to microglia in
the vicinity of or further away from amyloid plaques (Figure 22B; non-AD: 10.41 + 3.61
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nm/s plaque proximity: 10.46 £ 4.76 nm/s plaque distance: 9.07 £ 4.09 nm/s). Thus,
subtle soma movements of endogenous microglia appeared to be not impaired by
amyloid deposits. On the other hand, somata of peripherally-derived myeloid cells in the
AD-like brain moved significantly slower compared to healthy controls. In addition,
somata of peripheral myeloid cells in a wildtype CNS environment as well as peripheral
myeloid cells that were more distant to amyloid plaques, were significantly faster
compared to their endogenous resident counterparts. Peripherally-derived myeloid cells
in direct proximity to a plaque displayed a similar soma speed as endogenous cells
touching a plaque (Figure 22B; peripheral; non-AD: 15.6 + 8.44 nm/s plaque proximity:
10.48 + 4.12 nm/s plaque distance: 11.03 + 4.92 nm/s) indicating that the CNS-invading
myeloid cells were faster than their endogenous counterparts, but seemed to be
functionally impaired in the vicinity of amyloid deposits.

Furthermore, soma sphericity of resident microglia in direct plaque vicinity was reduced
when compared to microglia being distant to amyloid plaques (Figure 22C; endogenous;
non-AD: 0.88 + 0.07 plaque proximity: 0.86 = 0.05 plaque distance: 0.90 £ 0.04). This
may be explained by the fact, that soma touching a plaque wind around it, polarize
towards the deposit and are thus not as spherical. When examining peripherally-derived
myeloid cells, no differences between cells in a non-AD or AD CNS environment were
detected. Peripherally-derived myeloid cells close to plagues were more spherical than
their endogenous counterparts (Figure 22C; peripheral; non-AD: 0.91 + 0.04 plaque
proximity: 0.91 = 0.04 plaque distance: 0.90 + 0.03). This could be due to their greater
distance to amyloid deposits (see Figure 27B) and thus their lack of polarization towards

Ab plaques.

The somata of peripherally-derived myeloid cells were overall smaller compared to
those of endogenous microglia both in AD and non-AD brains (Figure 22D; peripheral
non-AD: 986.3 + 449.9 um3 plaque proximity: 924.6 + 423.3 um3 plaque distance:
725.6 £ 300.0 pm3; endogenous non-AD: 1309.0 £ 520.4 um3 plaque proximity: 1387.7
+ 748.7 um3 plaque distance: 1201.0 £ 682.5 um3). In contrast to soma sphericity, no
differences in soma size were detected between cells close to amyloid plagues and

cells further away from them (Figure 22D).
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Figure 22: Peripherally-derived myeloid cell somata are overall smaller and slower in brains with
AD-like pathology. (A) Soma speed, sphericity and size of peripherally-derived myeloid cells over time in
the non-AD (wildtype) and AD-like CNS. (B-D) Soma parameters of peripherally-derived myeloid cells and
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resident microglia analyzed over all time points. (B) Soma speed, (C) soma sphericity, (D) soma size.
One dot incorporates the average of >6 microglia from 3 (APP-, wildtype) or 6 (APP+) animals or > 7
peripherally-derived myeloid cells from 5 animals; 3 ROI per animal. Statistics: Counterpart comparisons
between microglia and peripherally-derived myeloid cells: Mann-Whitney test (denoted as asterisk over
the peripheral population), comparisons in the endogenous or peripheral population between conditions:
1-way ANOVA.

In summary, cell somata of long-term GCV treated resident microglia in wildtype mouse
brains are as fast as their cellular counterparts of wildtype brains, where GCV treatment
had been stopped, as shown in first part of this thesis. Furthermore, the speed of cell
somata of myeloid cells repopulating the brain after endogenous microglia depletion
seems reduced when being in direct contact to amyloid deposits. Peripherally-derived
myeloid cells have overall smaller soma sizes than endogenous microglia, while their
somata move faster when being not in close contact to amyloid deposits. In addition,
while peripherally-derived myeloid cells adapte to their environment by decreasing the
speed of soma movement and increasing soma size in the non-AD (wildtype) CNS
environment, soma parameters of myeloid cells in the AD-like mouse brain do not

change substantially over a period of 48 days analyzed in this thesis.

5.3.3 Peripherally-derived myeloid cells have a smaller and less ramified process
tree independent of amyloid plaque vicinity

Next, we wanted to characterize peripherally-derived myeloid cells and endogenous
microglia in the long-term GCV treatment setup in healthy and AD brains by assessing
the arborization of their processes. Processes of peripherally-derived myeloid cells were
analyzed independently for each imaged time point and plotted over time (Figure 23A).
A slight, but not significant, increase in the number of branch points per cell and the
sum of process lengths was visible in peripherally-derived myeloid cells residing 38
days in the non-AD CNS as well as for peripherally-derived myeloid cells residing 48
days in the AD-like brain. Thus, as already concluded for peripherally-derived myeloid
cells studied in the first project aim, the repopulating myeloid cells, which normally do
not harbor processes, adapted a microglial-like morphology very quickly upon entering
the brain. Furthermore, their morphology by and large did not change over up to 48

days.

When analyzing branch points per endogenous microglial cell independent from time, a
significant reduction of ramification was detected for microglia being in plague proximity
compared to microglia being further away from amyloid deposits. As known from the
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literature, microglia have an altered morphology next to Ab plagues and thus it is not
unsurprising that the process tree of these cells is smaller and less branched, giving a
mo r e A a mappedaranicedirothe vicinity of amyloid deposits. Process tree branching
of peripherally-derived myeloid cells was overall reduced when compared to
endogenous microglia in the healthy and AD-like brain (Figure 23B; endogenous non-
AD: 27 £ 13 plaque proximity: 20 + 13 plaque distance: 34 + 18; peripheral non-AD: 15
+ 9 plaque proximity: 10 = 6 plaque distance: 15 * 8). Likewise, the sum of the lengths
of all processes per cell was significantly lower in peripherally-derived myeloid cells
compared to endogenous microglia in the healthy and in the AD context. Similarly, as
seen for the ramification branching points, the sum of the process lengths of
endogenous microglia next to amyloid plaques was decreased in comparison to
microglia being further away from deposits, possibly due to their Aiamoeboi do
morphology exhibiting shorter, less branched processes (Figure 23C; endogenous non-
AD: 539.9 + 251.2 um plaque proximity: 342.6 £ 238.8 um plaque distance: 629.0 +
282.4 pm; peripheral non-AD: 221.5 + 126.1 pm plaque proximity: 143.2 £ 75.8 ym
plague distance: 212.9 + 112.2 ym). Notably, peripherally-derived myeloid cells showed
no difference in terms of ramification and process length as a function of their distance
to amyloid plaques, most likely because the process tree of these new myeloid cells in
the brain was too small to be further decreased. The fact that peripherally-derived
myeloid cells were per se not in close contact to amyloid deposits (Figure 27B) speaks

in favor that peripherally-derived myeloid cells were not actively recruited to Ab plaques.

The reduced size and ramification of the process tree of peripherally-derived myeloid
cells was not due to a reduced number of filaments originating from the soma, as
measured by the number of primary filaments per cell, but can be ascribed to a more
distal branching point at the process arbor (endogenous non-AD: 4 * 2 plaque
proximity: 4 £ 2 plaque distance: 4 £ 1; peripheral non-AD: 4 + 1 plaque proximity: 4 + 2
plaque distance: 4 + 1; Figure 23D).

In summary peripherally-derived myeloid cells adapt a microglial-like process
morphology, including the development of processes, as soon as they enter the brain.
The amount of primary filaments, and thus the foundation of the process arbor, does not
differ between peripherally-derived myeloid cells and resident microglia in the non-AD
and AD brain. Nevertheless, peripheral myeloid cells have shorter and less branched
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processes over a time period of up to 48 days in the CNS tissue when compared to
microglia.
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Figure 23: Peripherally-derived myeloid cells have smaller and less ramified processes

independent of amyloid plaque vicinity.

(A) Process branch points, sum of process lengths and
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primary filaments per cell, i.e. processes originating from the soma, of peripherally-derived myeloid cells
over time in the non-AD (wildtype) and AD-like CNS. (B-D) Process parameters of peripherally-derived
myeloid cells and resident microglia analyzed over all time points. (B) Process branch points per cell, (C)
sum of process lengths per cell, (D) primary filaments per cell, i.e. processes originating from the soma.
One dot represents one cell from 6 (APP-, wildtype) or 4 (APP+) animals; 3 ROI per animal. Statistics: 1-
way ANOVA, significance between endogenous microglia and their peripherally-derived counterparts is
denoted as asterisk over the peripheral population.

Additionally, while resident microglia display an altered morphology with shorter, less

branched bifurcations, the morphology of peripherally-derived myeloid cells is not

influenced by the vicinity to Ab, at | east

5.3.4 Process movements of peripherally-derived myeloid cells and microglia are
reduced in the Alzheimer-diseased brain

Next, we wanted to test if peripherally-derived myeloid cell processes act normally in the
AD brain. As described, endogenous microglia continuously scan the brain environment
for pathogens by extending and retracting their processes. Thus, we quantified
retractions and extensions of peripherally-derived myeloid cells as well as endogenous
microglia after 10 dpd in the non-AD and after 13 dpd in the AD-like brain, incorporating
all imaged time points. As before, we separately analyzed cells in close proximity as
well as being more distant to Ab plaques in brains of APP+ animals. We found that
subtle process movements did not change substantially in the healthy and AD-like brain
up to 48 days in the tissue, irrespective of the distance to Ab plaques in the latter
(Figure 24A).

When pooling process extensions of all analyzed time points, peripherally-derived
myeloid cells in the healthy brain showed faster process movements (1.10 £ 0.41
pum/min) compared to their endogenous cellular counterparts (0.86 + 0.28 pm/min;
Figure 24B). In the AD-like brain, peripherally-derived myeloid cells and endogenous
microglia showed no differences with respect to the extension speed of their processes
(plaque distance: peripheral 0.96 £ 0.42 pm/min, endogenous 0.84 + 0.29 pm/min;
proximal: peripheral 0.62 + 0.25 pum/min, endogenous 0.65 * 0.25 pm/min; Figure 24B).
Nevertheless, amyloid deposits had a marked influence on process extensions, as they
significantly reduced process extension speeds of peripherally-derived myeloid cells as
well as of endogenous microglia in proximity to amyloid plaques (Figure 24B). Similarly,
process retraction speeds of peripheral myeloid cells and microglia were significantly
slowed in the vicinity of amyloid deposits (non-AD: peripheral 0.96 + 0.34 pm/min,

endogenous 0.90 £ 0.33 pum/min; plaque distance: peripheral 0.87 + 0.34 um/min,
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endogenous 0.84 £ 0.30 um/min; proximal: peripheral 0.61 + 0.24 pm/min, endogenous
0.63 + 0.26 pm/min; Figure 24C).
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Figure 24. Peripherally-derived myeloid cells are able to extend and retract their processes alike
resident microglia and are similarly paralyzed in the vicinity of Ab. Baseline movements of cell
processes measured over five minutes. (A) Peripherally-derived myeloid cell process extension and
retraction speeds over time. (B, C) Process speeds of peripherally-derived myeloid cells and endogenous
microglia analyzed over all time points for (B) extensions and (C) retractions. Statistics: 1-way ANOVA;
Differences between peripherally-derived myeloid cells and microglia are denoted as asterisk over the
peripheral cell population. One dot represents one process speed from 3 ROI per time point , 3 animals
per genotype.

Thus, peripherally-derived myeloid cells appear to be sufficiently equipped to scan the
brain environment by extending and retracting their processes in the healthy and in the
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AD-like brain. However, being in close vicinity to amyloid deposits, peripherally-derived

myeloid cell movements were reduced to the same extent as microglia cells are.

Next, we wanted to quantify the site-directed motility of peripherally-derived myeloid and
of endogenous microglia cell processes towards a laser-induced lesion in the proximity
to Ab plaques and compare this motility to results from the healthy brain, as shown in
Figure 17. Therefore, laser lesions were performed in APP+ animals upon depletion of
microglia followed by the repopulation of peripherally-derived myeloid cells. As visible in
Figure 25A, resident microglia in AD-like brains were markedly impaired in their reaction

towards a laser-induced lesion.

Figure 25: More rapid reactivity of peripherally-derived myeloid cells towards a laser-induced
lesion is paralyzed in the Alzheimer-diseased brain. Representative maximum intensity projections
from indicated time points of two-photon imaging in the AD-like brain. (A, B) Process extension towards a
laser-induced tissue lesion (highlighted by an arrow) of microglia (A) and peripherally-derived myeloid
cells (B) in the AD-like brain. (C) Quantification of site-directed process motility. One dot represents one
laser lesion from n = 5 animals per genotype; images for APP- animals are visible in Figure 17A and B,
data points from APP- animals in (C) are the same as depicted in Figure 17C. Statistics: 1-way ANOVA.
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