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1. INTRODUCTION

1.1 Microglia, the gatekeepers of the brain

Microglia were first described by the Spanish neuroscientist Pio del Rio Hortega [Del
Rio-Hortega, 1932], who named them microgliocytes and postulated that they invade
the brain during early development, have an amoeboid form during migration and ac-
quire a ramified form with many branches upon colonization of the brain. Each cell
occupies a distinct territory and upon a pathological event, they undergo transforma-
tion into a different phenotype (see fig.1.1). All these postulates still hold true today,
80 years after they were first published. The exact origin of microglia was under debate
until recently, when Ginhoux and colleagues showed in an in vivo lineage tracing study
that microglia arise from myeloid progenitor cells and migrate from the yolk sac to
the central nervous system (CNS) between embryonic day 8.5 (E8.5) and E9.5 [Gin-
houx et al., 2010]. Upon invading the brain as amoeboid cells, microglia extend their
branches and acquire a ramified morphology, characterized by small soma and long, thin
processes. This phenotype was previously considered as a "resting” state, however, this
view has been challenged by Nimmerjahn and colleagues, who discovered that microglia
constantly scan their environment and rapidly respond to injury [Davalos et al., 2005;
Nimmerjahn et al., 2005]. Microglial processes are highly motile and protrude and
retract rapidly, while the cell bodies remain immobile. The endings of the processes
often contact other cells, as well as synapses, and play a crucial role in synaptic pruning
during development [Wake et al., 2009; Paolicelli et al., 2011]. Microglia are considered
to be the immune cells of the brain and represent the first line of defense against an
immune challenge in the CNS. In fact, any disturbance in the normal brain physiology,
like trauma, ischemia, neurodegenerative disease or neuronal signal is sensed by mi-
croglia and induces a rapid shift of state toward activation [Hanisch and Kettenmann,
2007; Kettenmann et al., 2013]. The cells acquire an amoeboid morphology with less
branches and bigger cell soma and can start migrating, become phagocytic, proliferate

and release a large number of molecules, such as different cytokines and chemokines.
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Figure 1.1: The work of the spanish neuroscientist Pio del Rio Hortega. A: Portrait
of Del Rio Hortega (1882-1945) at work. B: Drawing of ramified microglia. C:
Silver carbonate impregnation pictures of microglial cells during different stages of

activation after entorhinal cortex lesion. Original pictures were published in Del
Rio-Hortega [1919] and Del Rio-Hortega [1932].

1.1.1 Factors controlling microglia activation

The concept that microglial transition from ”resting” to ”activated” state occurs like a
switch is no longer valid today. It is rather considered that instead of an all-or-nothing
process, activation occurs as a gradual shift of activity states, which is adaptable and
context-dependent [Hanisch and Kettenmann, 2007]. What factors can induce this
change in microglial function and phenotype? Signals can be generally divided into
two main categories: molecules, which are either not present under physiological con-
ditions, or normally do not reach critical concentrations, act as ”ON” signals, whereas
molecules, which are released from neurons under normal conditions and have a calm-
ing effect on microglia, serve as ”OFF” signals [Biber et al., 2007]. Both the presence
of ON signals, as well as the disturbance or decrease of OFF signals, are sensed by
microglial cells and lead to their activation. ON signals are mostly recognized by
pattern-recognition receptors (PRRs), which can recognize both pathogen-associated
molecular patterns (PAMPs), usually microbial components, and damage-associated
molecular patterns (DAMPs), danger indicators released in the context of tissue injury.
One of the most prominent PRR families is the toll-like receptor (TLR) family. So
far, 13 TLRs have been described, which are expressed on the cell surface or in the

endosome. TLRs can be activated by both exogenous factors such as cell wall compo-
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nents and surface structures, microbial, bacterial or viral DNA or RNA or endogenous
molecules, e.g. HMGBI, fibronectin, versican, fatty acids and heat shock proteins, to
name a few. Most insights in TLR-mediated microglia activation come from in witro
studies of cultured microglia, which have been treated with lipopolysaccharide (LPS),
a cell-wall component of gram-negative bacteria. Other components, which can lead
to microglial activation or modulate microglial responses, are cytokines, chemokines,
complement factors, neurotrophic factors, neurotransmitters, neurohormones and many
more [Kettenmann and Ransom, 2013]. Well-studied OFF signals are members of the
immunoglobulin family (IgGS) such as CD200 and CD47, which suppress activation of
myeloid cells, as well as fractalkine (CX3CL1) [Biber et al., 2007].

1.1.2 Microglial migration

Upon activation, microglia can acquire a migratory phenotype and instead of only
extending and retracting their processes, can translocate the whole cell body to a site
of injury. It has been shown that microglia can already start migrating 24 hours after
tissue damage and can reach a speed of up to 10 pm/min, depending on the stimulus
which triggered migration [Carbonell et al., 2005]. Microglial migration can be triggered
by chemokines, such as Cba, neurotrophic factors, like glial cell-derived neurotrophic
factor (GDNF) [Ku et al., 2013] and the danger signal adenosine-5’-triphosphate (ATP).

1.1.3 Microglial phagocytosis

Microglia serve as the intrinsic macrophages of the brain and can also acquire phago-
cytic activity. The uptake of extracellular elements is called endocytosis and can be
divided into three main types:

e Receptor-mediated endocytosis: molecules bind to their specific receptors
and the complex is internalized by coated pits-mediated vesicle formation in the cell
membrane.

e Pinocytosis: describes the uptake of soluble molecules via invaginations of
the cell membrane which become vesicles upon closure

e Phagocytosis: the internalization of solid particles in endosomes which later
fuse with lysosomes for enzymatic digestion [Napoli and Neumann, 2009].

Phagocytic microglia acquire an amoeboid form and express macrophage markers like
CD68 on the surface [Streit et al., 1999]. Phagocytosis can be triggered by different
factors, like TLR activation by bacterial components, and is important for removal of
apoptotic cells, necrotic tissue or microbes. ”Find me” signals are diffusible molecules,
released from apoptotic cells to attract phagocytic cells to their proximity [Ravichan-
dran, 2011]. Described ”find me” signals include lipid lysophosphatidylcholine (LPC),
sphingosine 1-phosphate (S1P), the fractalkine CX3CL1 (which binds to the CX3CR1
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receptor), and the nucleotides ATP and UTP (uridine-5’-triphosphate), recognized by
purinergic receptors [Lauber et al., 2004; Koizumi et al., 2007; Gude et al., 2008; Tru-
man et al., 2008]. Interestingly, ”find me” signals are usually released during the early
stages of apoptosis, when the apoptotic cells are still intact, so that fast recruitment
of phagocytes is ensured. In contrast to necrosis, when vast amounts of nucleotides
leak out in the extracellular space, during apoptosis ATP and UTP are subject to reg-
ulated release via the plasma membrane channel pannexin 1 (PANX1). Silencing of
PANX1 expression in apoptotic Jurkat cells resulted in reduction of both nucleotide
release and monocyte recruitment [Chekeni et al., 2010]. When the phagocyte reaches
the apoptotic cell vicinity, it needs to specifically recognize the dying cell among all the
living ones in the surroundings. Apoptotic cells express surface markers which ensure
proper recognition by the phagocytes - the so called ”eat me” signals. Typical ”eat
me” signals are phosphatidylserine (PS), the intercellular adhesion molecule-1 (ICAM-
1), and calreticulin [Lauber et al., 2004; Nagata et al., 2010]. PS is one of the most
investigated ”eat me” signals: it is usually expressed in the inner leaflet of the plasma
membrane and upon apoptosis induction, it is exposed to the outer leaflet to provide
a specific marker for recognition by phagocytes [Fadok et al., 1992; 2001]. PS can be
recognized by phagocytes either directly via members of the T cell immunoglobulin and
mucin (TIM) family (TIM1, TIM3 and TIM4) [Kobayashi et al., 2007; Miyanishi et al.,
2007; DeKruyff et al., 2010], brain angiogenesis inhibitor 1 (BAI1) [Park et al., 2007] or
Stabilin-2 [Park et al., 2008], or indirectly with the help of the soluble protein milk fat
globule-EGF-factor 8 (MFG-E8) which acts as a bridging molecule [Hanayama et al.,
2002].

Pathogen-associated non-self factors, like components of bacterial cell walls (e.g. LPS)
or viral RNA, are recognized by PRRs such as the TLRs, but also by the complement
receptors, FcReceptors and scavenger receptors and induce not only phagocytosis, but
also the polarization of the phagocytes towards a pro-inflammatory phenotype, which

is accompanied by cytokine release [Napoli and Neumann, 2009].

1.1.4 Release of cytokines

Activated microglia are able to produce a variety of cytokines and chemokines, which
can then act on neighboring cells (paracrine signaling) or on microglia themselves (au-
tocrine signaling). Although secreted factors usually only affect the surrounding tissue,
long-term effects of microglia-derived cytokines have been shown to have an influence on
recruitment of peripheral cells to the brain, on astrocytes, on oligodendrocytic growth
and myelination, as well as on neuronal activity [Balasingam et al., 1994; Rothwell
et al., 1996; Hanisch, 2002].
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1.1.5 Proliferation

Activated microglia can not only change their functional properties, but also can start
proliferating. Microglial proliferation in vivo has been mostly studied in models of acute
or chronic nerve injury. As early as 12 hours after a lesion, the cells acquire mitotic
activity, which can persist for days and even weeks after [Tonchev et al., 2003; Ladeby
et al., 2005a]. Apart by injury, proliferation can also be induced by stroke, infection
and neurodegenerative diseases (e.g. prion disease) [Ladeby et al., 2005b; Gémez-Nicola
et al., 2013]. It is believed that these stimuli induce the production of promitotic factors,
such as macrophage colony stimulating factor (M-CSF) and granulocyte-macrophage
colony stimulating factor (GM-CSF), but also cytokines, chemokines and purines, like
ATP [Kettenmann and Ransom, 2013]. All these factors can subsequently activate
signaling pathways which ultimately induce gene transcription and cell cycle regulation

leading to increased proliferation.

1.1.6 Activation states of microglia

Microglial cells possess a functional plasticity and can commit to different reactive
phenotypes depending on the extracellular signals. There is accumulating evidence
that the transition to an activation state occurs gradually, rather than as a switch
[Hanisch and Kettenmann, 2007]. Moreover, clear-cut activation states cannot be found
in vivo, where a mix of differentially activated microglia is observed [Scheffel et al., 2012;
Hanisch, 2013]. Recent studies based on transcriptome analysis suggest an activation
spectrum model for macrophages in vivo, extending beyond the current M1/M2 model
[Xue et al., 2014]. However, in vitro studies provide an opportunity to study cells in
an isolated system, where distinct activation states are inducible by cytokine treat-
ment [Pannell et al., 2014]. Microglia share many properties with peripheral tissue
macrophages, thus we can employ the well-studied activation states in macrophages as
a framework for in vitro studies in microglia. In this work, the following three activa-
tion states were induced in microglia in vitro: Classical activation (also termed M1
activation), which occurs following a bacterial infection, probably the best studied acti-
vation state, can be induced by activation of TLR signaling, for example through LPS
stimulation in vitro. It is characterized by the release of pro-inflammatory cytokines,
especially TNFa, IL1-8 and nitric oxide, proliferation and decreased migration and
phagocytosis [Martinez et al., 2008]. Alternative activation (M2a activation) can
be induced in vitro by the Th2 cytokines 1.4 and IL13, released in response to large
parasites. Alternatively activated macrophages acquire tissue-repair and phagocytic
properties and upregulate mannose, arginase and scavenger receptors [Martinez et al.,
2009]. The third phenotype is the least well defined. Acquired deactivation (M2c)
is induced by the anti-inflammatory cytokines, secreted by T,.gs, IL10 and TGFS3,
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but also by apoptotic cells and glucocorticoids. Macrophages in the acquired deactiva-
tion state support resolution of inflammation by secretion of anti-inflammatory factors
[Martinez et al., 2008; Mosser and Edwards, 2008]. Although many differences between
microglial and macrophage reactive phenotypes have been found [Regen et al., 2011],
the general properties of the reactive phenotypes are similar in both cell types. Figure

1.2 provides an overview of the activation paradigms, used in this work.

M1 phenotype
(classical

activation)
control IL4,IL13 M2a phenotype
. _—
(ra.mlﬁefﬂ (alternative
microglia activation)
4
Q
A 7(;#
M2c phenotype
(acquired

deactivation)

Figure 1.2: Activation states of microglia. In vitro treatment with LPS, IFN~
or Poly I:C induces a transition in the M1 (classical activation) phenotype, while
IL4/IL13 induce the M2a (alternative activation) and IL10/TGF/ induce the M2c
(acquired deactivation) phenotype.

1.2 Astrocytes

Astrocytes (from greek: star-(shaped) cell), another type of glial cell, are believed to
be the most abundant cells in the CNS. They comprise a rather heterogeneous cell
population: fibrous astrocytes are present in the white matter and contact Nodes of
Ranvier and blood vessels, while protoplasmic astrocytes are found in the grey matter
and enwrap synapses and blood vessels. Radial glia are a type of bipolar astrocytes
which are mostly found during development. Most astrocytes express the intermediate
filament glial fibrillary acidic protein (GFAP), which is commonly used for their his-
tological identification. Astrocytes have many functions in the healthy CNS, the most
important ones so far described being:

e Metabolic support of the neurons by producing, storing and supplying them
with glycogen and lactate [Bélanger et al., 2011]
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e Release and uptake of neurotransmitters such as glutamate, GABA and
ATP at the tripartite synapse, which ensure a tight regulation of neurotransmitter con-
centrations in the synaptic cleft and a modulation of synaptic transmission [Ventura
and Harris, 1999]

e Participating in the blood-brain barrier by contacting blood vessels with
their endfeet and regulation of the blood flow by release of vasodilating or constricting
molecules [Attwell et al., 2010]

e Support of myelination executed by oligodendrocytes [Ishibashi et al., 2006]

e  Regulation of the cation concentration in the extracellular space by rapidly
reducing excess potassium concentrations which might otherwise lead to neuron depo-
larization [Walz and Hertz, 1983]

Apart from their many functions in the healthy brain, astrocytes also respond to many
pathologies through so-called reactive astrogliosis, which may culminate in the forma-

tion of a glial scar.

1.2.1 Astrocytic calcium waves

Although many important astrocytic functions had been explored for a number of years,
the finding that astrocytes express different membrane receptors which enable them to
respond to neuronal activity by an increase of calcium levels were paradigm-shifting
for the glia field, since they opened the possibility that astrocytes can be involved in
CNS information processing [Scemes and Giaume, 2006]. Astrocytes are connected
to each other via gap junctions (GJ) and build an electrically coupled syncytium. In
1990, Cornell-Bell and colleagues made the exciting observation that stimulation of a
monolayer of hippocampal astrocytic cultures with glutamate leads not only to a local
increase of intracellular calcium, but also to activation of adjacent cells in a wave-like
fashion [Cornell-Bell et al., 1990]. This phenomenon was termed intercellular calcium
wave (ICW). ICWs can be evoked not only in witro, but also in acute brain slices,
where fewer cells participate in a wave. In vivo, calcium waves occur under physiolog-
ical conditions in the hippocampus and the cerebellum [Nimmerjahn et al., 2009] and
also in pathology, for example in Alzheimer’s disease (AD) [Kuchibhotla et al., 2009].
The number of cells participating in a wave depends on the brain region [Blomstrand
et al., 1999]. ICWs can occur spontaneously or upon induction via pharmacological
(e.g. glutamate application), electrical or mechanical stimulation (pipette touch of a
single astrocyte) [Charles, 1998] and they spread to neighboring cells via diffusion of
inositol trisphosphate (IP3) through GJs [Charles et al., 1993]. Interestingly, ICWs
can spread even if astrocytes are not confluent and cross cell-free areas, thus it was hy-
pothesized that activated astrocytes can release a factor which is sensed by neighboring
cells [Hassinger et al., 1996]. Guthrie et al. identified the extracellular component as

ATP [Guthrie et al., 1999], which is released by the astrocytes participating in the wave



Introduction

[Cotrina et al., 1998] and activates other astrocytes in a paracrine fashion by acting
on purinergic receptors [Fumagalli et al., 2003]. Nowadays, it is generally accepted
that both intra- and extracellular pathways are working in conjunction to enable the
spread of an ICW. On the one hand second messengers, which can mobilize Ca?* are
transferred via GJs from the cytosol of one cell to its neighbor; on the other hand there
is de movo generation of second messengers via activation of P2 receptors on the cell

surface by extracellular ATP [Scemes and Giaume, 2006].

1.3 Purinergic signaling

Purinergic signaling is a form of extracellular signaling which involves the action of
nucleotides and nucleosides on purinergic receptors [Burnstock et al., 2010]. It is one of
the most widespread intercellular signaling systems in living tissue and has so far been
found not only in vertebrates and many invertebrates, but even in plants [Choi et al.,
2014]. More than 230 years ago, uric acid, a breakdown product of purine nucleotides,
was first isolated by the Swedish pharmacist Scheele [Scheele, 1776], a discovery which
is now considered as the birthdate of purinergic signaling. Later on, more purines
and pyrimidines were discovered by Ludwig Kossel [Bendich A, 1955]. Of particular
importance for the field of purinergic signaling was the work of Emil Fischer, who
elucidated the structure of purines and was awarded the Nobel Prize for his discoveries
in 1902 [Fischer, 1907]. In 1929, ATP was discovered by Karl Lohmann in Germany
[Lohmann, 1929] and in the following decade, its role in the energetics of the cell was
established.

1.3.1 Extracellular nucleotides and purinergic receptors

Nucleotides are organic molecules — subunits of DNA and RNA. They consist of a
sugar (ribose or deoxyribose), nitrogenic base (also called nucleobase) and one to three
phosphate groups. A nucleotide without any phosphate groups is called nucleoside.
The nucleobase can be either a purine (adenine or guanine) or a pyrimidine (thyamine,
uracil or cytosine). Nucleoside triphosphates - ATP, GTP, UTP and CTP - play an
important role in the metabolism of the cell. Within the cell, ATP is an energy cur-
rency, but once released in the extracellular space, it activates purinergic receptors.

Release of nucleotides can occur via different mechanisms. Large amounts of nucleotides
are released upon cell damage, for example in the context of tissue injury or inflam-
mation. Under physiological conditions, small amounts of nucleotides can be released
via ATP release channels, nucleotide transporters or via vesicular exocytosis [Yegutkin,

2008] (for an overview, see Fig.1.3).
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Figure 1.3: Nucleotide release in the extracellular space can occur via cell dam-
age, ATP release channels, nucleotide transporters or via vesicular endocytosis.
Modified from Yegutkin [2008].

Purinergic receptors are expressed in almost all mammalian tissues and are involved
in important physiological processes such as learning and memory, locomotion, feed-
ing and sleep [Burnstock et al., 2010]. They are divided into three classes: P1, P2X
and P2Y. P1 receptors are G-protein coupled receptors which respond to adenosine.
Four subtypes have been described so far — Aj, Asa, Asp and As. P2X receptors are
ligand-gated channels which open a pore permeable to cations (Nat, KT and Ca?")
upon binding ATP. The pore is built by three monomers which can be organized as
homomers or heteromers. Seven subtypes of P2XR are known so far: P2X;-P2X;
[Abbracchio et al., 2009]. In the context of immunity, P2X, and P2X7 have received
special attention. P2Y receptors are G-protein coupled receptors which consist of seven
transmembrane domains and can be activated by different nucleotides including ATP.
Currently, eight P2Y receptors have been identified, each having a different affinity to

nucleotides. Figure 1.4 provides an insight into the mechanism of action of P2R.
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Figure 1.4: Receptors of the P2 family. Modified from Bucheimer and Linden
[2004].

Functional purinergic receptors are expressed by all glial cells, both in the central
(CNS) and the peripheral (PNS) nervous systems. In neuronal-glial and glial-glial com-
munication, purinergic signaling plays a crucial role. ATP has been recognized to act
either as a co-transmitter or as a sole transmitter in most neurons of the CNS and PNS
[Burnstock, 2007]. ATP released from astrocytes is important for generation and prop-
agation of astrocytic calcium waves. On microglia, ATP and other nucleotides regulate
pathological functions like motility, phagocytosis and proliferation. Two main mecha-
nisms ensure the proper coordination of ATP activation of microglia - first, by intrinsic
regulation of P2 receptor expression and sensitization and second, by cell surface en-

zymes, which control the extracellular concentration of nucleotides: ectonucleotidases.

1.3.2 Ectonucleotidases

Ecto-enzymes are catalytically active membrane located proteins which have their ac-
tive sites outside the cell [Goding, 2000]. They can be divided in two main classes:
nucleotidases and peptidases. Ecto-enzymes are involved in local control of various
factors — cytokines, hormones — which modulate cellular functions like cell growth, dif-
ferentiation and chemotaxis. Ectonucleotidases are ecto-enzymes, able to hydrolyze

nucleotides to nucleosides under the release of inorganic phosphate. FEctonucleoti-

10



Introduction

dases can be divided into 4 families: ecto-nucleoside triphosphate dyphosphohydrolases
(E-NTPDases), ectonucleotide pyrophosphatase/ phosphodiesterases (E-NPP), alkaline
and acid phosphatases (ALP and ACP) and ecto-5-nucleotidase (CD73) [Zimmermann
et al., 2007]. The E-NTPDase family comprises of 8 members, termed E-NTPDase 1-8
[Robson et al., 2006]. Four of these proteins are surface-located with their catalytic site
facing the extracellular space (NTPDase 1, 2, 3 and 8). NTPDases 4, 5, 6 and 7 have
an intracellular localization, and only NTPDases 5 and 6 can be secreted. All NTP-
Dases hydrolyze nucleotide triphosphates, especially ATP and UTP, equally well, but
have different substrate specificities to nucleotide diphosphates. The surface-located
enzymes are inactive in absence of Ca?t and Mg?* ions [Kukulski et al., 2005]. Differ-
ences in catalytic activities between subtypes could be explained as a consequence of
their different sequences and structures [Grinthal and Guidotti, 2004]. Functional dif-
ferences of the enzymes account for different activation of P2 receptors by the respective
nucleotides: for instance, NTPDasel hydrolyzes ATP (almost) directly to adenosine-5'-
monophosphate (AMP) while NTPDase2 hydrolysis of ATP leads to an accumulation
of adenosine-5’-diphosphate (ADP) which can activate diphosphate-sensitive P2Y re-
ceptors. The slower action of NTPDase3 and 8 leads to simultaneously present tri- and
diphosphonucleosides [Robson et al., 2006]. Altogether, different substrate specifici-
ties of the NTPDases lead to different compositions of tri- and di-phosphonucleotides
in the extracellular space, which activate different purinergic receptors, thus a finely-
tuned purinergic signaling balance is ensured. Structurally, all NTPDases consist of five
"apyrase conserved regions” — ACR1 to 5 — and form homo-oligomeric assemblies, for
example dimers, trimers or tetramers [Schulte am Esch et al., 1999]. The surface-located
NTPDases (1, 2, 3 and 8) are anchored to the cell membrane by two transmembrane do-
mains (TMD), which may change their position relative to each other upon nucleotide
binding and also induce conformational changes, thus influencing enzymatic function
[Grinthal and Guidotti, 2006]. NTPDase expression has been found in virtually all
tissues and since they play an essential role in the vasculature, the immune system and

the CNS, NTPDase research has been mainly focusing on these areas.
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Figure 1.5: Nucleotide metabolism in the extracellular space. After release, ATP
can activate purinergic receptors (P2X or P2Y) and be metabolized to adenosine
by the ectonucleotidases CD39 and CD73. Adenosine (Ado) can activate adeno-
sine receptors (AdoR) and get hydrolyzed to inosine (Ino) by adenosinedeaminase
(ADA). Within the cell, ATP can be converted to ADP and AMP. AMP can be
hydrolyzed to adenosine by cytosolic 5-nucleotidase (cyto 5°NT). Adenosine can be
converted to AMP by adenosine kinase (AK). Modified from Zhou et al. [2010].

1.3.3 The ectonucleotidase CD39

One of the most prominent members of the NTPDase family, CD39 (NTPDase 1),
was first identified on the surface of activated natural killer (NK) cells, B cells and
subsets of T cells, but not in the resting state of these cells [Kansas et al., 1991].
It was also found on many different types of endothelial cells and it was proposed
that it plays a role in lymphocyte adhesion. A few years later, Wang and Guidotti
described sequence homology of Cd39 with that of potato apyrase and were also able to
show that COS-7 cells transfected with C'd39 recombinant cDNA have apyrase activity
[Wang and Guidotti, 1996]. Kaczmarek et al. cloned human CD39 and found that it
is functionally identical with the vascular ATPDase [Kaczmarek et al., 1996]. CD39
was then called ”ecto-ATP diphosphohydrolase” because it is able to hydrolyze both
ATP and ADP [Goding, 2000]. Since the nomenclature so far was quite chaotic, at
the Second International Workshop on Ecto-ATPases and Related Ectonucleotidases
[Zimmermann et al., 1999] it was decided, that the CD39 family should be termed E-
NTPDase family and its members should be numbered in the order of discovery. Since,
the official name of CD39 is E-NTPDase 1, although both are commonly used. In this

work, I will use the name CD39 for practical reasons.
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1.3.3.1 Distribution and functional properties

CD39 expression was found to be present not only on immune cells, but also in human
placenta, lung, skeletal muscle, kidney and heart, but not in the brain [Kaczmarek et al.,
1996]. Later studies suggested CD39 expression in neurons and astrocytes, however,
Braun et al. and colleagues suspected cross-reactivity of antibodies, binding to other N-
TPDases, and assigned CD39 expression in the CNS exclusively to microglial cells and
the vascular endothelium [Braun et al., 2000]. Interestingly, the N-terminal domain of
the protein, which is located in the plasma membrane, is palmitoylated, which raises the
possibility that CD39 can be recycled and does not always require de novo formation
[Robson et al., 2006]. Similarly to the other members of the NTPDase family, CD39
requires calcium (Ca?t) or magnesium (Mg?*) ions (ca. 1.8 mM) and a pH range
between 7 and 9.5 for maximal activity [Kukulski et al., 2005]. A very important
property of CD39 is its Michaelis constant (K,,). In enzyme kinetic reactions, K,
describes the concentration of the substrate at which half of the V4, (the maximum
rate, achieved by the system) is reached. CD39 has a K,,, (for ATP) of 17 uM (human)
and 12 pM (murine), it is thus much more effective than other NTPDases in removing
very low concentrations of nucleotides from the extracellular space and in terminating
purinergic signaling, because the ECsq values of the P2 receptors lie in the range of
activity of the enzyme. The importance of CD39 for control of purinergic signaling
is further underlined by a FRET study, showing that G-protein coupled purinergic
receptors form heterooligomers not only with each other, but also with CD39 [Schicker
et al., 2009].

A Domain Il Domain |

Iib

Plasma membrane

Figure 1.6: Structure of the ectonucleotidase CD39. A: Membrane topology of
the surface-located CD39 with two transmembrane domains. From Robson et al.
[2006]. B: Proposed crystal structure of the prokaryotic NTPDase from Legionella
pneumophila, which is a functional and structural homolog to the eukaryotic one.
From Vivian et al. [2010].
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1.3.3.2 CD39 in the immune system

ATP can be released after cell lysis (in very high concentrations) upon injury, trauma or
inflammation — or via several non-lytic mechanisms at lower concentrations [Yegutkin,
2008]:

e  Exocytosis

e  Nucleotide-permeable channels (hemichannels, P2X7R etc.)

e  Transport vesicles

e  Lysosomes
Upon release, ATP is rapidly metabolized on the cell surface to AMP by CD39 and fur-
ther to adenosine by CD73. The presence of ATP is characteristic of a pro-inflammatory
environment, while adenosine has an anti-inflammatory effect. In this perspective,
CD39 and CD73 are regarded as an ”immunological switch”, crucial for maintaining
the balance between ATP and adenosine in the extracellular space and thus for fine-
tuning cellular functions [Antonioli et al., 2013]. There is increasing evidence that
the CD39/CD73 pathway can change dynamically in the pathophysiological context
of many diseases, such as diseases of the immune system, cancer and even schizophre-
nia [Schetinger et al., 2007; Aliagas et al., 2013; Antonioli et al., 2013; Bastid et al.,
2013]. CD39 was first discovered and described as an activation marker on lympho-
cytes [Kansas et al., 1991]. Foxp3™' regulatory T cells (T,¢,), which are responsible
for limiting the size of inflammation and for preventing autoimmunity, show very high
surface expression of CD39 and its enzymatic activity correlates with the activation
status of the cell [Schuler et al., 2011]. The ATP metabolizing activity is crucial for
the immunosuppressive function of T, cells and also supports their invasion into the
inflamed tissue [Borsellino et al., 2007]. Adenosine generation is part of an autocrine
loop, through which T,.,4 cells expand and reinforce their immunosuppressive activity
[Ohta et al., 2012]. T helper cells (T;17) also express both CD39 and CD73 and this
expression is regulated by factors, which induce Ty17 differentiation - IL6 and TGFS
[Chalmin et al., 2012]. Neutrophils, the first cells to respond in acute inflammation and
to migrate toward a source of chemokines, express CD39, which is involved in creating

an ATP gradient, supporting their chemotaxis [Chen et al., 2006].

1.3.4 Purinergic signaling and microglia

Purinergic signaling is involved in a variety of microglial properties, including phago-
cytosis, motility and chemotaxis. The first observations on purinergic modulation of
microglial motility were published by Honda et al. [2001], who saw that application of
ATP or ADP, but not adenosine, induces membrane ruffling in primary rat cultured
microglia. Furthermore, they observed that ATP and ADP induce chemokinesis in the

Boyden chamber assay as well as chemotaxis in the Dunn chamber. By using purinergic
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signaling blockers, these effects were assigned to G-coupled P2Y receptors. The next
crucial study on microglial motility was published by Nimmerjahn et al. [2005]. In an
i vivo setting of the mouse brain where in the microglia one copy of the fractalkine
gene locus (Cz3crl) was exchanged for enhanced green fluorescent protein (EGFP),
they observed that the microglia are in fact highly motile in their previously assumed
"resting” state. While the cell somata remain immotile, the processes are constantly
extended and retracted, an observation which was termed as a ”scanning” behaviour.
Upon a laser-induced micro-stroke, the microglia nearby extended their processes to-
wards the site of the damage, while retracting the processes on the opposite side. These
results were confirmed by Davalos et al. in a more extensive study. Since a local ATP
application via a pipette induces a similar response, which is abolished by apyrase (an
enzyme, which rapidly degrades ATP), ATP was recognized as the molecule triggering
the microglial response to the laser lesion. In the laser lesion setting, damaged cells
release high amounts of ATP which is sensed by microglia in the vicinity. Since in mice
lacking P2ry12 the microglial response to laser lesion is abolished [Haynes et al., 2006],
this response was attributed to the P2Y 15 receptor. The process extension is very rapid
and within minutes, the lesion site is ”engulfed” by the microglial growth cones and the
damage site is reduced. If the response of the microglia is blocked, for example by appli-
cation of C1~ channel blocker tamoxifen or actin polymerization inhibitor Latrunculin
B, the damage spreads further in the brain parenchyma [Hines et al., 2009]. Later it was
also shown that P2Y 5 receptor activation by ATP/ADP requires phosphatidylinositol-
3’-kinase (PI3K) and phospholipase C (PLC) pathway activation and that the process
extension depends on integrin-# activation which then accumulates in the tips of the
microglial processes to facilitate their extension [Ohsawa et al., 2010]. While microglia
extend their processes toward an ATP source, they simultaneously retract the processes
on the opposite side, which is mediated by activation of the adenosine Ay 4 receptor by
the breakdown product of ATP — adenosine [Orr et al., 2009]. Microglia, lacking the
A receptor or the ectonucleotidase CD39 do not migrate upon stimulation of P2Yqs
receptors, even though adenosine alone has no effect [Farber et al., 2008]. Migration
is restored by adding either adenosine or soluble CD39. Thus, microglial migration
depends on a finely balanced interplay between ATP activating P2Y 5 receptor and its
metabolite adenosine acting on the A; receptor [Koizumi et al., 2013]. Upon migrating
to the site of injury, microglia can become phagocytic, a process mediated by UDP
that leaks from dying or injured cells and activates microglial P2Y¢ receptors [Koizumi
et al., 2007]. UDP is considered as a "find me” phagocytic signal, as it is transiently
available upon release and quickly metabolized by cell surface enzymes and does not
activate other P2 receptors besides P2Y¢ [Koizumi et al., 2013]. Interestingly, UDP
differs from ATP in one crucial aspect: it is a spatiotemporally restricted signal. This

and the fact that UDP does not activate P2Y 15 receptors means that microglial migra-
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tion and phagocytosis are regulated by two distinct mechanisms. Koizumi et al. [2013]
proposed a model for a modal shift of microglial function during activation: the mi-
grational phenotype triggered by P2Y 5 receptor activation transitions to a phagocytic
phenotype by downregulating P2ry12 expression and upregulating P2ry6 expression,
as shown in figure 1.7.
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Figure 1.7: A proposed model for a modal shift of microglial receptor expression,
phenotype and function during activation. A: Upon nucleotide binding, P2ry12
expression is downregulated and P2ry6 expression is upregulated. B: Changes in
P2ry expression are key for the transition of activated microglial cells from the

resting via the migratory to the phagocytic phenotype. Modified from Koizumsi
et al. [2013].

1.3.4.1 CD39 and microglia

One major player in purinergic signaling apart from the nucleotides and their respective

receptors, are the ectonucleotidases which regulate the concentration of nucleotides
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in the extracellular space. CD39 is the only ectonucleotidase expressed by microglia
and its importance for proper microglial function has been extensively studied in our
lab. In 2006, Farber et al. observed that in Cd39~/~ cells, ATP does not induce
migration, in contrast to wildtype cells [Farber et al., 2008]. ATP-induced migration
could be restored either by the addition of soluble CD39 (apyrase), or by NECA, a non-
hydrolysable analogue of adenosine. Moreover, microglial migration was also disrupted
in microglia derived from mice lacking the A; adenosine receptor. The authors conclude
that migration depends on both ATP and its metabolite adenosine. CD39 seems to be
instrumental for achieving the nucleotide/nucleoside balance necessary for microglial
migration. Microglial CD39 is also important for the phagocytic activity of the cells
[Bulavina et al., 2013]. Cd39~/~ microglia have higher phagocytic activity, which
cannot be further enhanced by the addition of ATP in contrast to wildtype cells. Either
blocking of purinergic receptors with PPADS or activation of adenosine receptors with
NECA decreases phagocytosis in both wildtype and knockout microglia. Since Cd39~/~
microglia are unable to metabolize ATP, which reflects on the overall ATP degrading
activity of brain tissue, the authors proposed that the lack of CD39 leads to chronically

elevated ATP levels which induce constant phagocytic activity.

1.3.4.2 The Cd39 /'~ mouse model

Mice deficient in CD39 in all tissues were generated by homologous recombination
and characterized by Keiichi Enjyoji in 1999 [Enjyoji et al., 1999]. Developmental or
reproductive abnormalities were detected neither in the homozygous Cd39~/~ nor in
the heterozygous Cd39t/~ animals. Plasma levels of both ATP and ADP were nor-
mal. However, these mice showed abnormal counts and function of peripheral blood
platelets, resulting in significantly prolonged bleeding times from 1 minute in wildtype
animals to up to 7 minutes or even 20 minutes in the knockouts, probably due to P2Y,

receptor desensitization on the platelets.

Purinergic signaling is a fundamental system, found in all cell types. There is emerging
evidence for purinergic disbalance in many CNS pathologies, which are tightly linked to
microglial function. For instance, in schizophrenia brains, a shift in the ATP /adenosine

ratio has been proposed [Boison et al., 2012].

1.4 Schizophrenia

Schizophrenia (from Greek, ”splitting of the mind”) was first termed by the Swiss psy-
chiatrist Paul Eugen Bleuler in 1908, when he realized that the previously accepted
name of the disease, dementia praecor, was rather inaccurate. Schizophrenia is a de-

bilitating and deteriorating disorder, mainly characterized by five groups of symptoms
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[van Os and Kapur, 2009]:
1) Positive symptoms (psychosis and hallucinations)
2) Negative symptoms (such as social withdrawal and motivation loss)
3) Cognitive deficits (memory and attention are usually affected)
4) Affective dysregulation consisting of both
a. Depression and/ or
b. Mania.
It is also termed as a non-affective psychosis, with a higher prevalence of the negative
symptoms and less depression and mania compared to bipolar disorder. Schizophrenia
is usually diagnosed in early adulthood in 0,3-0,7 % of the general population, and
men are more likely to be affected than women [McGrath et al., 2008]. Life expectancy
in patients is decreased by 12-15 years, not only due to higher suicide rates but also
due to socioeconomic and lifestyle factors, influenced by the disease [Saha et al., 2007]
or the treatment. Schizophrenia is currently treated with antipsychotic drugs, which
block the dopamine Dy receptor, however they only ameliorate the positive symptoms

of the disease and often induce metabolic or motor side-effects [Leucht et al., 2009].

1.4.1 The dopaminergic / glutamatergic hypothesis

Our current understanding of the pathophysiology of schizophrenia is based largely on
the theory of neurotransmitter disbalance. In particular, dopamine hyperfunction and
glutamate hypofunction seem to play a major role. Dopamine is a neurotransmitter,
which is involved in motor control, motivation and reward. The dopaminergic hypoth-
esis bases on the observation that many antipsychotic drugs are in fact blockers of the
D3 receptors, whereas amphetamine, which induces dopamine release, exacerbates psy-
chotic symptoms [Seeman et al., 2006]. Positron emission tomography (PET) imaging
studies have found increased basal occupation of DosR [Abi-Dargham et al., 2000],
higher dopamine turnover [Lindstrém et al., 1999] and increased amphetamine-induced
dopamine release in the brains of schizophrenic patients [Laruelle and Abi-Dargham,
1999]. Glutamate, the main excitatory neurotransmitter in the vertebrate CNS, acts
on ionotropic (AMPA, NMDA and kainate) and metabotropic (mGlu) receptors. The
glutamatergic system dysfunction hypothesis in schizophrenia has been proposed, be-
cause NMDA receptor antagonists induce the positive, the negative and the cognitive
effects of schizophrenia [Olney and Farber, 1995]. In addition, treatment with glycine
or glycine reuptake inhibitor leads to a reduction in the negative symptoms [Tsai et al.,
2004].

18



Introduction

1.4.2 The adenosine hypothesis

Current pharmacotherapy of schizophrenia relies on dopaminergic treatment, which
only affects the positive symptoms of the disease and is accompanied by unwanted
side effects. On the other hand, inhibition of the glycine receptor Glyt1l has shown to
be promising for ameliorating the negative and cognitive symptoms of schizophrenia
[Yee et al., 2006]. Thus, an approach which would modulate both the dopaminergic
and glutamatergic system dysfunctions is required. Adenosine, a homeostatic bioen-
ergetic network regulator, would make an excellent candidate for restoring the neuro-
transmitter disbalance in the schizophrenia brain [Boison et al., 2012]. The adenosine
hypothesis was first proposed by Lara and colleagues [Lara and Souza, 2000; Lara
et al., 2006]. Adenosine is a purine ribonucleoside and a break-down product of ATP.
Upon release of ATP, either by passive leakage out of injured cells, or via vesicles
or hemichannels, mainly from astrocytes, it is rapidly dephosphorylated to AMP and
further to adenosine. Another source of adenosine is its direct release by nucleoside
transporters. Adenosine acts on four different types of receptors: A;R and AsR are in-
hibitory, while AssR and AspR are stimulatory receptors. AR is the most abundantly
expressed throughout the CNS, especially in the neocortex, cerebellum and hippocam-
pus [Bauer et al., 2003], while A34R is mainly found in the striatum [Ferré, 1997].
Interestingly, A1R, which inhibits release of dopamine and glutamate [Dunwiddie and
Masino, 2001; Fredholm et al., 2005], builds heterodimers with As4R, which promotes
neurotransmitter release [Fredholm et al., 2005]. Furthermore, A34R has been shown
to build heteromers with the dopamine Doy R receptor [Ferré, 1997]. Thus adenosine is
claimed to be ”strategically positioned to affect several molecular pathways synergisti-
cally” [Boison et al., 2012]. Glutamatergic activity is regulated by adenosine as well.
For instance, in the hippocampus, adenosine has an inhibitory action on glutamate
release [Dunwiddie and Masino, 2001] and NMDA receptor function thus inhibiting
long-term potentiation (LTP) and depression (LTD) [Rebola et al., 2008]. Adenosine-
mediated inhibition of NMDAR function underlies the neuroprotective effect of adeno-
sine against excitotoxicity during hypoxia [Dunwiddie and Masino, 2001]. Reciprocally,
NMDAR activation can have inhibitory effects on A;R agonist action [Bartrup and
Stone, 1990]. Several clinical studies provide further support for the adenosine hy-
pothesis of schizophrenia. Kurumaji and colleagues have found an increased density
of A94R in post-mortem tissue of schizophrenia patients [Kurumaji and Toru, 1998],
which might be explained as a compensatory effect for reduced extracellular levels of
adenosine [Lara et al., 2006]. A connection has been established between A;R poly-
morphism and schizophrenia pathophysiology [Gotoh et al., 2009]. A clinical study
with adjunctive allopurinol (a purine degradation inhibitor) therapy has shown some
moderate effects, probably due to elevated adenosine levels [Brunstein et al., 2005].

Beneficial effects have been reported after treatment with an adenosine transport in-
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hibitor, dipyramidole [Akhondzadeh et al., 2000]. Preclinical data show that A;R and
As 4R agonists can inhibit the effect of psychostimulant drugs and rescue the pre-pulse
inhibition (PPI) deficits, induced by activation of DaR or blocking of NMDAR [Boison
et al., 2012]. Several knockout mouse models for adenosine signaling provide further
insights into the link between schizophrenia-related cognitive and behavioral deficits

and adenosine system dysfunction (for a review, see [Boison et al., 2012]).

Negative symptoms Positive symptoms

Anhedonia Delusions

Halltﬁions

BIu”ect
Social drawal

Cognitive impairments Disorganized thinking

Hypo-glutamatergic
function

Pre- /post-synaptic actions of adenosine receptors

Brain - region manipulations

Receptor - receptor interactions

Imbalanced
adenosine function

Figure 1.8: The adenosine hypothesis of schizophrenia: adenosine is a neurotrans-
mitter, which is strategically positioned to restore the balance in both glutamater-
gic and dopaminergic dysfunction in schizophrenia. Modified from Boison et al.
[2012].

1.4.3 Microglia in schizophrenia

Although the number of studies focusing on the involvement of microglia in the patho-
physiology of schizophrenia has been rapidly increasing in the recent years, there is
still a lot of controversy on certain issues. Microglial density has been regarded as
a hallmark of brain pathology. Studies of post-mortem brains of schizophrenic pa-
tients have found increased microglial density in the frontal and temporal association
cortex [Garey, 2010], in the hippocampus [Busse et al., 2012] and in the prefrontal
cortex (PFC) [Fillman et al., 2013]. Another study showed activation of microglial
cells in the prefrontal cortex and the visual cortex [Uranova et al., 2010]. On the
other hand, Steiner at al. did not find any differences between microglial density in
schizophrenic and healthy human brains [Steiner et al., 2006]. Similarly, in animal

models of schizophrenia, contrasting observations have been made: Juckel et al. found
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increased microglial density in the hippocampus and the striatum, but not in the PFC
of schizophrenic mice [Juckel et al., 2011}, whereas Van den Eynde reported increased
microglial density and activation in the corpus callosum, hippocampus and thalamus,
but not in the striatum and the cortex [Van den Eynde et al., 2014]. A recent study
conducted in our lab described increased microglial density in the nucleus accumbens,
but not in the ventral striatum, cingulate gyrus, PFC, dentate gyrus or cerebellum
[Mattei et al., 2014]. These contradicting reports could be attributed to different anal-
ysis methods or the age and gender of the subjects or animals used in the different
studies. Evidence for activated microglia in the grey matter was also found in an in
vivo PET study with a microglial tracer [van Berckel et al., 2008]. It has also been
proposed, that microglial density and/or activation may be associated with the acuity
and the severity of the disease symptoms, rather than with the disease per se [Steiner
et al., 2006; Doorduin et al., 2009; Busse et al., 2012]. A recent functional gene data
set analysis of genome-wide association data revealed that microglia gene sets are not
associated with increased risk of schizophrenia [Goudriaan et al., 2014]. All these data
point toward a strong influence of environmental factors on the regulation of microglial
activity in the context of schizophrenia [Bernstein et al., 2014] and that microglial

activation could be a secondary event in the pathophysiology of the disease.

1.4.4 The Poly I:C schizophrenia model

There is emerging evidence from epidemiological, clinical and pre-clinical studies, that
maternal infection during gestation can be a risk factor of schizophrenia [Brown and
Susser, 2002]. Brown et al. conducted a nested case-control study of cytokine levels in
pregnant mothers, in which they found that elevated I1-8 levels in the blood serum of
the mothers is associated with diagnosed schizophrenia-spectrum disorder in the off-
spring [Brown et al., 2004]. Further studies have confirmed that maternal infections
of different types can increase up to sevenfold the risk of schizophrenia in the progeny
[Brown and Derkitis, 2010]. Inspired by these findings, a rodent model for schizophrenia
was established, based on the maternal immune activation (MIA) principle. Infection
in the maternal host during pregnancy can disturb normal brain development and
exert profound and long-lasting effects on the brain function of the progeny [Meyer,
2014]. In animal models, MIA can be induced by viral or bacterial components or by
pro-inflammatory cytokines. Poly I:C (polyriboinosinic-polyribocytidilic acid) is a syn-
thetic analogue of double-stranded RNA, a viral byproduct, which is recognized by the
innate immune system via the TLR3 receptor [Alexopoulou et al., 2001]. Upon binding
it induces production and release of classical pro-inflammatory cytokines like TNFa and
IL6, but also of type I interferons — IFN« and IFNS [Kimura et al., 1994]. Poly I:C ad-
ministration during gestation mimics a viral infection. One particular advantage of this

model is that the schizophrenic symptoms only emerge when the offspring have reached
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early adulthood, similar to the characteristic maturational delay of schizophrenia in hu-
mans [Zuckerman et al., 2003]. The MIA offspring have impaired sensorimotor gating
and display deficits in selective attention, social behavior, exploration behavior, work-
ing memory and cognitive flexibility and an enhanced sensitivity to psychotomimetic
drugs [Meyer, 2014]. The model also shows histopathological and neuropathological
changes comparable to the ones evident in schizophrenic patients [Kirkpatrick, 2013],
as well as abnormalities in the levels of dopamine, serotonin, and the amino acid taurin
as determined by high-performance liquid chromatography [Winter et al., 2008; 2009].
In our experiments, pregnant dams were injected intraperitoneally with either Poly I:C
or saline at gestational day 15. In all experiments, I only used male offspring, because

they display a higher prevalence of schizophrenic symptoms than female offspring.

1.5 Aims of the work

Microglial functions are modulated by molecules in the extracellular space, in particu-
lar, ATP is an important signal which influences microglial motility, phagocytosis and
response to laser lesion. Microglia are able to degrade ATP and its metabolite ADP
via the very potent enzyme CD39, expressed on their surface. Microglia lacking this
enzyme have increased phagocytosis and disturbed migration. In this work, I investi-
gate the following questions:

e  How is microglial CD39 regulated in the course of microglial activation? Do
the Cd39 gene expression and protein activity change upon an inflammatory challenge?
(Project 1)

e  How does microglial CD39 control ATP levels under stress conditions - is the
ATP release of CD39 deficient microglia different? Is there accumulation of ATP in
absence of CD39 and how does this influence astrocytic calcium waves? (Project 2)

e Is microglial purinergic signaling and consequently microglial function altered

in microglia, derived from the Poly I:C mouse model of schizophrenia? (Project 3)
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2. MATERIALS AND

METHODS

2.1 DMaterials

2.1.1 Chemicals and reagents

Chemical

Company

Adenosine-5’-Diphosphate (ADP)
Adenosine-5’-Triphosphate (ATP)

B -mercaptoethanol

AquaPolymount

Bovine serum albumine (BSA)
Calcium chloride dihydrate (CaCls)
CD11b beads

DNase

dNTPs

Dimethyl Sulfoxide (DMSO)
DirectPCR® Lysis Reagent Ear
D-luciferin

DTT

Dulbeccos Modified Eagles Medium
Ethylenediaminetetraacetic acid (EDTA)
Fetal calf serum (FCS)

Firefly luciferase

Fluo 4 AM

Fluorescent latex beads

Glucose monohydrate
(C¢H1206.H20)

Hank’s balanced salt solution (HBSS)
HEPES

IFN~, recombinant murine
Interleukin 4 (IL4), recombinant murine

Interleukin 10 (IL10), recombinant murine

Interleukin 13 (IL13), recombinant murine
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Sigma Aldrich, St. Louis, USA
Sigma Aldrich, St. Louis, USA
Sigma Aldrich, St. Louis, USA
Polysciences GmbH, Germany
Carl Roth, Karlsruhe, Germany
Carl Roth, Karlsruhe, Germany
Miltenyi Biotec, Germany

Life technologies, USA

Life technologies, USA

Sigma Aldrich, St. Louis, USA
Peqlab Biotechnologie, Germany
Life technologies, USA

Life technologies, USA

Life technologies, USA

Carl Roth, Karlsruhe, Germany
Life technologies, USA

Life technologies, USA

Life technologies, USA

Polysciences GmbH, Germany

Carl Roth, Karlsruhe, Germany
Life technologies, USA

Carl Roth, Karlsruhe, Germany
Peprotech, Rocky hill, USA
PeproTech, Rocky hill, USA
PeproTech, Rocky hill, USA
PeproTech, Rocky hill, USA
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Proteinase K solution
Sodinm chloride (NaCl
i Sodum bychogen phosphate dibydrate |
Sodium hydrogen phosphate monohydrate _
Superscript II Reverse Transcriptase
Trichloroacetic Acid (TCA)

Trypsin Biochrom, Berlin, Germany

Table 2.1: List of chemicals.

2.1.2 Antibodies

Antibody Company

Ibal primary antibody Wako Pure Chemicals, Japan

Table 2.2: List of antibodies.
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2.1.3 Buffers

Buffer

Composition

ACSF buffer

Dissection buffer

DMEM complete

HEPES buffer (Imaging)
HEPES buffer (Malachite green)
L929 fibroblast cond. medium
MACS buffer

Myelin gradient buffer

PB buffer
Percoll solution

Permeabilization buffer

NaCl 134 mM, KCI 2.5 mM, MgCls 1.3 mM
CaClg 2 mM, KQHPO4 1.26 mM

D-glucose 10 mM, NaHCO3 26 mM; pH 7.4
HBSS, Glucose 30 mM, HEPES 13 mM
DMEM, 10 % FCS, 2 mM L- glutamin

100 U/ml penicillin, 100 pg/ml streptomycin
HEPES 4.95 mM, NaCl 150 mM, KCl 5.36 mM
MgCly 1 mM, CaCly 2 mM, Glucose 10 mM
HEPES 20 mM, NaCl 135 mM, KCl 5 mM
CaCly 1.8 mM, MgCly 1 mM, Glucose 5.6 mM
1/3 DMEM from confluent 1929 fibroblast grown
for 2 days mixed with 2/3 DMEM

PBS, 0.5% BSA, 2mM EDTA

NaHPO4.H50 5.66 mM

NagHPO4.2H20 11.8 mM

NaCl 137 mM, KCl 5.36 mM, Glucose 10 mM
NagHPO4 100 mM, NaH2P04 100 mM

75% (v/v) myelin gradient buffer

22% (v/v) Percoll

2.4% (v/v) 1.56M NaCl

2 % Triton-X, 2 % bovine serum albumin (w/v)
10% normal donkey serum in 0.1 M PB

Table 2.3: List of buffers.

2.1.4 Commercial kits

Kit

Company

ATP determination kit
BCA protein assay kit
Malachite green phosphate assay

InviTrap Spin universal RNA mini kit

Life technologies, USA

Thermo Fisher scientific, Rockford, USA
Bioassay Systems, Hayward, USA
Invitek, Berlin, Germany

Table 2.4: List of commercial kits.
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2.1.5 Tools and plasticware

Tool

Company

4-well plate

6-well plate

12-well plate

24-well plate

96-well plate (transparent)
96-well plate (black)

Cell strainer, 70 pM

Glass coverslip

LS MACS columns
Magnetic stand for MACS sorting
Pasteur pipette

T75 cell culture flask

Thermo scientific, Rockford, USA

BD Biosciences, Heidelberg, Germany

BD Biosciences, Heidelberg, Germany

BD Biosciences, Heidelberg, Germany

BD Biosciences, Heidelberg, Germany

Brand, Wertheim, Germany

NeolLab, Heidelberg, Germany

Thermo Fischer Scientific, Walldorf, Germany
Miltenyi Biotec, Bergisch Gladbach, Germany
Miltenyi Biotec, Bergisch Gladbach, Germany
Carl Roth, Karlsruhe, Germany

Greiner Bio-one, Frickenhausen, Germany

Table 2.5: List of tools and plasticware.

2.1.6 Devices

Device

Company

Camera PCO sensicam
Centrifuges 5417R and 5810R

Confocal microscope Leica TCS SPE

Incubator Steri-Cult Forma
Microplate reader Infinite M200
Monochromator Polychrome I
gqPCR machine

7500 Fast Real Time PCR System
Shaking platform SSM/
Spectrophotometer Nanodrop 1000
Thermocycler T3000
Thermomixer Compact

Vibratome Microm HM 650V

PCO AG, Kehlheim, Germany
Eppendorf, Hamburg, Germany

Leica Microsystems, Wetzlar, Germany
Thermo-Scientific, Rockford, USA
Tecan, Mannedorf, Switzerland

Till photonics, Grafelfing, Germany

AB Applied Biosciences, Foster City, USA
Stuart scientific, Stone, United Kingdom
PeqLab Biotechnologie, Erlangen, Germany
Biometra, Gottingen, Germany

Eppendorf, Hamburg, Germany

Thermo Scientific, Rockford, USA

Table 2.6:

List of devices.
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2.1.7 Software

Program Company

Adobe Design Standard CS6 Adobe Inc, San Jose, USA

GraphPad Prism GraphPad Software Inc., La Jolla, USA

ImagelJ National Institute of Health, USA

Imaging Cells Easily own development

Microsoft Office (Word, Excel) | Microsoft, Redmond, USA

R statistics package R Foundation for Statistical Computing, Austria.
TIDA HEKA, Lambrecht/Pfalz, Germany

Table 2.7: List of software.

2.2 Methods

2.2.1 Animals

2.2.1.1 Breeding

Animals were bred at the animal facilities of the Max-Delbriick-Center fiir molekulare
Medizin according to the LaGesO (Landesamt fiir Gesundheit und Soziales) regulations.
All animal experiments were conducted according to the German guidelines for animal
care and were approved in advance by the LaGeSo. C57/Bl6 mice were purchased by
Charles River Laboratories and Cd39~/~ mice [Braun et al., 2000] were a kind donation
by Prof. Dr. Simon Robson (Gastroenterology Department, Harvard Medical School,
Boston, USA).

2.2.1.2 Poly I:C injections

Maternal immune stimulation is an established animal model for schizophrenia [Mattei
et al., 2014]. We subjected C57/Bl6 mice to timed mating. Females were checked daily
for plug development, considered as gestation day 1. On gestation day 15, pregnant
dams received a single injection intraperitoneally of either 150 ul Poly I:C (5 mg/kg,
Sigma-Aldrich, Germany) dissolved in 0.9 % NaCl, or vehicle (Fig.2.1). At the age
of 21 days, animals were weaned and females and males were separated. Only male

offspring were taken for experiments.
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Phagocytosis
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Figure 2.1: Experimental design of the Poly I:C schizophrenia mouse model: preg-
nant C57/B16 mice received an i.p. injection of either Poly I:C or NaCl solution
at gestational day 15. Male pups were then taken at either postnatal day 5 or as
adults for acute brain slices or isolation of microglial cells.

2.2.1.3 Genotyping

Cd39~/~ mice on the C57B1/6x129svj background were backcrossed with C57B1/6 mice.
For genotyping, immediately after birth a tailcut was lysed with the DirectPCR® Lysis
Reagent Ear. Briefly, the tailcut was incubated for 3 h at 55°C in 100 ul DirectPCR®-
Ear, supplemented with 10 pl 0.2 mg/ml proteinase K. The reaction mix was then
incubated for 50 min at 85°C for proteinase inactivation. 1 ul of the resulting lysate

was employed directly in the PCR reaction, which was set up as follows:

Reagent Volume
HyO 19.85 ul
Buffer 2.5 ul
dNTPs 0.5 pl
D3M 0.5 pl

NEOP2(KO) 0.5 pul
MEC8P (WT) | 0.5 ul
Taq polymerase | 0.15 ul
DNA 1l

Table 2.8: PCR reaction mix for genotyping of Cd39~/~ mice.
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The primers used were as follows: for the wildtype Com2 5° CAGAGACCCA-
CAAGTCTAGCATCCAGTGG 3’ and MEC8P 5’GAC AGA CGA GGG AAG AGG
AAG G 37, for the knockout Com2 5" CAGAGACCCACAAGTCTAGCATCCAGTGG
3’ and NEOP2 5 TAC CCG TGA TAT TGC TGA AGA GCT TGG CGG 3’. The
product size is 700 bp (knockout) and 1000 bp (wildtype). The genotyping program

used was:

Cycles | Time Temperature
1 3 min 94°C
15 s 94°C
31 1 min 30 s | 66°C
1 min 72°C
1 10 min 72°C
00 4°C

Table 2.9: PCR program for genotyping of Cd39~/~ mice.

The PCR products were run on a 1.5 % agarose gel and analyzed under ultraviolet
light at a wavelength of 254 nm. All animals used for experiments were genotyped a

second time for validation of the genotype.

2.2.2 Cell culture
2.2.2.1 Primary microglia and astrocyte preparation

Neonatal C57/Bl6 or Cd39~/~ mice (P0-P3) were decapitated, the brains were re-
moved and transferred into ice-cold PBS. The meningues were removed carefully and
the brains were incubated with a trypsin/ DNase mix for 2 min at 37°C for tissue dis-
sociation. The reaction was stopped with DMEM supplemented with 10 % FCS, 2 mM
L-glutamin, 100 U/ml penicillin and 100 pug/ml streptomycin (DMEM complete). The
suspension was then incubated with DNase and dissociated mechanically with a fire-
polished Pasteur pipette. After one wash and centrifugation step, the resulting pellet
was resuspended in complete DMEM, plated out in poly-L-lysine coated T75 flasks and
cultured for 9-12 days. The mixed glial cultures were washed with PBS every 3 days
and the medium was subsequently replaced. When reaching confluency, the medium
was exchanged with medium containing 30 % 1929 fibroblast conditioned medium to
induce microglial proliferation and migration to the top of the astrocytic layer. After
3, 5, or 7 days, microglial cells were separated from the astrocytic layer by shaking at
37°C for 1 h. Then the cells were washed, centrifuged, resuspended in DMEM complete
and plated onto 6-well, 96-well plates or on glass coverslips in 24-well plates. Cells were

used for experiments 24 or 48 h after seeding, unless stated otherwise. The remaining
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astrocytic layer, which still contained many microglia cells, was then trypsinized, cen-
trifuged, resuspended and plated onto PLL-coated glass coverslips. Astrocyte-microglia

co-cultures were grown until confluency prior to calcium wave experiments.

2.2.2.2 Cell stimulation

Microglial cells, seeded onto 6-well plates (for RNA isolation) or 96-well plates (for
malachite green phosphate assay, were stimulated for 6, 24 or 48 h with LPS (10 and
100 ng/ ml), Poly I:C (10 or 100 pg/ml), IFN~ (10 or 100 ng/ml), TGFS (1 or 10
ng/ml), IL10 (10 or 100 ng/ml), IL4 (10 or 100 ng/ml) or IL13 (10 or 100 ng/ml),
dissolved in DMEM complete.

2.2.2.3 Isolation of microglia via Percoll gradient and MACS separation

Adult mice were decapitated and the brains were collected in ice-cold PBS. Tissue was
mechanically dissociated first with a scalpel and then homogenized in a glass potter
with 2 ml of dissection buffer. The resulting suspension was filtered through a 70 um
cell strainer and pelleted for 20 minutes at 400 g, 4°C. The pellet was then resuspended
in 25 ml Percoll solution and a layer of 5 ml PBS was carefully added on top, avoiding
mixing of the two solutions. After 20 min of centrifugation at 950 rcf, acceleration 4
and brake 0, the myelin layer was visible as a cloud in the middle of the Percoll solution
and could be removed by suction. The remaining cell pellet was resuspended in MACS
buffer and centrifuged 5 minutes at 500 g. The pellet was then resuspended in 180
#l MACS buffer and 20 pl CD11b beads were added to the suspension, mixed well
and incubated for 15 minutes at 4°C. Cells were washed by adding 2 ml MACS buffer
and centrifuged 5 minutes at 500 g. LS columns were fixed to a magnetic stand and
washed with 3 ml MACS buffer. The cell pellet was resuspended in 3 ml MACS buffer
and applied to the columns, followed by 3 x 3 ml washing steps. The columns were
then removed from the magnetic stand, inserted into new tubes, filled with 5 ml MACS
buffer and the CD11b positive cells attached to the beads were flushed out and pelleted
at 500 g for 5 minutes. The resulting microglia pellet was then either resuspended in
DMEM complete and plated onto glass coverslips for calcium imaging experiments or
lysed in TLR buffer for RNA isolation.

2.2.3 Biochemical methods
2.2.3.1 RNA isolation

After stimulation, cells were washed 1x with PBS, lysed with Lysis Solution TR supple-
mented with 1 % S-mercaptoethanol and frozen at -80°C. RNA isolation was performed

with the Invitrap Universal RNA mini kit (Invitek, Berlin, Germany) according to the
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manufacturer’s instructions. Total yield and quality of RNA was quantified by the
NanoDrop 1000 spectrophotometer (PeqLab Biotechnologie GmBH, Germany).
2.2.3.2 cDNA preparation

After RNA isolation, complementary DNA was synthesized with 200 U/ul Superscript
IT reverse transcriptase and 0.5 ug/ml oligodeoxythymidine 1918 primers (Life tech-

nologies).

2.2.3.3 Quantitative PCR

Relative gene expression changes were determined via quantitative real-time PCR. The

primers used were as follows:

Gene Primer sequence

Cd39 sense TACCACCCCATCTGGTCATT
antisense | GGACGTTTTGTTTGGTTGGT
P2ryl sense AGCAGAATGGAGACACGAGTTTG
antisense | GGGATGTCTTGTGACCATGTTACA
P2ry2 | sense GAAGAACTGGAGCAGGCGCT
antisense | CCATTGCCCTGGACCTGATC
P2ry4 | sense CTGCAAGTTCGTCCGCTTTC
antisense | GTATTGCCCGCAGTGGATG
P2ry6 | sense TGAAAACAACGAGGAACACCAA
antisense | CAGCCTTTCCTATGCTCGGA
P2ry12 | sense CACAGAGGGCTTTGGGAACTTA
antisense | TGGTCCTGCTTCTGCTGAATC
P2ry13 | sense CAGCTGAGTCTCTTCCAAAACAAA
antisense | TGCATCCCAGTGGTGTTGAT
P2ry14 | sense CCACCACAGACCCTCCAAAC
antisense | CAACACGGGAATGATCTGCTTT
P2rx1 sense CAGAAAGGAAAGCCCAAGGTATT
antisense | CACGTCTTCACAGTGCCATTG
P2rz3 | sense AAGGCTTCGGACGCTATGC
antisense | GATGACAAAGACAGAAGTGCCCT
P2rzj sense AGACGGACCAGTGATGCCTAAC
antisense | TGGAGTGGAGACCGAGTGAGA
P2rz5 | sense GATGTGGCAGACTTTGTCATTCC
antisense | CCTTCACGCTCAGCACAGATG
P2rz6 | sense ACGTGTTCTTCCTGGTAACCAACT
antisense | TGGACATCTGCCCTGGACTT
P2rz7 | sense ACAATGTGGAAAAGCGGACG
antisense | TCAATGCACACAGTGGCCA
B-actin | sense CCCTGAAGTACCCCATTGAA
antisense | GTGGACAGTGAGGCCAAGAT

Table 2.10: Primer sequences used for gene expression quantification.
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Gene amplification was performed in triplicates using the SYBR green master mix

with the ABI Biosystems qPCR machine. The program used was:

Process Cycles | Time | Temperature

Cyclng stage

Table 2.11: qPCR program for Cd39~/~ and P2r expression quantification.

Gene expression was always normalised to gene expression levels of the housekeeping

gene (-actin. Data analysis was performed using the AAct-method.

2.2.4 Functional and enzymatic assays

2.2.4.1 Malachite green phosphate assay

Figure 2.2: Malachite green assay in 96-well format. Free orthophosphate in the
solution builds a green complex with malachite green and molybdate. Phosphate
concentration in cell supernatants, a product of ATP degradation, can be esti-
mated with colorimetric measurements and plotting the unknown values against a
standard curve.

Enzymatic activity of CD39 was measured with the malachite green phosphate as-
say (Bioassay Systems). Primary neonatal microglial cells seeded in 96-well plates and
stimulated as described above were washed 3 times with HEPES buffer at RT and
incubated with 1 mM ATP or ADP for 10 minutes at 37°C. In parallel, cells without
nucleotides and nucleotides without cells were incubated as well to control for sponta-

neous degradation of nucleotides without the contribution of cells. The reaction was
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stopped by adding 10 % TCA and putting the plate on ice. The supernatants were
then transferred to a new plate and diluted 1:5. A phosphate standard was pipetted
on to the plate for absolute quantification of phosphate concentrations. Reagent A and
reagent B were mixed at a ratio of 100:1 according to the manufacturers’ instructions
and added to the diluted samples. The plate was incubated 30 minutes at room tem-
perature on a shaking platform allowing the colorimetric reaction to take place. The
optical density was then measured at 620 nm on a spectrophotometer (Tecan, Ger-
many). The resulting OD values of the samples were then plotted against the standard
phosphate concentrations after subtraction of the negative control sample values. The
determined phosphate concentrations were then normalized for protein amount in the

cells measured by the BCA assay and presented as uM phosphate/mg protein/min.

2.2.4.2 ATP determination assay

ATP concentrations in the cells supernatant were determined with the ATP determi-
nation kit (Life technologies). Primary microglia cultures were seeded onto 96-well
plates and allowed to adhere overnight. Cells were washed once with HEPES buffer
and after addition of 50 ul buffer per well, the plate was incubated for 1 h at 37°C. The
supernatants were collected at 1, 5, 10, 30, and 60 minutes after medium change. In
the meantime, ATP standard was prepared. Standard reaction solution was prepared
consisting of 1x reaction buffer, 1 pM DTT, 500 uM D-luciferin and 12,5 pg firefly
luciferase in ddHO. The solution was mixed well and kept in the dark. 10 ul of the
cell supernatants or the ATP standard were added to the wells, followed by 100 ul of
the reaction solution and luminescence of each well was measured, integrating over 10
seconds. For quantification of ATP concentration a standard curve was created and
the luminescence values for the unknowns were plotted against the standard curve af-
ter subtraction of the background luminescence. All experiments were performed in

triplicates from three independent cultures.

2.2.4.3 BCA assay for protein determination

For quantification of protein amount in each well of the 96-well plate after the malachite
green assay, cells were lysed in 10 % SDS for 60 minutes at a shaking platform. Working
reagent consisting of Reagent A and Reagent B in a 50:1 ratio (Thermo fischer scientific,
USA) was prepared and a protein standard of BSA samples was pipetted in a separate
96-well plate. The lysate was transferred to a new plate and working reagent was added
on the lysate and the standard. The plate was incubated at 37°C in a wet chamber for
30 minutes. After cooling down, the absorbance was measured at 562 nm on a Tecan
spectrophotometer. OD values of the unknowns were plotted against the BSA standard

curve to obtain the amount of protein per well.
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2.2.4.4 Calcium imaging

For calcium imaging experiments, microglia cells were seeded on glass coverslips at a
density of 50,000 cells per coverslip and allowed to adhere to the glass for 24 hours. Cells
were loaded with the calcium indicator Fluo 4 AM (5 pM in DMSO with 1 % pluronic
acid, dissolved in HEPES buffer) for 30 minutes at RT and washed once in buffer.
The coverslip was then transferred to a chamber with constant perfusion of buffer with
a speed of 4 ml/min. After 1 minute, the test substance was applied for 1 minute,
followed by 5 minutes washout and 30 seconds application of 300 uM ATP as a positive
control. The whole protocol lasted 11 minutes including the final washout. Fluo 4 AM
was excited at 488 nm wavelength by a Polychrome II monochromator (Till photonics,
Martinsried, Germany) and pictures were taken at a rate of 0,5 Hz by an inverted
CCD camera. For analysis, cell somata were selected as regions of interest (ROI) and
the mean relative fluorescent intensity (rFI) for each ROI and frame was determined
with the program Imaging cells easily (own development). The monochromator, the
camera, the perfusion system and data acquisition were controlled by the TIDA software
(HEKA, Lambrecht/Pfalz, Germany). Further analysis was performed with Excel.
Only cells which responded to the positive control were analyzed. A cell was categorized
as responding to the test substance if the response maximum during application of the
test substance was higher than the baseline calculated over a range of 10 frames before
stimulation plus 3 times the standard deviation of the baseline. Each cell trace of
relative fluorescent intensity was checked manually for exclusion of false positives. All

experiments were performed in quadruplicates from three independent cultures.

2.2.4.5 Astrocytic calcium waves

Microglia-astrocytic co-cultures derived from either C57/BIl6 or Cd39~/~ neonatal mice
were seeded on glass coverslips and grown until confluent. For selective microglia deple-
tion, some of the co-cultures were treated with 50 pl/ml clodronate for 24 hours before
seeding on coverslips. The cells were incubated with Fluo 4 AM dye for 30 minutes
at RT and washed in HEPES buffer. The coverslip was transferred to a bath chamber
filled with HEPES buffer. A patch clamp pipette with a resistance of 7-8 MOhm, filled
with Lucifer Yellow dye for visualization, was lowered over the cell layer and a single
astrocyte was activated by mechanical touch, which induced a concentrical propagation
of an astrocytic calcium wave. Movies were recorded at a rate of 2 frames/s with a
10x objective and 200 ms exposure. Per coverslip, 4 calcium waves were induced in

different areas.
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2.2.4.6 Data analysis of the astrocytic calcium waves

For measurement of the maximal spread of the calcium wave, a z-stack of the maximal
intensity for all frames was generated for each wave, thresholded and the area of the
wave was determined with ImageJ software. For single cell analysis, the coordinates
of most cells participating in the calcium wave (usually between 50 and 300 cells per
wave) were manually selected in ImageJ and their distance from the stimulation site
and time-point of fluorescence increase was determined with a custom-written R script
(see fig.2.3, B). Statistical analysis was further performed with the R software. For
each wave and each frame, the intensity for each cell was determined to acquire an
intensity-per-time curve. The baseline intensity before the initiation of the wave was
calculated as average intensity + SD over twenty frames. The threshold was calculated
as average intensity + 2,5-fold SD. The cell response was defined as the timepoint when
the intensity becomes higher than the threshold for at least five consecutive frames, to
exclude spontaneous peaks of fluorescence (see fig.2.3, C and D). Cells which did not
respond at all or responded with spontaneous activity were excluded from the analy-
sis. A wave was regarded as having stopped propagating when the frequency of events
dropped below one event per ten frames. The intensity-per-time curve for each wave

was then fitted to an exponential function described by the following formula:

—1X frame
distance = span X (1 e ) (2.1)

where

distance = the distance of the cell from the stimulation point
span = the maximal distance reached by the wave

7 = the change of velocity over time

frame = the number of the frame after start of stimulation, i.e. the time[sec]*2

Statistical analysis was then performed to compare the parameters, describing the

properties of the wave propagation.

2.2.4.7 Phagocytosis assay in acute brain slices and immunohistochemistry

In situ microglial phagocytosis assay was performed as described previously [Bulavina
et al., 2013; Krabbe et al., 2013]. 130 pum thick coronal brain slices were prepared in
ice-cold ACSF buffer with the Microm HM 650V vibratome (Thermo Scientific) and
carbogenated for 2h at RT before experiments. Yellow-green fluorescent latex beads
(3 pum size, Polysciences Europe GmbH, Eppelheim, Germany) were incubated for 30
minutes with fetal calf serum (FCS) at RT and 1000 rpm shaking, centrifuged (2 min
at 3000 rpm), washed in PBS, centrifuged (2 min at 3000 rpm) and resuspended in
Hanks Balanced Salt Solution (HBSS, Gibco) with or without 100 pM ATP. Slices
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Figure 2.3: Data analysis of the astrocytic calcium waves. A: A single astrocyte
in an astrocytic monolayer is touched with a lucifer yellow-loaded pipette. The
cell becomes activated and a calcium wave begins to spread, involving more and
more cells. B: The distance from the stimulation point is calculated for each cell.
C: Example fluorescence intensities for different cells participating in one calcium
wave. D: Analysis parameters, used for automatic determination of the time-point
of response for each cell.

were transferred to 24-well plates and incubated with 500 pl HBSS containing 8.4 x
105 beads for 60 min at 37°C. Slices were washed twice with 0.1 M PB and fixed
with 4 % paraformaldehyde (PFA). For staining, slices were permeabilized with block-
ing/permeabilization buffer for 4 h, stained with Ibal primary antibody (0.75 ug/ml,
from Wako Pure Chemicals, Japan) for 24 h at RT. Cy3-labeled donkey-anti rabbit
(4 pg/ml, from Invitrogen, Karlsruhe, Germany) was applied as a secondary antibody
for 2 h at RT. Slices were mounted in AquaPolymount (Polysciences Europe GmbH,
Eppelheim, Germany) and kept at 4°C until confocal microscopy.

2.2.4.8 Confocal microscopy

For evaluation of microglial phagocytosis, confocal z-stacks were prepared from the
stained slices using a Leica TCS SPE confocal microscope (Leica Microsystems, Wet-
zlar, Germany). Per experiment and condition 15 z-stacks (21 pm depth, 1 um steps)
were imaged in the cortex area of slices prepared from at least 4 different animals.

Phagocytic microglia were counted manually using Fiji ImageJ software. The phago-
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cytic index was calculated as:
phagocytic index = (%) x ¢ x 100 (2.2)

where

a= number of phagocytic Ibal™ cells

b= total number of Ibal™ cells

c¢= average number of beads phagocytosed.

For statistical analysis a non-parametric one-way ANOVA test was performed using
GraphPad Prism 5.

2.2.5 Statistical analysis

Statistical analysis was performed with Microsoft Excel and GraphPad Prism software,
unless stated otherwise. qPCR data for Cd89 and P2r expression is presented as av-
erage 2722 values and treated groups were compared to controls using the Students’
t-test for unequal variances. For statistical analysis of the malachite green phosphate as-
say and ATP release assays the One way ANOVA Kruskal-Wallis test was used followed
by the Dunn’s multiple comparison post-hoc test. For the calcium imaging experiments,
the percentage of cells responding in the different groups were compared using the 2-
sample test for equality of proportions with continuity correction, performed with the
R statistics package software. Students’ t-test was also used for determination of sta-
tistical differences between the response sizes in the calcium imaging experiments. For
the calcium wave experiments and the phagocytosis experiments, different groups were
compared with the One way ANOVA followed by the Bonferroni’s multiple comparison
test. Statistical significance is shown as *<0,05, **<0,01, ***<0,001.

37



3. RESULTS

3.1 Project 1: Cd39 mRNA expression and protein ac-

tivity in different activation states of microglia

3.1.1 Pro- and anti-inflammatory stimuli modulate Cd39 mRNA ex-
pression in primary neonatal microglia

The ecto-ATPase CD39 is important for microglial functions such as phagocytosis and
migration, however it is not yet known which factors regulate C'd39 expression in mi-
croglia. To study whether C'd39 expression is influenced by the activation state of the
cell, primary neonatal microglial cultures were stimulated for 6, 24, or 48 hours with
LPS, Poly I:C, IFN~y (classical activation), TGFf3, IL10 (acquired deactivation), IL4
or IL13 (alternative activation). Subsequently, the cells were lysed and total RNA was
isolated. Complementary DNA was synthesized and Cd39 expression was assessed by
means of qPCR. All experiments were performed in triplicates from at least 3 inde-
pendent cultures. Cd39 expression was always normalized to the housekeeping gene
B-actin and analysis was performed via the AAct-method. Upon LPS stimulation,
Cd39 expression was strikingly reduced to 5,3 % (10 ng/ml) and 9,5 % (100 ng/ml) of
control after 6 hour stimulation. Cd39 levels remained significantly reduced after 24 h
(9,5 % and 3,3 %, respectively) and after 48 h (29 % and 52 % of controls) (Fig. 3.1
A). Similar results were observed after stimulation with the viral component Poly I:C.
Cd39 expression was significantly reduced after 6h incubation with 10 pg /ml Poly I:C
(to 9,3 % of control) and 100 pug/ml (to 6,2 % of control), as well as after 24 h (16
% and 3,6 % of control respectively). After 48 h of Poly I:C, Cd39 levels returned to
control levels (Fig. 3.1 B). Interestingly, treatment with INF~, which is also released
in pro-inflammatory conditions, induced an opposite effect - treatment with 10 or 100
ng/ml IFN~ led to an upregulation of Cd39 expression, which was significant after 6h
stimulation with 100 ng/ml (Fig. 3.1 C). Treatment with the acquired deactivation
stimuli TGFS and IL10 both led to a small but significant reduction in Cd39 expres-
sion after 6 h, but not after 24 h and 48 h stimulation (Fig. 3.1 D and E). Induction of
alternative activation in microglia with 114 significantly reduced Cd39 RNA after 24 h
to 48 % (10 ng/ml) and 52% (100 ng/ml), but after 6h or 48 h no change was observed.

Another alternative activation stimulus, 113, did not induce changes in Cd39 expres-
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sion (Fig. 3.1 F and G). Taken together, these results show that treatment with pro-
and anti-inflammatory stimuli modulate Cd39 mRNA expression in primary microglial

cells in a time- and dose-dependent manner.
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Figure 3.1: Cd39 expression in primary cultured microglia in vitro upon stimu-
lation for 6h, 24h or 48h with A: LPS, B: Poly I:C, C: IFN~, D: TGF3, E: IL10,
F: IL4 or G: IL13. Gene expression was normalized to levels of the housekeeping
gene f-actin and presented as average 2~ 22 values from at least three different
microglial cultures. Data is shown as mean+SEM. Statistical significance is shown
as *<0,05,*%*<0,01,***<0,001.
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3.1.2 CD39 enzymatic activity is modulated by pro- and anti-inflammatory
stimulation of primary microglia «n vitro

To investigate whether changes in Cd39 RNA expression affect the ability of the enzyme
to metabolize ATP, primary microglia were treated for 6, 24 or 48 h with LPS, Poly I:C,
IFN~ (classical activation), TGF#, IL10 (acquired deactivation), IL4 or IL13 (alterna-
tive activation). The cells were then incubated for 10 minutes with 1 mM ATP and
the released free phosphate was determined via a colorimetric reaction with the mala-
chite green phosphate assay. Phosphate concentration was normalized to total protein
content, assessed by the Pierce BCA protein assay kit. Experiments were performed in
triplicates from three or four independent cultures. Similarly to the Cd39 expression,
CD39 activity was also modulated by pretreatment of the cells. Treatment with LPS
significantly reduced CD39 activity after 6 h (from 6,07 to 4,15 uM phosphate/min/mg
protein), 24 h (from 10,46 to 4,88 uM phosphate/min/mg protein) and 48 h (from
10,45 to 1,4 pM phosphate/min/mg protein) (Fig. 3.2 A). Poly I:C stimulation re-
duced strongly CD39 activity, the most prominent effect being after 48 h stimulation
with 100 pg/ml (from 8,73 to 2,87 uM phosphate/min/mg protein) (Fig. 3.2 B). Treat-
ment with 10 ng/ml IFN~ for 24 h significantly increased CD39 activity (Fig. 3.2 C).
10 ng/ml TGFf significantly decreased CD39 activity after 24 h, while IL10 led to an
increase after 6 h only (Fig. 3.2 D and E). 100 ng/ml IL4 decreased enzymatic activity
both after 24 h and 48 h, whereas IL13 stimulation increased phosphate degradation
after 6 h (Fig. 3.2 F and G). To summarize, CD39 enzymatic activity changes in dif-
ferent activation states in microglia and the pattern of activity modulation is similar

to the Cd39 expression changes.
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Figure 3.2: Enzymatic activity of microglial CD39 changes upon activation in wvitro.
CD39 activity was assessed by malachite green phosphate assay in primary cultured
microglia upon stimulation for 6 h, 24 h, or 48 h with A: LPS, B: Poly I:C, C:
IFN~, D: TGFg3, E: IL10, F: IL4 or G: IL13. Data is presented as mean phosphate
in utM/min/mg total protein from at least 3 independent experiments. Statistical
significance is shown as: *<0,05,*%*<0,01,***<0,001.
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3.2 Project 2: Microglial purinergic signaling in the ab-
sence of the enzyme CD39 and its influence on astro-

cytic calcium waves

3.2.1 Cd39/~ microglia release more ATP upon medium change and
degrade added ATP slower than wildtype microglia

To study the role of microglial CD39 in keeping the balance of extracellular ATP, 1
measured ATP concentrations in the supernatant of cultured primary microglial cells
upon medium change with medium containing either no or very low concentrations (100
nM, 1 uM or 10 uM) of ATP. After medium replacement, aliquots of the supernatants
were collected after incubation for 1, 5, 10, 30, and 60 minutes, and ATP concentrations
were determined by means of the ATP assay, as described in the Materials and Meth-
ods section. Medium change induced a small release of ATP leading to extracellular
concentration of 2,5+0,4 nM (n=12) after 1 min in wildtype cells, which declined to
1,540,17 nM after 30 min and remained at that level after 60 min. In Cd39~/~ cells,
medium change induced a much higher release of ATP (108,94 4,84 nM after 1 min),
which was reduced to 4,7 (£0,6) nM after 60 min.

To test the degradation activity of defined ATP levels by microglial CD39, I added 100
nM, 1 uM or 10 uM ATP and measured ATP levels after 1, 5, 10, 30 and 60 min. 100
nM of ATP were degraded to 2,74+0,24 nM after 1 min, 1 uM ATP to 10,14+2,6 nM
and 10 upM ATP to 2,540,4 uM. 10 min after addition of 1 uM ATP, it was degraded
to baseline level (3,54+0,7 nM). 10 uM ATP was reduced to 0,9940,14 M after 10 min
and to 0,21£0,02 M after 30 min (Fig.3.3 A, left row).

When 100 nM ATP were added to the knockout cultures, a similar effect as medium
change (69,7£8,6 nM after 1 min, 32,9+2,9 nM after 10 min and 10,6+0,6 nM after 30
min) was induced. 1 M and 10 uM were gradually removed in Cd39~/~ cells, but the
decay of the ATP concentration was much slower compared to wildtype cells and even
after 60 min incubation, ATP levels did not return to baseline (132+7,5 nM for 1 M
and 5,99+0,08 uM for 10 uM, respectively) (Fig.3.3 A, right row).

Direct comparison of ATP levels in the medium of wildtype and Cd39~/~ cells after
medium change reveals that in the knockout cultures the ATP level was significantly
higher after 1 min (108,9+4,84 nM vs 4,18+0,46 nM). Although ATP levels decreased
gradually over 1 hour, ATP concentrations in the Cd39~/~ medium were significantly
higher than in the wildtype medium for every time point studied (62,0+4,45 nM vs
1,9440,36 nM after 5 min, 37,214+5,08 nM vs 1,09+0,08 nM after 10 min, 13,68+0,75
nM vs 1,13+£0,2 nM after 30 min and 4,740,63 nM vs 1,04+0,17 nM after 60 min)
(Fig.3.3 B).

Next, I added 50 uM ARL67156, a pharmacological blocker of CD39, to the cultured
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cells, in order to investigate whether this would mimic the genetic removal of the
enzyme. Indeed, addition of ARL67156 to wildtype cells induced a similar effect as
Cd39~/—. ATP concentration in the medium of wildtype cells in the presence of the
blocker was significantly higher than in wildtype cells only after 1 min (12,2540,95 nM
vs 4,96+1,27 nM), 5 min (8,37£1,27 nM vs 1,8940,26 nM), and 10 min (4,05+0,38 nM
vs 2,16+£0,07 nM), but not after 30 and 60 min (Fig.3.3C). Pharmacological blocking
of CD39 induced a much smaller effect than the knockout cultures, because the blocker
does not block CD39 function completely (data not shown).

To determine the background levels of ATP in cultured microglia, I also measured ATP
levels in the supernatant 24 h after medium change. Culture medium was replaced by
phenol-red free DMEM and after 24 h of incubation, supernatant aliquots were col-
lected and ATP concentrations were determined. ATP levels in wildtype supernatants
did not differ significantly from those in Cd39~/~ supernatants (3,8443,05 nM versus
5,114+3,58 nM, fig. 3.3 D). Thus, although the Cd39~/~ cultures are not able to effi-
ciently remove ATP from the extracellular space within 1 h, they still are able to reach

baseline levels of ATP, similar to those of wildtype cells, within 24 h.
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Figure 3.3: Time-course of ATP concentration in the supernatant of microglial
primary cultures after medium change. A: The culture medium of wildtype (left
panel) or Cd39-/~ (right panel) microglia was replaced by HEPES buffer containing
either 0, 100 nM, 1 M or 10 M ATP. Aliquots of the supernatants were taken out
after 1, 5, 10, 30 and 60 minutes and ATP concentrations were measured by means
of the ATP determination kit. Time point 0 represents the ATP concentration of
the buffer before addition to the cells. The inlays show an enlargement of the part
of the graph marked with a rectangle. B: Direct comparison of the time-course of
extracellular ATP concentration after medium change in microglia cultures derived
from Cd39~/~ and wildtype animals. C: Pharmacological blocking of CD39 function
with 50 yM ARL67156 has a similar effect to CD39 deletion on medium-change-
induced ATP release from microglia cells. D: Background ATP levels in wildtype
and Cd39~/~ microglial supernatants measured 24 hours after medium change.
Average ATP concentration in nM from 4 culture wells from three independent
cell cultures is presented as average + SEM. Statistical significance is shown as:
*<0,05.

3.2.2 Astrocytes release more ATP than microglia after medium change

in a microglia-astrocyte co-culture

Next, I asked which cell type is the major source of ATP — microglia or astrocytes. To

investigate this, I compared ATP release in astrocytic cultures, in astrocytic cultures
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enriched with microglial cells on top, or in microglial cultures only after medium change.
Astrocytes released 56,7+4,7 nM ATP after 1 minute, which was significantly higher
than the ATP released by microglia alone — 3,2+0,58 nM. The presence of only a
few microglia on top of the astrocytic layer already substantially reduced the ATP
concentrations in comparison to astrocytes to 10,440,7 nM. Over the course of one
hour, the ATP concentrations in the astrocytic supernatants were gradually reduced,
but for every time point studied, ATP concentrations remained significantly higher
than those in the microglial supernatant (Fig.3.4, A). Since astrocytes have a much
bigger cell size than microglia, the ATP values measured were also normalized for total
protein amount per well, measured with the BCA assay kit, in order to exclude the
possibility that astrocytes release more ATP due to their higher cell volume. The
released ATP per ug protein in astrocytes was significantly higher than in microglia for
all time points measured as well, confirming that the higher ATP release in astrocytes
is not dependent on cell volume (Fig.3.4, B). Thus, in an astrocyte-microglia co-culture,
astrocytes are the main source of ATP, whereas microglia can efficiently remove it to

restore the nucleotide balance in the supernatant.
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Figure 3.4: Comparison of the medium change-induced ATP release from pure as-
trocytic cultures, astrocyte-microglia co-cultures and pure microglia cultures. A:
Aliquots of the supernatants from the three culture types were collected after 1, 5,
10, 30, and 60 minutes after medium change and ATP concentrations were deter-
mined by means of the ATP determination kit. Time point 0 represents the ATP
concentration of the buffer before addition to the cells. B: The ATP concentrations
shown in (A) were normalized to protein amounts per well, determined with the
BCA protein kit, to control for differences in cell volume and/ or cell number in
the different cultures tested. Average ATP concentration in nM or nM/ ug protein
from 4 culture wells from three independent cell cultures is presented as average
+ SEM. Statistical significance is shown as: **<0,01.
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3.2.3 Cd39/~ microglia are more sensitive to low concentrations of
ATP

CD39 terminates purinergic signaling by removing nucleotides from the extracellular
space. To study the influence of CD39 in microglial ATP responses, I activated P2
receptors of cultured neonatal microglial cells by application of ATP and measured
calcium levels by Fluo-4 AM fluorescence imaging. Primary microglia were loaded with
the calcium indicator and the relative changes in fluorescence intensity upon applica-
tion of different concentrations of ATP for 1 minute were recorded. After washout for
5 minutes, 300 uM ATP was applied as a positive control for 30 seconds. Only cells
responding to the positive control were taken for further analysis. I tested 7 different
concentrations of ATP, ranging from 0,1 uM to 100 uM. Microglia showed a signifi-
cantly higher sensitivity to 0,3 uM and 1 ygM ATP in comparison to wildtype cells:
stimulation with 0,3 uM ATP induced a calcium response in 38,10 % of the Cd39~/~
cells versus 21,27 % of the wildtype cells. Application of 1 uM ATP activated 73,74 %
of the Cd39~/~ cells but only 35,65 % of the wildtype cells (Fig.3.5, A). In conclusion,
CD39 deletion in microglia increases the sensitivity to low concentrations of ATP. Fur-
thermore, I analyzed the Ca?* signal amplitude of the responding cells. The size of the
response was determined by subtracting the average fluorescence intensity before ATP
application (the baseline) from the maximal fluorescence intensity of the ATP response.
The data are presented as per cent of the maximal response to application of 300 uM
of ATP, performed in independent experiments. Upon application of 1, 3, 10 and 30
uM ATP, the response amplitudes of the Cd39~/~ cells were higher than those of the
wildtype cells, however the difference in amplitudes was only significant for the 3 uM
application (43,13+ 5,46 % for Cd39~/~ versus 24,21+ 3,6 % for wt microglia, p<0,01).
Interestingly, for very high and very low concentrations, the wildtype microglia elicited
higher response amplitudes than the Cd39~/~ microglia: 9,434+ 1,94 % in Cd39~/~
versus 18,95+ 3,09 % in wt at 0,3 uM ATP and 61,34+ 6,67 % in Cd39~/~ versus
86,20+ 5,05 % in wt at 100 uM ATP (Fig.3.5, B).
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Figure 3.5: Calcium responses of wildtype and Cd39 /~ microglia cells upon ap-
plication of ATP concentrations, ranging from 100 nM to 100 M. A: Percent of
cells responding to each application of all experiments performed (at least 12 ex-
periments from 3 independent microglial preparations). B: Average response size,
presented as % of the maximal response, elicited by application of 300 yM ATP.
Statistical significance is shown as: *<0,05,**<0,01,***<0,001.

3.2.4 Increased sensitivity of Cd39/~ microglia to low ATP concen-
trations is not associated with changes in the expression of

purinergic receptors

Microglial cells express a variety of purinergic receptors [Farber et al., 2008]. However,
each purinergic receptor has a different sensitivity to ATP and other nucleotides. Since
the calcium imaging experiments revealed that microglia lacking CD39 have increased
sensitivity to low concentrations of ATP, this might be due to altered expression of
purinergic receptors. Total RNA was isolated from three independent microglial cul-
tures derived from either Cd39~/~ or wildtype mice, and purinergic receptor expression
was tested via quantitative PCR. I found P2ry6, P2rx4, P2rx7, P2ryl3 and P2ryl2
to be highly expressed (between 0.1 and 1 % of S-actin expression), whereas P2ry2,
P2ry14, P2rx1 and P2rz6 showed low expression (less than 0.01 % of B-actin expres-
sion) and P2ryl, P2rz3, P2rx5 and P2ry4 expression was beyond detection (fig.3.6).
These results confirm previous findings [Shieh et al., 2014] with some small differences,

concerning P2ry13, P2rz6 and P2ryl expression.
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Figure 3.6: Expression of purinergic receptors in cultured microglia. Gene ex-
pression was normalized to the housekeeping gene -actin and presented as 1/Act
values. Mean+SEM of the expression in microglia from at least three independent
cultures is shown.

When I compared P2X and P2Y expression in wildtype and Cd39~/~ microglial
cultures, I found that all 10 purinergic receptors, expressed by wt microglia, were
expressed by Cd39~/~ microglia to a similar extent (fig.3.7). Thus, increased microglial

sensitivity to ATP cannot be attributed to altered purinergic receptor expression.
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Figure 3.7: Comparison of purinergic receptors expression in cultured neonatal
wildtype and Cd39/~ microglia. Gene expression was normalized to the house-
keeping gene (-actin and presented as 2722 values. Data is shown as mean+SEM
from at least three different microglial cultures. Statistical significance is shown as
*<0,05,**<0,01,***<0,001.

3.2.5 Microglial CD39 controls the spread of astrocytic calcium waves
in vitro

Astrocytic calcium waves are concentrically spreading elevations of intracellular calcium
in astrocytic cultures or brain slices and can be elicited by mechanical, electrical or
chemical stimulation. The spread of the calcium wave is partly dependent on the release
of ATP from activated cells, which induce a calcium response in neighbouring cells via
activation of purinergic receptors. To study the importance of microglial CD39 for
the spread of astrocytic calcium waves, I induced calcium wave propagation by pipette

touch in wildtype or Cd39~/~ astrocyte-microglia co-cultures as well as in microglia-
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depleted pure astrocytic cultures, loaded with the fluorescence indicator Fluo-4 AM,
and subsequently recorded the spread of the wave. Touching a single astrocyte induced
an increase of intracellular calcium with subsequent activation of neighbouring cells
and spread concentrically from the initiation point. The relative change of fluorescence
intensity for each cell reached a maximum at a time point depending on the distance
of the cell from the stimulation pipette.

The maximal area of each calcium wave was determined by generating a Z-stack of the
maximal fluorescent intensity of 200 recorded images on average. Representative waves
are shown in Fig. 3.8A. In the wildtype co-cultures, the wave spread with a median
of 1 244 pm? (25" percentile: 987,7 um?, 75" percentile: 1 665 pum?, n=75), whereas
the spread of the wave in Cd39~/~ co-cultures was significantly higher median area
1 506 pm? (25" percentile: 1 115 pm?, 75" percentile: 2 111 pm?, n=84, p <0,05).
Selective depletion of microglia by treatment with 50 pl/ml clodronate for 24 hours led
to a similar effect as in the Cd39~/~ co-cultures - the wave spread with a median of
1 635 pum? (25" percentile: 1 241 pm?, 75" percentile: 2 298 pm?, n=81) which was
significantly higher than wildtype as well (p < 0,01, Fig.3.8 B). In summary, depletion
of either microglial CD39 or the microglial cells themselves both led to a larger spread

of the astrocytic calcium waves.
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Figure 3.8: Mechanically induced calcium waves in astrocyte-microglia cultures.
Cells were loaded with the calcium indicator Fluo-4 AM and a calcium wave was
induced by touching a single astrocyte with a pipette. A: Representative exam-
ples of maximal spread of the calcium wave in a wildtype co-culture, Cd39~/—
co-culture and in astrocytes only. Scale bar: 10 M. B: The boxplots represent the
median areas of the waves in wildtype, Cd39~/~ microglia-astrocyte co-cultures
and clodronate-treated pure astrocytic cultures. Statistical significance is shown
as: *¥<0,05; **<0,01.

To study whether other parameters of the calcium wave propagation are also affected
by deletion of Cd39, a single-cell analysis with the R statistics package was performed.
For each wave, participating cells were selected manually and the time point of the
beginning of the increase in fluorescence as well as the distance from the stimulation
point were determined for each single cell. Fig.3.9A shows the calcium wave propagation
for the three cultures tested plotted as a function of the distance over the first 70 seconds
of the recording. Most waves did not propagate longer than this time. Next, a fitting to

the formula 2.1 on page 35 was performed for each wave to determine two parameters,
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which describe the calcium wave properties: the span, which is the distance at which
the wave reaches a plateau phase, and 7, which describes the acceleration of the wave.
The span of the calcium waves in Cd39~/~ co-cultures was significantly higher than
in widltype cultures (median of 664,8 ym in Cd39~/~ cells vs 558,7 pum in wildtype
cells, p<0,01). The median span in wildtype astrocytes, free of microglia, was slightly,
but not significantly, higher than the span of wildtype co-cultures (595,4 um, Fig.3.9,
B). For the 7 parameter, there was no significant difference between the wildtype and
the Cd39~/~ co-cultures (median of 49,55 a.u. for wildtype vs 61,5 a.u. for Cds9/~
cells), and in wildtype astrocytes only, 7 was significantly smaller (41,9 a.u., p< 0,001,
Fig.3.9, C).
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Figure 3.9: Acceleration and maximal span of astrocytic calcium waves are not
different in Cd39~/~ microglia-astrocyte co-cultures. Here the results of the single-

cell analysis are shown.

A: The time [s] versus distance [um] plot for each cell

participating in the calcium wave for in wildtype, Cd39~/~ co-cultures and wildtype
astrocytes. B: The median of the maximal span of the calcium wave in micrometers
for each condition tested, as calculated after fitting every wave to the 7 curve. C:
The median 7 parameter for all three conditions tested. Statistical significance is
depicted as: *<0,05,*%*<0,01,***<0,001.
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3.3 Project 3: Microglial ATP-related properties in a mouse

model of schizophrenia

3.3.1 Microglia in acute brain slices of adult Poly I:C mice do not
respond to ATP with increased phagocytic activity

Microglial phagocytosis of apoptotic neurons is important for proper neurodevelopment
and synaptic pruning [Tremblay and Majewska, 2011; Beumer et al., 2012], processes
which have been shown to be disturbed in the schizophrenic brain. To study the
phagocytic activity in microglia in a mouse model of schizophrenia acute brain slices
from the adult offspring of Poly I:C or NaCl injected mothers were prepared and the
uptake of fluorescent beads by the microglial cells was quantified. In control slices, the
phagocytic index was 22,741,53, which did not differ significantly from that of Poly
I:C offspring slices (18+1,47, fig.3.10). ATP has been shown to result in an increase in
microglial phagocytosis [Bulavina et al., 2013]. Indeed, simultaneous incubation with
latex beads and 100 uM ATP led to an increase in the phagocytic index up to 33,1+2,37
in the control slices (p<0,001), but not in the Poly I:C slices (20,67+1,88, ns). Taken
together, these results show that microglia in Poly I:C offspring acute brain slices have
normal phagocytic activity, but do not respond to ATP treatment with an increase in

phagocytosis.
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Figure 3.10: Microglia in acute brain slices of Poly I:C offspring show normal
phagocytic activity, which cannot be enhanced by treatment with ATP. A: Repre-
sentative z-stacks images. Ibal positive phagocytic cells are marked with arrows.
Scale bar: 20 pm. B: Quantification of the phagocytic index, displayed as mean
+SEM from at least 80 z-stacks from at least 5 independent animals. Statisti-
cal significance is shown as ***<0,001, ns: not significant. Experiments and data
analysis were performed by Frank Szulzewsky.

3.3.2 Freshly isolated microglia from adult Poly I:C mice show re-
duced sensitivity to ATP

Microglia express a set of purinergic receptors, which are activated by nucleotides — in
particular ATP — and induce an increase in intracellular calcium. Since ATP-induced
microglial phagocytosis is disturbed in Poly I:C adult mice, I next asked whether mi-
croglial sensitivity to ATP is affected in general. Microglia were isolated from the
whole brains of Poly I:C and NaCl offspring via Percoll gradient for myelin removal
and MACS separation with CD11b microbeads for specific microglial purification. Cells
were loaded with Fluo-4 AM Ca?*t indicator and ATP was applied in concentrations
of 0,1 to 30 uM, which represent the range of ATP concentrations which activate most
of the purinergic receptors (table 4.1 on page 67). After a washout of 5 minutes, 300
uM ATP was applied as a positive control. Only cells which responded to the second
ATP application were taken for further analysis. The percentage of cells responding
to the first ATP stimulation was decreased in the Poly I:C microglia in comparison to
NaCl microglia for 0,3, 1 and 3 yuM ATP with a significant difference for the 3 uM ATP
stimulation (from 87 % to 68 %, p<0.01)(Fig.3.11, A). To activate 60 % of the Poly
I:C microglia nearly the double ATP concentration was needed (ECFgp): 2,8 uM (Poly
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I:C) compared to 1,476 uM (NaCl). Altogether, these experiments show that freshly
isolated microglial cells from Poly I:C brains display a reduced sensitivity to ATP. The
amplitudes of the calcium responses showed an opposite trend: the amplitudes of the
Poly I:C microglia were slightly higher than those of NaCl microglia for the 1 uM and
3 uM concentrations, and the difference was significant for 1 pM (0,5640,26 for Poly
I:C versus 0,33+0,25 for NaCl microglia, p<0,05), Fig.3.11,B).
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Figure 3.11: Calcium responses of freshly isolated microglia cells from adult (P60)
Poly I:C mice upon application of ATP. A: Percent of cells responding to each
application of all experiments performed (at least 12 experiments from at least
3 independent microglial isolations). B: Average response size, maximal relative
fluorescence intensity. Statistical significance is shown as: *<0,05,**<0,01.

3.3.3 Freshly isolated microglia from adult Poly I:C mice show an al-
tered mRINA expression of Cd39 and P2ry12, but not of P2ry6

In the calcium imaging experiments, I observed that freshly isolated microglia derived
from the offspring of Poly I:C challenged mothers displayed reduced sensitivity to ATP
application. To test whether this can be due to altered expression of C'd39 or purinergic
receptors, I isolated mRNA from these cells and performed qPCR for the genes of
interest. I found that Cd39 expression in Poly I:C microglia was significantly increased
to 1,39 fold (p<0,01) of controls and possibly contributes to the decreased sensitivity to
ATP of these cells (Fig.3.12, A). Furthermore, mRNA levels of P2ry12 were significantly
(1,2 fold, p<0,01) increased in Poly I:C microglia in comparison to controls (Fig.3.12,
B). P2ry6 and P2ry13 mRNA levels did not differ between groups.
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Figure 3.12: Relative gene expression of A: Cd39, B: P2ry12, C: P2ry6 and D:
P2ry13 in freshly isolated microglia from adult Poly I:C mice. Gene expression
was normalized to the housekeeping gene 3-actin and depicted as 2724 values.
Average + SEM gene expression from cells isolated from 4 mice is shown. Statistical
significance is shown as **<0,01.

3.3.4 Freshly isolated microglia from Poly I:C neonatal offspring show

increased sensitivity to ATP

Schizophrenia is a disease, which emerges in early adulthood. Since I saw an altered
microglial phenotype in the adult Poly I:C offspring, I next asked whether microglial
properties also change during development in this model. An early postnatal time-point
(P5) was chosen for the following experiments.

I tested the responsiveness of freshly isolated microglia from Poly I:C P5 pups to low
concentrations of ATP. Surprisingly, the percentage of cells responding to stimulation
with 0,1 and 0,3 uM ATP was markedly increased in microglia derived from Poly 1:C
P5 pups in comparison to controls — 53,6 % vs 21,5 % for 0,1 uM ATP and 64,3 %
vs 26,1 % for 0,3 uM ATP, respectively (p<0,001). The responsiveness of the cells
from both groups to 1 uM and 3 pM is similar, and for 10 uM ATP stimulation the
Poly I:C mice-derived cells are again slightly, but significantly more sensitive — 95,8 %
vs 89 % (p<0,01, Fig.3.13 A). The amplitudes of the calcium responses did not differ
significantly between the two groups for any of the ATP concentrations tested (Fig.3.13
B). In summary, freshly isolated microglia from Poly I:C P5 pups are more sensitive to

very low concentrations of ATP.
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Figure 3.13: Calcium responses of freshly isolated microglia cells from neonatal
Poly I:C mice upon application of ATP. A: Percent of cells responding to each
application of all experiments performed (at least 12 experiments from at least
3 independent microglial isolations). B: Average response size, maximal relative
fluorescence intensity. Statistical significance is shown as: **<0,01, ***<0,001.

3.3.5 Freshly isolated microglia from neonatal Poly I:C mice show a
reduced mRNA expression of P2ry6

I also tested the expression of C'd39 and purinergic receptors in the freshly isolated
cells from P5 Poly I:C pups. In the Poly I:C offspring the expression of the P2ry6
was significantly reduced to 47,8% of controls (Fig.3.14 C), whereas Cd39, P2ry12 and
P2ry13 expression remained unchanged (Fig.3.14 A, B and D).
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Figure 3.14: Relative gene expression of A: Cd39, B: P2ry12, C: P2ry6 and D:
P2ry13 genes in freshly isolated microglia from neonatal Poly I:C mice. Gene
expression was normalized to the housekeeping gene -actin and depicted as 2~ 24¢
values. Average + SEM gene expression from cells isolated from 4 mice is shown.
Statistical significance is shown as *<0,05.

3.3.6 Comparison of Cd39 and P2 gene expression in P5 and P60
Poly I:C mice

In both postnatal and young adult mice, I found changes in microglial gene expression of
Cd39, P2ry6, and P2ry12 in Poly I:C offspring (fig.3.12 and fig.3.14). However, it is also
of interest to compare the gene expression between postnatal and adult mice. Fig.3.15
shows how the gene expression changes with development. Interestingly, expression of
Cd39, P2ry12 and P2ryl3 increases significantly with age, both in NaCl and in Poly
I:C animals. In control animals, Cd39 was increased 2,9+0,13 fold (p<0,001), P2ry12
expression was increased 440,11 fold (p<0,001), and P2ry13 4,464+0,43 fold (p<0,001)
in adults compared to pups. Expression of P2ry6 was the only one which did not
increase in adulthood in control microglia (1,2240,06 fold,ns), however, the reduced
expression in the Poly I:C pups relative to control pups was recovered in the Poly I:C
adults (from 0,48+0,05 to 1,64+0,17 of controls, p<0,001). In summary, microglial
gene expression of Cd39 and three purinergic receptors is regulated not only in the

schizophrenia model, but also increased in development.
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Figure 3.15: Microglial Cd39, P2ry12 and P2ryl3 expression are upregulated
in early adulthood: a direct comparison of the gene expression data shown in
fig.3.12 and fig.3.14 reveals, that gene expression changes in development. Relative
gene expression of A: Cd39, B: P2ry12, C: P2ryl3 and D: P2ry6 receptors in
freshly isolated microglia from neonatal and adult Poly I:C mice. Gene expression
was normalized to the housekeeping gene 3-actin and depicted as 2722 values.
Average + SEM gene expression from cells isolated from 4 mice is shown. Statistical
significance is shown as *<0,05, **<0,01, ***<0,001.
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4. DISCUSSION

4.1 Relevance of the work

Microglia are the resident macrophages of the central nervous system and are respon-
sible for the protection of the brain against damage, bacterial and viral infections.
These surveying cells constantly scan their environment for changes: damaged cells and
pathogenic exogenous factors or endogenous signals. Such events can lead to activation
of the microglial cells and induce both morphological changes towards an amoeboid
form and functional changes toward a migrational and/ or phagocytic phenotype as
well as cytokine release.

Purinergic signaling is one of the most ubiquituous signaling systems in the body, as
nucleotides and their receptors are found in virtually all tissues. For microglial cells,
purinergic signaling is one of the most important paracrine and autocrine communica-
tion systems, which enables them to respond adequately and effectively to signals in a
very time- and space-specific manner. For instance, ATP acts as a danger signal when
released from damaged cells and induces migration and phagocytosis in microglia, but
it can also be rapidly metabolized to adenosine, which has the opposite effect - it limits
inflammation and counteracts the action of ATP. Microglia are equipped with a very
efficient enzyme - CD39, which enables them to prevent self-overactivation, as well as
overactivation of neighboring cells. Since CD39 is a very potent enzyme, it is not only
relevant for microglial cells - the only cell type which express it in the CNS - but also
for the effective removal of ATP in the extracellular space of the CNS. Another ATP-
dependent process in the CNS is the major communication system of astrocytes, the
calcium wave. This is why it is important to study how microglial CD39 affects the
purinergic signaling in both microglia and astrocytes.

Since proper purinergic signaling in the brain is a prerequisite for normal brain function,
it is no surprise that a disturbed purinergic balance has been connected to different
diseases of the nervous system. Schizophrenia, a debilitating psychiatric disorder, is
characterized by a disbalance in both the dopaminergic and glutamatergic systems.
Only recently has a new hypothesis for the pathophysiology of schizophrenia been pro-
posed. This hypothesis bases on adenosine, a neurotransmitter which tightly controls
other neurotransmitter systems. Since adenosine has been shown to affect microglial

function and many studies have focused on microglial involvement in schizophrenia, it
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is necessary to study how a possible purinergic disbalance in the schizophrenic brain

would affect normal microglial function.

4.2 Project 1: Distinct Cd39 gene expression and en-
zymatic activity in different activation states of mi-

croglia

CD39 is an ecto-enzyme, responsible for the rapid removal of ATP from the extracellular
space, which is expressed on microglial cells. Since ATP is an important danger signal
for microglia, CD39 is also crucial for removal of the signal and thus for controlling the
activation of the cells. Microglia can be activated by different exogenous components
and endogenous molecules, which induce phenotypic and functional changes in the
cells. In wvitro, three main activation states of microglia have been described: classical
activation, acquired deactivation and alternative activation. I treated primary neonatal
microglia with different agents to induce their activation and studied how Cd39 mRNA
expression and protein activity change after 6, 24, or 48 hours incubation of the cells.
I found that both Cd39 mRNA expression and protein activity were modulated in
a time- and dose-dependent fashion in different activation states. Treatment of the
cells with activating agents usually induced a change in gene expression, followed by a
change in the activity of the protein. This suggests that microglial regulation of protein
translation of CD39 occurs via regulation of the gene expression.

The most striking results were observed after treatment with pro-inflammatory compo-
nents such as LPS and Poly I:C, which dramatically reduced both gene expression and
activity of CD39 after 6 and 24 hours and 24 and 48 hours, respectively. In contrast,
treatment with IFN~ slightly increased both Cd39 expression and enzymatic activity.
Since IFN~ is a cytokine, released from Thl-cells upon activation of TLR receptors
[Hanisch, 2002], and is often employed together with LPS for induction of a robust
classical activation effect, these contrasting results are rather surprising and would in-
fer that C'd39 regulation is not a general effect of the activation state of the microglia,
but rather a specific response to a certain agent. The alternative activation cytokines
IL4 and IL13, which are also usually employed in combination when treating cells in
vitro, also elicited rather different results - IL4 reduced Cd39 expression and protein
activity, while IL13 had little effect with a tendency to enhance CD39 activity after 6
hours.

The finding that LPS treatment dramatically reduces Cd39 expression and protein
activity is in agreement with the observation of Zanin et al., who found that MI-
activated peritoneal macrophages isolated from mice show reduced ATPase activity as
well as mRNA expression and protein levels of NTPDasel [Zanin et al., 2012]. On the
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other hand, they saw upregulation of ATPase activity in M2-polarized macrophages
treated with IL4, which is in contrast with my results in microglia. Zanin et al. drew
a general conclusion that M1 activation reduces and M2 activation enhances activity
and expression of CD39 in macrophages. Considering the fact that microglia may share
many common properties with peritoneal macrophages, but also display many differ-
ences, this discrepancy is not surprising - and in addition, Zanin et al. studied only two
activation paradigms - induced by LPS and I1.4, while in my work I tested 7 different
components at three different time-points, which enables us to provide a more detailed
picture. Kittel et al., who describe a transient decrease of CD39 activity on the luminal
side of endothelial cells upon rat i.p. LPS treatment, argue that this decrease might
be attributed to LPS-induced changes in the structure of cell membranes, which affect
CD39 transmembrane domain formation and its functionality [Kittel et al., 2007]. How-
ever, since in my experiments LPS-induced reduction of CD39 activity was preceded by
a decrease in Cd39 mRNA expression, I would rather regard the membrane structure
hypothesis as a complementary effect and not as the main mechanism, responsible for
the alteration of CD39 activity.

What is the possible physiological relevance of the observed microglial reduction of
Cd39 upon LPS or Poly I:C stimulation? Microglia, stimulated with LPS, release
small amounts of ATP [Pascual et al., 2011]. Reduction of Cd39 expression and en-
zymatic activity on the cell surface during inflammation would lead to accumulation
of extracellular ATP, which would support ATP-mediated pathogen clearance and the

activation of P2 receptors, an important component of inflammation.

4.3 Project 2: CD39 on microglia is an important regu-

lator of autocrine and paracrine purinergic signaling

4.3.1 Cd39 /- microglia are more sensitive to low concentrations of
ATP

Microglial cells can sense ATP via multiple purinergic receptors expressed on their sur-
face (for a review, see [Farber and Kettenmann, 2006]). Binding to metabotropic P2Y
receptors leads to an activation of G,-dependent pathway and phospholipase C which
mobilizes intracellular Ca?*, while binding of ATP to P2X ionotropic receptors leads to
opening of the channel pore and increased permeability to Ca?T and Na* [Bucheimer
and Linden, 2004]. Each receptor exhibits a different affinity to ATP [Jacobson, 2010],
for an overview, see table 4.1. Thus, depending on the concentration of ATP applied
to the cells, a different array of P2 receptors becomes activated, a different amount of
Ca?* is released in the cytoplasm, and a calcium signal is detectable or not. I studied

how deletion of C'd39 would modify the sensitivity of microglial cells to application of
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ATP. Applying ATP in concentrations ranging between 100 nM and 100 uM, I found
that 10 uM ATP were sufficient to activate almost all microglia cells and applications
of 1 and 3 uM ATP also led to their activation. These findings are similar to what
Moller et al. described in their experiments with microglial cells in vitro [Moller et al.,
2000] and when regarding the dose-response curve of the signal size, my results closely
match those published by our lab previously. Interestingly, when I performed the same
experiments with Cd39~/~ microglia, I found that in these cells the percentage of cells
responding to the ATP stimulation was significantly increased in comparison to wild-
type cells. This was to some extent reflected in the response sizes of the responding cells.
Since the mRNA expression of purinergic receptors in Cd39~/~ cells was not different
from that of wildtype cells, this altered sensitivity to ATP might be attributed directly
to the lack of CD39. It has been shown, that CD39 ”competes” with purinergic recep-
tors for nucleotide binding and can even form heterodimers with P2 receptors [Schicker
et al., 2009]. Since CD39 is an extremely fast enzyme, it is plausible to assume that for
concentrations of ATP, which are so low that not even all cells are activated, CD39 can
prevent activation of P2 receptors before ATP has reached them by degrading ATP to
AMP and phosphate. When CD39 is missing, all ATP reaches the P2 receptors and
more cells are activated. Applications of 10 uM of ATP are high enough to circumvent
the immediate action of CD39 so there is no detectable difference between wildtype and
knockout cells anymore. Thus, for low concentrations of ATP, CD39 has a regulatory

effect on microglia and can prevent activation of the cells.

4.3.2 Cd39 /- microglia release more ATP and degrade it slower

Cells can release ATP upon stress or in pathophysiological conditions. ATP release
in the CNS was traditionally attributed to astrocytes [Guthrie et al., 1999; Anderson
et al., 2004] and neurons mainly [Robertson and Edwards, 1998; Jo and Role, 2002],
but recent reports have shown that microglia can release ATP as well. Imura et al.
found that upon activation with the Ca?* ionophore ionomycin, microglia release small
amounts of ATP via a vesicular nucleotide transporter (VNUT) -dependent mecha-
nism [Imura et al., 2013]. Another research group has proposed a lysosomal exocytosis
mechanism for ATP-induced ATP release [Dou et al., 2012]. In my work, I induced
ATP release by microglia via medium change and measured the ATP present in the
supernatant over the course of 1 hour. After medium change with ATP-free medium,
wildtype microglia released some small amounts of ATP, comparable to the published
data of Imura et al. Whenever ATP was present in the new medium, wildtype cells
rapidly metabolized it. In the supernatants of microglia, devoid of CD39, ATP lev-
els after medium change were significantly higher and added ATP was removed much
slower. Similar observations were made when CD39 function was blocked pharmaco-

logically with ARL67156. Interestingly, when ATP concentrations in the supernatants
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of the cells were measured 24 hours after medium change, I found equal levels of ATP
in the supernatants of wildtype and Cd39~/~ microglia. Thus, upon medium change,
0d39~/~ cells release more ATP, but over time, the balance in extracellular ATP is
restored. Thus, CD39 is crucial for preventing autocrine over-activation of microglia in
acute stress situations.

Since ATP concentrations upon medium change were measured at certain time points,
of course, what cannot be stated from these experiments is whether the difference in
ATP concentrations in the supernatants of wildtype and Cd39~/~ cells are due to in-
creased release or decreased metabolization of ATP in absence of CD39. The first time
point studied was 1 minute after medium change and it might well be that wildtype
cells release similar amounts of ATP as Cd39~/~, but hydrolyze it immediately. This
hypothesis is supported by the notion that CD39 is an extremely efficient enzyme with
a very high Michaelis constant [Kukulski and Komoszyski, 2003]. On the other hand,
the possibility that Cd39~/~ cells release more ATP upon medium change cannot be
excluded - since these cells are also more sensitive to ATP applications, it could be that
they have a general higher sensitivity to external stimulation. Further experiments are
required to gain more insights into this matter.

The lowest ATP concentration necessary for activation of P2 receptors is 50 nM ATP
(the ec50 value of P2X;R), according to the literature (see table 4.1). According to my
results, in the presence of CD39 ATP levels are kept below this threshold of activation.
When ATP is added to the cells, concentrations lower than 10 pM are removed within
1 minute, while addition of 10 uM takes a longer time for removal. These observations
are consistent with the calcium imaging experiments, which showed that 10 uM ATP is
sufficient to activate almost all cells, and concentrations below 10 M only activated a
fraction of the cells. In the absence of CD39, however, cells are not protected anymore
and even low concentrations of ATP, which cannot be removed efficiently, are suffi-
cient to activate the cells, which is reflected in the increased percentage of Cds9/~
cells, which responded to ATP application. Thus, CD39 is instrumental in preventing

paracrine and autocrine over-activation of microglia.

66



Discussion

Receptor | ec50 [uM] ATP
P2X, 0,05
P2Xs 1,25
P2X3 0,32
P2X4 0,50
P2X5 1

P2Xg unknown
P2X, 100
P2Y; unknown
P2Y, 0,08
P2Y, 1,99 (rat)
P2Yg unknown
P2Y 4 15,84
P2Y o unknown
P2Y 3 0,25
P2Yq4 unknown

Table 4.1: Receptor affinities of the human P2R homologs (unless stated otherwise)
to ATP. Data from Jacobson [2010].

4.3.3 ATP is mainly produced by astrocytes and removed by mi-
croglia

Astrocytes release many neurotransmitters, such as glutamate and D-serine, and re-
cent studies have shown that they also release ATP [Haydon and Carmignoto, 2006].
Astrocytic ATP release is an important component of the astrocytic calcium wave prop-
agation, driven both by extracellular ATP which activates purinergic receptors on cells
in the vicinity and by IPj3 diffusion via gap junctions to neighboring astrocytes [Hay-
don, 2001]. Zhang et al. proposed a lysosome exocytosis mechanism for astrocytic ATP
release, since lysosome lysis abolishes both the release of ATP and the calcium wave
propagation [Zhang et al., 2007]. Since microglia are also capable of ATP release, in my
work I compared the ATP found in the supernatants of cultured microglia, cultured
astrocytes and astrocytes with few microglia on top after medium change. I found
that 1 minute after medium change, the levels of ATP in the astrocytic supernatants
were dramatically increased, which was not the case in the microglial cultures or in
the astrocytes in presence of microglia. This trend and significant difference between
astrocytic and microglial cultures remained over the 60 minutes observed and was inde-
pendent of the cell volume and cell numbers in the different cultures. My results show
that in an astrocyte-microglia co-culture, astrocytes are the main source of ATP, while
microglia are responsible for its fast and effective removal via CD39, which is expressed

on microglia, but not on astrocytes [Braun et al., 2000].
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4.3.4 Microglial CD39 controls the spread, but not the velocity, of
astrocytic calcium waves

Astrocytic calcium waves are concentrically spreading increases of intracellular calcium
in an astrocytic network, which can be induced both in vitro and in situ by mechan-
ical, electrical or chemical stimulation [Scemes and Giaume, 2006]. The spread of the
wave depends on two components: the intracellular communication via gap junctions
which allows diffusion of Ca?*-mobilizing second messengers to neighboring cells and
the extracellular ATP-driven pathway. Both components work in conjunction and are
important for the proper spread of the wave. In my work, I found that astrocyte-derived
ATP is rapidly removed by microglial CD39 and studied the contribution of microglial
CD39 to the spread and velocity of astrocytic calcium waves in vitro.

In microglia-astrocyte co-cultures prepared from mice lacking CD39, as well as in wild-
type astrocytic cultures depleted of microglia, the spread of the wave was larger than
in wildtype co-cultures. The maximal span of the wave spread was also higher in the
Cd39~/~ cultures compared to wildtype, but not in the microglia-depleted cultures.
Considering the parameter 7, which describes the acceleration of the wave, Cd39~/~
was not different from wildtype, however 7 of microglia-depleted cultures was signifi-
cantly lower than that of both wildtype and Cd39~/~ co-cultures.

This work presents the results of two different analysis approaches of the calcium wave
recordings. In the first approach, each wave was regarded as a separate data set, while
the second approach provides insights into the data from the single-cell perspective.
Both approaches led to the conclusion that the spread of the calcium wave is a time-
and space-restricted event, which has also been reported in other publications [Scemes
and Giaume, 2006]. Two different models for the spread of the calcium waves have
been proposed: the regenerative mechanism, in which the spread of the wave requires
de novo formation of IP3 and ATP in the activated cells, and a non-regenerative mecha-
nism, relying on the diffusion of these factors released from a single cell upon activation.
The non-regenerative mechanism would provide an intuitive explanation for the spatial
restriction of the wave propagation, whereas the regenerative mechanism is supported
by the hypothesis that limiting factors of intracellular calcium signaling would set a
threshold for activation of cells at the edge of the wave, which would then eventually
stop the propagation [Giaume and Venance, 1998]. My findings, that the spread of the
wave depends on the presence of microglial CD39, support the regenerative model. In
the wildtype cultures, ATP is released by activated astrocytes [Anderson et al., 2004],
which acts in an auto- and paracrine fashion to activate both astrocytes and microglia
[Schipke et al., 2001], but is also rapidly metabolized by CD39 on microglia. This rapid
turnover of ATP leads to the spread of the wave until the concentration of ATP is

too low to activate the astrocytes anymore which is when the wave stops expanding.
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Removal of CD39 leads to accumulation of ATP, which diffuses further and activates
more cells, leading to a larger spread of the wave. This model is supported by the
observation that the concentration of ATP declines ten times over a distance of 100
pm [Newman, 2001]. On the other hand, the speed of the calcium wave is not affected
by deletion of Cd39, since the limiting component of the speed is the rate of diffusion
of ATP, which might not be affected by changes in the concentration. Of course, in
my work I only focus on the extracellular component of calcium wave propagation,
the ATP-mediated one. Even though the gap-junctional coupling and the diffusion
of intracellular second messengers over gap junctions is not disturbed by deletion of
Cd39, a significant effect on the wave spread could be observed, which underlines the
importance of the ATP-driven pathway and the contribution of CD39 in this aspect.
All the work on this project was performed in cultured cells, which reflect the situation
in vivo only to a certain extent [Lange et al., 2012]. However, purinergic signaling is
a universal signaling system and its properties may not be fundamentally different in
the simplified model of astrocyte-microglia co-culture, which allows more precise in-
sights into the mechanisms of communication between these two cell types. Moreover,
previous work done in our lab has shown that Cd39 deletion affects the spread of the
astrocytic calcium waves in acute brain slices in a similar fashion [Rocha, 2014, PhD
thesis].

What is the physiological importance of astrocytic calcium waves? In recent years, a
lot of research has been carried out on the reciprocal communication between neurons
and astrocytes: neuronal activity in the hippocampus can trigger astrocytic calcium
waves [Dani et al., 1992], while astrocytic calcium waves modulate neuronal activity via
release of gliotransmitters [Wang et al., 2012] and are important for the proper function-
ing of the tripartite synapse [Tanaka et al., 2013]. It has been proposed that, similarly
to neuronal action potential, astrocytic calcium signaling is important for modulation
of brain function, but on a different, much slower time-scale [Haydon, 2001]. Since
ATP has been recognized as one of the major neurotransmitters released by astrocytes
and acting on neurons, this work provides new insights in the involvement of microglia
through the ectonucleotidase CD39 in the complex astrocyte-neuron signaling relation-

ship.
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Figure 4.1: Proposed model for the regulation of autocrine and paracrine purinergic
signaling by microglial CD39. In the wildtype brain (upper half), Cd39 is expressed
by microglia (yellow) and rapidly metabolizes ATP, released during calcium waves,

to AMP. If CD39 is missing (lower half), ATP is not metabolized and accumulates,

activating more astrocytes (blue) and leading to a larger spread of the astrocytic
calcium waves. Illustration: courtesy of Larisa Bulavina.

4.4 Project 3: Purinergic-related microglial functions are
disturbed in the Poly I:C mouse model

Microglial involvement in schizophrenia has been addressed in many recent studies,

which focused mainly on the quantification of the microglial cells in different brain
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areas and/or investigated the activation status of the cells via different antibodies or
tracing experiments (for a review, see [Bernstein et al., 2014]). Regarding the inflam-
matory aspects of the disease, microglia have been connected to the increased levels of
pro-inflammatory cytokines in the brain of adult Poly I:C offspring [Garay et al., 2013].
Indeed, mRNA expression of IL13 and TNFaR is increased in microglia derived from
Poly I:C adult mice, indicating a chronical activation of the cells, which is reversible
upon treatment with the anti-inflammatory antibiotic minocycline [Mattei et al., 2014].
Microglial phagocytosis is important for removal of apoptotic neurons during develop-
ment [Tanaka et al., 2013] and in the adult hippocampus [Sierra et al., 2010] and for
synaptic pruning [Beumer et al., 2012]. Although recent reviews underline the puta-
tive importance of microglial phagocytosis in schizophrenia [Bernstein et al., 2014}, no
study has so far directly addressed this question.

In acute brain slices from adult Poly I:C mice microglial phagocytosis was comparable
to that of control mice, but in contrast to the controls, ATP did not increase phagocy-
tosis in Poly I:C murine microglia. This reduced sensitivity to ATP was also reflected in
the calcium imaging experiments, performed with freshly isolated microglia. Further-
more I observed an increased expression of C'd39 and P2ry12 in these cells. Increased
expression of Cd39 might account for the faster removal of ATP in the extracellular
space which would provide an explanation for the decreased sensitivity to ATP in the
microglial cells. Taken together, these results indicate a disturbed purinergic balance
in the adult Poly I:C mouse brain which affects microglial properties. Several reviews
have suggested a shift in the adenosine/ATP balance in the schizophrenic brain, leading
to less adenosine [Boison et al., 2012]. Less adenosine would suggest increased levels
of ATP, because ATP is the main source of adenosine in the extracellular space [Lin-
den, 2005]. Moreover, systemic inflammation has been shown to induce ATP release in
the CNS in vivo [Gourine et al., 2007]. The finding that C'd39 expression is increased
in microglia isolated from adult Poly I:C brains might point toward a compensatory
mechanism, necessary for rapid removal of excess ATP in the vicinity of the cells to
prevent their overactivation.

Microglial phagocytosis has been studied in many diseases of the CNS [Sierra et al.,
2013; Fu et al., 2014]. Generally, functional microglial phagocytosis is considered ben-
eficial [Nagata et al., 2010] and has been found to be disturbed in mouse models of
Alzheimer’s disease [Krabbe et al., 2013], stroke [Faustino et al., 2011] and prion disease
[Park et al., 2008]. Although the presence of pro-inflammatory cytokines, character-
istic for the Poly I:C brain, can negatively affect phagocytosis in microglia [Faustino
et al., 2011}, microglia in acute slices of Poly I:C adult mice display normal phagocytic
activity. However, ATP did not enhance phagocytosis in these cells. ATP together
with UDP is released in the extracellular space when necrotic cells burst and spill the

cell contents, for example by mechanical damage, and induces phagocytosis by activat-
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ing the P2Y§¢ receptor expressed on microglia [Koizumi et al., 2007]. In the Poly I:C
context, microglia seem to be less sensitive to ATP, which might lead to a disturbed
clearance of necrotic tissue. Moreover, the microglial response to laser lesion, another
ATP-mediated microglial function, essential for repair of brain damage, is reduced in
acute brain slices from Poly I:C adult mice (Vitali Matyash, unpublished observations).
Altogether, microglia in the brains of adult Poly I:C mice display reduced tissue repair
functions.

Schizophrenia is a neurodevelopmental disease, which emerges in humans in early adult-
hood, and the study of a single time-point cannot give proper insights into the processes
involved. This is why as a next step I asked whether the observations in adult Poly
I:C brains are specific for the age or persist throughout development. To study this, 1
investigated the microglia in very young mice at an early postnatal time point — P5.
Surprisingly, I found a different picture in the pups compared to the adults: the mi-
croglial sensitivity to ATP in Poly I:C pups was increased in comparison to controls
and mRNA expression of P2ry6 was strongly reduced, while Cd39 and P2ry12 expres-
sion were unchanged. P2ry6 expression on microglia is connected to the phagocytic
activity of the cells [Koizumi et al., 2007; Inoue et al., 2009; Koizumi et al., 2013], but
whether phagocytosis in P5 Poly I:C offspring is disturbed remains to be investigated.
Abnormal microglial phagocytosis of apoptotic neurons at an early postnatal age could
be a factor contributing to the aberrant neurodevelopment in schizophrenia.

In addition, I found that expression of Cd39, P2ry12 and P2ryl13 is increased in adults
compared to very young pups. Increased Cd39 expression with age is in consistence
with the observations, that Cd39~/~ microglia have constitutively increased phago-
cytosis in adults slices, but not in young ones (P6-P9) [Bulavina, 2013, PhD thesis|.
Bulavina speculated, that CD39 might not be important for phagocytosis in very young
animals. My results show that young animals have around 3 times lower Cd39 expres-
sion in microglia than adults, which means that in young animals Cd39 expression is
so low that it is much closer to the knockout levels, which is probably the reason why
no knockout-specific phagocytic phenotype can be detected. Further work in our lab
has provided more evidence for the hypothesis that CD39 is more important in adults
than in young animals [Rocha, 2014, PhD thesis|.

In conclusion, in this study I have found that the microglial purinergic system is dis-
balanced in the young and adult Poly I:C offspring, which underlines the importance
of microglia in the pathophysiology of schizophrenia.

4.5 Outlook

Cd39 gene expression and protein activity is modulated in microglia in different ac-

tivation states. Pro-inflammatory conditions strongly reduced both gene expression
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and enzymatic activity of Cd39, however, the mechanism behind this is still unclear.
Reduced levels of Cd39 would lead to accumulation of ATP in the vicinity of the cells
which might be an important part of the pro-inflammatory response. Further research
is necessary to elucidate these aspects. On the other hand, the involvement of mi-
croglial CD39 in neuroinflammation in diseases like multiple sclerosis also needs to be
investigated.

Microglial CD39 is important for the proper spread of astrocytic calcium waves, which
are believed to support neuronal communication. Mice lacking C'd39 have been shown
to have prolonged bleeding times and partial alopecia [Enjyoji et al., 1999], but so far no
research has investigated whether they exhibit any cognitive abnormalities. Behavioral
tests would be required to assess whether lack of CD39 would affect brain function in
these mice.

In this work, I have shown that microglial purinergic related properties are altered in a
different way in both young and adult Poly I:C offspring, a mouse model of schizophre-
nia. However, what is yet unclear, is whether microglia are intrinsically different in
this model, for example due to epigenetic changes, occurring in utero upon the immune
challenge of the mother, or is their phenotype challenged by an altered composition of
nucleotides in the extracellular space. More research is necessary to answer this ques-
tion, for example by investigating the epigenetic profile of microglia at early and late
time-points of development and also by measuring the ATP and adenosine levels in the
brain of Poly I:C mice. More experiments should also be performed to decipher why
microglia in the adult Poly I:C offspring are less sensitive to ATP, for example whether
phagocytosis can still be induced by UDP or other factors.

Altogether, microglial purinergic signaling is a research area which has been gaining
increasing attention in recent years and more work is needed to elucidate its role both

in physiological processes and in diseases of the central nervous system.
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5. SUMMARY

Microglia are the immune competent cells of the central nervous system (CNS). In
response to many exogenous and endogenous molecules and in pathologies they can
become activated, migrate to the location of the stimuli, release cytokines and become
phagocytic. One of the most important molecules, released from other cell types, is
adenosine triphosphate (ATP), which is sensed by microglia via purinergic receptors
and modulates their activity and function. ATP is degraded on the cell surface by
CD39, which is expressed in the CNS only by microglia.

In the first part of my thesis, I studied how Cd39 deletion affects purinergic signaling
in cultured microglia. I found that microglia devoid of CD39 are more sensitive to low
concentrations of ATP, but do not show changes in the expression of purinergic recep-
tors. Absence of CD39 leads to higher amounts of ATP found in the supernatants of
microglia upon medium change. In astrocyte-microglia co-cultures, astrocytes are the
main source of ATP, while microglia are responsible for its rapid and effective removal.
Lack of microglial CD39 enzyme also leads to a larger spread of the ATP-mediated
astrocytic calcium waves. Taken together, I could show that microglial CD39 is an
important regulator of autocrine and paracrine ATP signaling both in microglia and
astrocytes. Moreover I found that both Cd39 gene expression and protein activity are
strongly reduced in a pro-inflammatory context, which led me to the second part of my
thesis.

Here I investigated ATP-related microglia function in a maternal immune activation
(MIA) mouse model of schizophrenia. In adult MIA offspring ATP-induced microglial
phagocytosis was impaired. Calcium imaging experiments with freshly isolated mi-
croglia confirmed that the cells from MIA offspring exhibit reduced sensitivity to ATP.
In addition, mRNA expression of Cd39 and P2ry12 was increased in microglia from
MIA offspring. In summary, microglia in this mouse model of schizophrenia exhibit
an altered ATP-related phenotype, which points toward a purinergic disbalance in the

brain of these animals.
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0. ZUSAMMENFASSUNG

Mikroglia sind die immunkompetenten Zellen im zentralen Nervensystem (ZNS). Sie
konnen durch die Anwesenheit von verschiedenen exogenen und endogenen Signalen
aktiviert werden, zum Beispiel in verschiedenen Krankheiten des ZNS, zu der Quelle der
Signalen migrieren, Zytokine freisetzen und phagozytische Aktivitdt aufweisen. Eines
der wichtigsten Gefahrensignale ist Adenosintriphosphat (ATP), welches von Zellen
freigesetzt werden kann. Es wirkt iiber verschiedene purinerge Rezeptoren, welche von
Mikroglia exprimiert werden, und kann die Aktivitdt und Funktion von Mikroglia bee-
influssen. ATP wird an der Zelloberfliche von CD39 abgebaut, einem Enzym, welches
im ZNS nur von Mikroglia produziert wird.

Im ersten Teil meiner Arbeit untersuchte ich wie die Deletion von Cd39 die purinerge
Signalgebung in Kulturmikroglia verdndert. Ich konnte feststellen, dass die Cd39 Ex-
pression und Proteinaktivitdt in einem pro-inflammatorischen Kontext stark reduziert
sind. Des Weiteren sind Mikroglia ohne CD39 sensitiver gegeniiber niedrigen Konzen-
trationen von ATP, ohne dabei Anderungen in der Expression von purinergen Rezep-
toren aufzuweisen. In Abwesenheit von CD39 konnte ich héhere ATP Konzentratio-
nen im Uberstand von Mikrogliakulturen nach Mediumwechsel messen. In Kokulturen
von Mikroglia und Astrozyten sind Astrozyten die Hauptquelle von ATP, wahrend
Mikroglia fiir dessen schnellen und effektiven Abbau verantwortlich sind. Das Fehlen
von mikroglialem CD39 fithrt desweiteren zu einer grosseren Ausbreitung von den ATP-
abhangigen astrozytischen Kalziumwellen. Zusammengefasst zeigt diese Arbeit, dass
CD39 auf Mikroglia ein wichtiger Regulierungsfaktor der autokrinen und parakrinen
ATP-Signalgebung von Mikroglia, sowie von Astrozyten ist.

Im zweiten Teil meiner Arbeit untersuchte ich die ATP-bedingten Mikrogliafunktio-
nen in einem Mausmodell fiir Schizophrenie, welches auf einer Immunaktivierung der
Muttertiere wahrend der Schwangerschaft beruht. In adulten Nachkommen von Poly
[:C behandelten Muttertieren war die Mikrogliaphagozytose in akuten Hirnschnitten
dhnlich zu der von Kontrolltieren. Allerdings war die Phagozytose nach Zugabe von
ATP im Unterschied zu den Kontrollschnitten nicht erhoht. Kalziumimagingexperi-
mente mit frisch isolierten Mikroglia bestatigten, dass diese Zellen eine reduzierte Sen-

sitivitdt zu ATP besitzen. Zusétzlich waren die mRNA Expression von Cd39 und von
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Zusammenfassung

P2ry12 erhoht. Zusammenfassend kann gesagt werden, dass Mikroglia in diesem Maus-
modell fiir Schizophrenie einen veranderten ATP-bedingten Phénotyp zeigen. Dies gibt

einen Hinweis auf ein gestortes purinerges Gleichgewicht in den Gehirnen dieser Tiere.
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