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Introduction

|. Introduction
1. Multiple sclerosis
1.1. Clinic and pathology

Multiple sclerosis (MS) is one of the most common diseases of the central nervous system (CNS)
in young adults. The average disease onset is about 20 to 40 years and it affects more women
than men. It causes various neurological deficits (e.g. cognitive dysfunction and sensory or motor
problems) with significant impairment in the quality of life.! There are three clinically
distinguishable disease courses of MS: relapsing-remitting (RRMS), secondary progressive
(SPMS) and primary progressive MS (PPMS). The most common disease course which covers
80-85% of all MS cases, is RRMS.2 RRMS is characterized as a sequence of neurological
symptoms lasting for days or weeks (relapse) and a complete clinical recovery in between
(remission). After several years, continuous progression of disability independent of relapses can
occur and neurological deficits become permanent. At this stage, RRMS converts to SPMS. In
some cases permanent neurological deficits already appear at the onset of the disease, the
disease course is then called PPMS.

Although research about MS increases rapidly, the exact cause of MS is still unclear. Genetic or
environmental factors, previous infections, smoking, and vitamin D deficiency were shown to have
an impact on the development of MS, but none of them can be described as the unique trigger.>-
> Nevertheless, MS pathophysiology at different stages of the disease is well described. MS is
characterized as a multifocal demyelinating disease of the CNS. Disruption of the myelin sheath?
is a key pathological feature observed during all forms of MS. Myelin plays a critical role in
neuronal signal transmission by providing the saltatory conduction® in the axon.® Since the action
potential propagation follows an all-or-none rule’, even local myelin damage leads to the
disruption of the signal transmission between neurons. During MS demyelinated regions (lesions)
of various sizes and localization are formed in the CNS. The heterogeneity of the localization of
lesions correlates with the variety of the clinical manifestations.®® Beside demyelination, lesions

characterized by neuronal loss and axonal damage. However, recent studies showed that axonal

a Myelin is the lipid substance forming a sheath (the myelin sheath) around the axons of certain nerve fibers;
it is an electrical insulator that serves to speed the conduction of nerve impulses in these nerve fibers, which
are called myelinated. 178

b Saltatory conductance - a form of fast nerve impulse conduction where the impulse may jump between
nodes normally insulated from each other.17®
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Introduction

and neuronal loss can be observed even outside of the lesions in MS brain, at least in the late
phase of MS.1011

Another hallmark of MS is inflammation. The link between MS lesion formation and inflammation
was under debate during the last century.'? Growing evidence regarding the significant impact of
the immune system on MS pathophysiology accumulated with the improvement of tools and the
understanding of biological processes. A strong correlation, especially during RRMS, was shown
between MS lesion formation and immune cell infiltration (including Cluster of differentiation 4*
(CD4") and CD8" T cells, B cells, and macrophages) into the CNS.2 Based on the analysis of the
infiltration of the immune cells into CNS, MS is considered to be an autoimmune disorder caused
by autoreactive lymphocytes. However, an exact antigen for the initial activation of the immune
system was not yet found. Furthermore, it is still unclear whether immune system dysregulation
leads to CNS damage (outside-in model) or the inflammation is the result of CNS-intrinsic events
(inside-out model).** Despite unknown triggers for the immune system reaction, prevention of the
infiltration of the immune cells into the CNS has been the focus of MS treatment development.
Current MS therapy includes a variety of immunomodulatory drugs targeting different properties
of the immune system to prevent immune cell infiltration to the CNS. Nevertheless, the currently
available therapy may reduce the frequency of the relapses, but fails to prevent progression of
neurological deficits in SPMS or PPMS.*®

1.2. Animal model of MS
In medical practice, MS diagnosis given based on the detection of neurological manifestations
and physiological changes in the CNS. Nevertheless, slow disease progression and extremely
limited access to the affected tissue limit possibilities for fundamental research in humans.
Fundamental research requires a detailed analysis of the CNS during the different stages of the
disease under controlled conditions, which can be performed only in a model of the disease. A
model that efficiently mimics the development of the clinical and the pathophysiological picture of
the disease observed in patients is one of the key limitations in fundamental research of different
human diseases. Luckily, in the beginning of the last century, during an experimental treatment
against the rabies virus, a clinical picture resembling MS symptoms could be observed. Injections
of dried spinal cords of animals infected with the virus were injected directly to human rabies
patients in order to prevent their death. Apart from some success as an anti-rabies treatment,
some of the patients showed signs of partial or complete paralysis a few months after the

treatment. Later on, the link between the injected compound of the CNS and the development of
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paralysis was shown in monkeys.*® The induced disease was named experimental autoimmune

encephalomyelitis (EAE).

EAE is the most commonly used model for MS research. After the immunization, the main
hallmarks of MS pathology can be observed, including CNS inflammation, demyelination, and
axonal loss. Contracting processes, such as remyelination, can be observed during the EAE
course as well. Furthermore, most of the currently available MS therapeutics were developed by
using the EAE model.!” The main difference between EAE and MS is that external immunization
is needed for the development of EAE while MS develops either spontaneously or by an unknown
trigger. Usually, EAE is induced by injection of a CNS-specific antigen supplemented with an
adjuvant to activate the immune system. After immunization, the EAE course may differ between
various species, genetic backgrounds, and the chosen antigens. In the C57BL/6 mouse line, for
example, EAE develops as a monophasic increase of clinical deficits with a peak of disease
around two weeks after the induction (acute phase) followed by an incomplete recovery with

remaining neurological deficits at the chronic stage.!®

1.3. Neurodegeneration
Different aspects of MS-related pathology were observed in the EAE animal model, which led to
development of treatment possibilities. Furthermore, the animal model allows to investigate
pathological changes in neurons on the cellular level in MS-like conditions, which is extremely
difficult or sometimes impossible in humans due to limited access to the CNS. Understanding of
the mechanisms of neuronal damage is extremely valuable since the accumulation of neurological
manifestations caused by the ongoing neuronal loss (neurodegeneration) in the brain and the
spinal cord are crucial for MS patients. Based on animal and human studies, on a cellular level,
neuronal loss is believed to be promoted by the process of myelin damage. As mentioned above,
focal demyelination prevents action potential propagation by a complete blockage of the
conduction in the affected areas.!® The CNS responds to the focal demyelination by the activation
of various mechanisms in order to restore axon functionality such as redistribution of ion channels
in the axolemma or activation of remyelination processes.?*?! Even though it can particularly or
even completely restore the neuronal signal propagation, such an adaptation may cause long-

lasting effects on the axon and leads to irreversible damage.

In the context of MS, rapid demyelination induced by local active inflammation with further
restoring axonal conduction can explain the phenomenon of relapses during the RRMS form.
However, rapid demyelination does not cause an immediate irreversible damage to the neurons,

while it makes neurons more vulnerable to the damage caused by long-lasting inflammatory
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processes. Understanding and preventing neuronal damage is the greatest challenge for
treatment strategies for MS and other neurological diseases. Many theories and hypotheses
about the nature of neurodegeneration during MS exist, but many aspects remain unknown and

require further investigation.
1.3.1. Pathomechanisms of neurodegeneration in MS

In contrast to the relatively well described immune processes in MS, the mechanisms of neuronal
and axonal damage are highly debatable. Pathological findings led to many hypotheses for the
mechanism of neuronal and axonal damage in MS2t, However, until now none of these suggested
scenarios is accepted as the crucial mechanism for neurodegeneration in MS.??23, The current
opinion is that despite similarities in the resulting pathological outcome, the process of

neurodegeneration is composed of a heterogeneous combination of neuronal responses.
Common features of neuronal damage during MS

Despite the lack of a general concept for the development of neurodegeneration during MS, some
of the CNS-related pathological observations form the pool of conditions accompanying
neurodegeneration in MS. Activation of microglia and astrocytes, meningeal inflammation,
neuronal hypoxia, mitochondrial damage and energy failure, increased reactive oxygen species
(ROS), age-related iron accumulation, and Wallerian degeneration are all contributing to the

neuronal damage associated with MS development.?*
“Virtual” hypoxia

One hypothesis for ongoing axonal degeneration during MS is called “virtual hypoxia”. It is based
on similarities between mechanisms of neuronal damage which occur during acute oxygen

deprivation and chronic demyelination.

Neuronal damage due to hypoxia can be observed in ischemia. The concept of white matter
degeneration under limited access to oxygen and glucose was proposed by P.K. Stys.?>2¢ One
consequence is a decreased concentration of adenosine triphosphate (ATP)°, which then leads
dysfunction of the ATP-dependent sodium-potassium adenosine triphosphatase (Na*/K*-
ATPase) and subsequently a rapid membrane depolarization. As a result, axons are not able to
propagate action potential which leads to failure of neuronal communication. This state can be
reversed if the excess oxygen will be restored in a short time frame (10-15min in vitro). Yet, in the

case of prolonged hypoxia, irreversible damage occurs in a time-dependent manner.?>2” Qver

¢ ATP: the main “energy carrier” molecule in cells that relies on oxygen for its effective synthesis.
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time, the lack of ATP leads to Na* accumulation in the axolemma and the operation of Na*/Ca?*
exchanger (NCX) in a reverse mode. Under normal conditions, NCX plays a critical role in the
removal of Ca?* from the cytoplasm. During one activity cycle of the NCX a single Ca?* is exported
from the cell in exchange for three Na* using the energy of the electrochemical gradient of Na*.?®
NCX activity in the reverse mode is leading to Ca?* accumulation in the axolemma, thus promoting
further pathophysiological changes (e.g. reduction in ATP production followed by Ca?* overload

in the mitochondria) and cell death.

During MS, demyelinated axons do not have a rapid shortage of the energy supply, but rather a
slow rise in the energy demand. To restore conductance, demyelinated axons require
redistribution of ion channels, which are involved in action potential propagation and are usually
concentrated in the node of Ranvier in myelinated axons.?® By this, the speed of propagation of

the action potential decreases (in comparison to saltatory conductance) and the process of
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Figure 1 Model of “virtual hypoxia”

(A) lllustration of the proposed idea for axonal degeneration during MS. In contrast to healthy axons, with balanced energy

production and demand during electrical activity, the disturbed architecture of chronically demyelinated fibers leads to

inefficient conduction, with greater translocation of ions per action potential. This in turn imposes a higher metabolic load,

leading to a state of increased energy demand. (B) lons and ion channel distribution in the myelinated axon. (C-G) Critical

steps of the virtual hypoxia model: (C) Redistribution of Na* ion channels to maintain conductivity of the affected axonal

region; (D) Insufficient activity of the Na* clearance by Na*/K* ATPase; (E-F) the NCX switches to the reverse operation

mode; (G) Ca?* overload leads to axonal damage. Figure adapted from.?!
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neuronal communication becomes less energy efficient. Insufficient ATP amount contributes to
hypoxic-like condition, including Ca?* overload and damage to the mitochondria.*® In addition,
upregulation of other channels that contribute to Na* or Ca?* influx, namely proton-gated acid-
sensing ion channel-1 (ASIC1)? or transient receptor potential melastatin 4 (TRPM4)8, was shown
to be present in demyelinated axons in the MS animal model (EAE) and MS lesions.3132

Glutamate excitotoxicity

Another hypothesis is based on an over activation of neuronal receptors by neurotransmitters.
Neurotransmitters, such as, glutamate (Glu), are chemical molecules that are responsible for
neuronal communication in the synaptic connections. Glu is the major excitatory neurotransmitter
in the CNS. The release of Glu induces a cascade of responses leading to the generation of the
action potential. The intracellular concentration of Glu in neurons is kept relatively high (order of
magnitude of mM), whereas the extracellular concentration of Glu is very low (only a few uM)
even in the cerebrospinal fluid (CFS).22 The low extracellular concentration of Glu combined with
high sensitivity of the neurons to Glu concentration changes is important to provide a good signal-
to-noise ratio for synaptic communication. On the other hand, disturbance of extracellular Glu
could be toxic for neurons. The toxic effect of elevated extracellular Glu level was shown first in
the middle of the last century. Focal brain damage was observed after the subcutaneous
administration of monosodium glutamate in mice and rhesus monkey.3**® Elevated Glu levels in
the CSF were also detected in many CNS disorders including MS.3 Furthermore, the involvement
of Glu in neuronal damage has been shown for hypoxic neuronal death.*” Evidence for glutamate-
mediated neurodegeneration was found in Alzheimer's disease (AD), Huntington's disease (HD)

and others neurological diseases.*®

The underlying mechanism of Glu-mediated neurodegeneration is complex. Glu is known to
stimulate a pool of receptors in neurons such as the N-methyl-D-aspartate receptor (NMDAR), a-
amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor (AMPAR), kainic acid receptors,
and the metabotropic glutamate receptor family (mGIuRs). Despite extensive research on
excitotoxicity of Glu, the exact pathway leading to neuronal death was not explained so far.*®* One
of the major problems is the heterogeneity of the neuronal damage after Glu receptor
overactivation. For instance, cortical neurons in vitro show apoptotic and necrotic features after

exposure to NMDA in a time- and concentration-dependent manner.*° In vivo, the diversity of

d ASIC1 - pH-sensitive sodium channel, which can mediate glutamate-independent Ca2* influx into neurons
upon acidosis.3!
¢ TRPM4 - Ca?* activated non-selective cation channel.32.180
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glutamate-mediated neuronal damage is more pronounced since different types of neurons have
their own Glu receptor composition, as well as morphological and functional features.
Nevertheless, a common pathway of Glu-mediated excitotoxicity in all neurons involves cytosolic
Ca?* overload. Prevention of this overload is the key component in the prevention of neuronal cell
death during Glu-mediated excitotoxicity.*!42

2. Calcium homeostasis in the cell
Calcium ions (Ca?*) are the most universal messenger of biological processes within the cell. Ca?*
metabolism and signalling are vital for the existence of the organism on the cellular level. Ca?*
mediates a wide range of intracellular processes, including gene expression, energy metabolism,
immune cell activation, action potential propagation and muscle contraction. Usually, Ca?* acts
as a diffusible second messenger which is released in response to the interaction of the first
messenger with the cell receptors. However, Ca?* may also act directly, for example via G protein-
coupled extracellular Ca?*-sensing receptor (CaR).**** Furthermore, Ca?" signaling mechanism
in eukaryotic cells can be self-regulated.*® But the most noteworthy property of Ca?" is its
pleiotropic function. Despite its critical role in the maintenance of vital cell functions, Ca?* mediates
cellular stress or toxic cell death when Ca?" homeostasis is disturbed.*® As a diffusible second
messenger, Ca?* plays a role by variation of its intracellular concentration with a high spatial and
temporal resolution. This is achieved by the activity of the range of ion channels, pumps,
exchangers, Ca?*-binding proteins, and intracellular Ca?* stores.*’~*° For an efficient signaling at
the resting state, the intracellular Ca?* level is kept at an extremely low (nM) concentration in
contrast to the extracellular level, which is usually around a few mM.%° As a trade-off, disturbances
of Ca?" homeostasis and uncontrolled rise of intracellular Ca?* levels not only disrupt Ca?

depending signaling pathways but also cause a toxic effect leading to cell death.>%52

2.1. Neuronal calcium regulation
As neurons are postmitotic and excitable cells, precise control of neuronal Ca?* level is crucial for
the whole organism. A variety of intracellular neuron-specific processes are fundamentally
dependent on Ca?', e.g. synaptic transmission, learning and memory formation, long-term
potentiation (LTP) or long-term depression (LTD).>*% To maintain these and other Ca?'-
dependent functions, neurons have a complex and diverse toolkit controlling Ca?* homeostasis
by enabling to store, buffer and move Ca?* across membranes.®” A few key elements of neuronal

Ca?* regulation are described in the following sections.

20



Introduction

2.1.1. Membraneion channels

Historically, membrane Ca?* channels are divided into three groups: the voltage-operated Ca?*
channels (VOCs), the receptor-operated Ca?* channels (ROCs) and the store-operated Ca?*
channels (SOCs).

VOCs form the best-characterized family of neuronal Ca?* channels. They transduce the changes
of the membrane potential into the Ca?" transients. Structurally VOCs are composed of five
distinct subunits: a1, a2, B, y, and 8. The a1 subunit forms the pore while the others play a
modulatory function as part of the biophysical property of the channel.®® VOCs can be split into
three subfamilies, namely Cavl, Cav2, and Cav3, based on the structure of the a1 subunit. In
accordance with their biophysical properties, VOCs are associated with one of the six classes L-
, N-, P, Q-, R, and T-types. Each class has distinct Ca?" current characteristics,
activation/deactivation profile, and pharmacological features. For example, L-, N- and P/Q-types
are high voltage-activated while R- and T-types are intermediate or low voltage-activated
channels, respectively.5*° L-type channels can be blocked by 1,4-dihydropyridines (DHPs) while
N- or P/Q-types are sensitive to omega-conotoxin GVIA (w-CTx-GVIA) or Omega-agatoxins (w-
Agatoxin) and T-type has no selective blocker identified so far. VOCs are essential for various
neuronal functions including regulation of neuronal Ca?* transients in cell bodies and dendrites,
enzymatic activity, and transcription (L-type), neurotransmitter release, dendritic Ca?* transients
(N-, P/IQ-, R- types) and regulation of repetitive firing (T-type). Dysregulation of VOCs was shown
to contribute to various disorders including autism spectrum disorders, stationary night blindness,

and absence seizures.®°

ROC channels are activated by binding to a ligand, for example to neurotransmitters or ATP.
ROCs can be classified into three families: ionotropic glutamate receptors, cys-loop receptors,
and ATP-gated channels. lonotropic glutamate receptors are critical for interneuron
communication and glutamate-mediated excitotoxicity (see section 111.1.2.1 Glutamate
excitotoxicity). Members of the cys-loop receptors family can be activated by various ligands,
including y-aminobutyric acid (GABA), glycine, acetylcholine, serotonin, and Zn?*. However, most
of them are not specific to Ca?*. Nevertheless, activation of Ca?* permeable nicotinic acetylcholine
receptors (NAChRs) can not only induce direct Ca?* influx but also activate VOCs or lead to the
release of Ca?* from intracellular stores.®! ATP-gated channels (P2X) can be opened by binding
to extracellular ATP. P2X channels modulate various neuronal functions including
neurotransmitter release probability®?> and membrane conductance®®. Although it was

demonstrated that P2X channels mostly have a modulatory function, under resting membrane
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potential they conduct more Ca?* than other ROC channels.®* Interestingly, P2X7 deficient mice
have a suppressed development of EAE, though the specific cause was not identified yet.®®

The function of SOCs in neurons is uncertain. It is the newest described type of Ca?* channels
with the most controversial role for neuronal function during healthy and pathological conditions.
The activity of SOC channels requires an interplay between intracellular organelles and at least
two protein complexes. This poses an additional challenge for SOC channels analysis in cells

which are excitable, e.g. neurons (more details 1.3).
2.1.2. Na*/Ca? exchanger and plasma membrane Ca?* ATPase

VOC, ROC, and SOC channels are regulating the influx of Ca?* into the cell. The open channels
do not require external energy source for Ca?* conductance, only a concentration gradient across
the cell membrane. While extrusion of Ca?* from the cytoplasm is an energy-demanding process.
Two systems on the cell membrane regulate cytoplasmic Ca?* clearance: plasma membrane Ca?*
ATPase (PMCA) and NCX. PMCA and NCX have opposite properties in respect to the Ca?* and
the capacity for Ca?* transport. PMCA has a high affinity for Ca?* and a low capacity for the Ca?*
transport, thus maintaining cytosolic Ca?* level close to the basal level. NCX efficiency increases
with the rise in cytosolic Ca?* concentration and it plays a critical role in counteracting large Ca?*

transients.%®

PMCA isoforms are ubiquitously expressed in all mammalian cell types. However, some of the
isoforms for example PMCA2 and PMCAS3 are more abundant in excitable cells, which may reflect
their contribution to specific Ca?* signaling pathways.”:%¢ Reduction of PMCA activity was shown
to affect Ca®* clearance and to contribute to the neuronal loss in various conditions including

aging®, AD™, and CNS neuroinflammation™72,

NCX expression is detectable in most cell types. NCX has an electrogenic nature and it does not
require energy molecules for its function. As mentioned above NCX significantly contributes to
Ca?* clearance after the large Ca?* transients which is a common effect of neuronal activity, and
thus prevents Ca?* overload.” On the other hand, NCX is a fully reversible exchanger and it can
induce Ca?* influx into the cytosol. These properties of the NCX lay in core of some theories of
the neuronal damage, e.g. “virtual hypoxia” model of MS-related axonal loss as was illustrated

above.
2.1.3. Intracellular organelles

The endoplasmic reticulum (ER) and the mitochondria are essential players of Ca?* regulation in

all cell types, including neurons. They function as a buffering system by regulation of excess Ca?*
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during Ca?* transients and as an intracellular storage of Ca?* which can be mobilized internally

without extracellular stimuli.

ER-mediated Ca?* regulation is carried out by ryanodine receptors (RyRs), inositol-1,4,5-tris-
phosphate receptors (InsP3Rs), and sarco/endoplasmic reticulum Ca?*-ATPase (SERCA). RyRs
and InsP3Rs are responsible for the release of Ca?* from the ER. InsP3Rs requires binding to the
ligand InsP3 for activation. However, cytosolic Ca?* has a great impact on the biophysical property
of the channel/receptor in a biphasic manner.”* Moderate rise in cytosolic Ca?* level enhances
the sensitivity of the receptor to InsP3 and potentiates the channel, while high Ca?* concentration
inhibits InsP3R mediated Ca?* influx. The major trigger for RyRs activation is cytoplasmic Ca?*. A
small and local rise in cytosolic Ca?* may initiate a local influx via RyRs which can trigger the
surrounding receptors. This phenomenon is known as Ca?'-induced Ca?* release (CICR).”
Nevertheless, a wide range of molecules may modulate the activity of the RyRs including
ryanodine and cyclic ADP-ribose (CADPR).”®’" Re-uptake of Ca?" to the ER is achieved via
SECRA activity. Together with NCX and PMCA, SERCA plays a key role in re-establishing resting
cytosolic Ca?* values after the Ca?* transients. The pump is ubiquitously distributed in tissues and

has no distinctive characteristics in neurons.”®

Mitochondria are another important mediator of Ca?* homeostasis. It helps to shape the spatial
and temporal resolution of Ca?* signals produced by the plasma membrane and by ER Ca?
channels. Mitochondria have an electrophoretic Ca?* channel called mitochondrial Ca?* uniporter
(MCU), thus it does not require ATP for Ca?* transport. The activity of the MCU depends on the
local Ca?* concentration and the mitochondrial membrane potential. Nevertheless, MCU has a
low affinity to Ca?* and for its effective function, the local Ca?* concentration has to reach the uM
order of magnitude.” By this, mitochondria build an emergency Ca?" buffering system and
participate in Ca?* microdomain formation by absorbing excess Ca?' and preventing Ca?'-
depended inactivation of the ion channels.8-82 Ca?* uptake by the mitochondria is not only part of
the cytosolic Ca?" homeostasis, but it is also influences canonical mitochondrial function as a
major energy source of the cell. The rise in mitochondrial Ca?* level can enhance ATP synthesis
and it is used as a signal for the increase in energy demand of the cell.8 Ca?* efflux from the
mitochondria is mediated by the mitochondrial sodium-calcium exchanger (NCLX) or by the

transient opening of the mitochondrial permeability transition pore (mPTP).84&
2.1.4. Non-selective ion channels, Ca?* binding proteins, lysosomes

In addition to the above-described mechanisms, there are many cellular mechanisms for the

modulation of Ca?* influx/efflux, as well as channels with low Ca?* selectivity in neurons.
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Nonselective ion channels such as a few members of two-pore channels (TPCs), transient
receptor potential channels (TRP channels), or acid-sensing ion channels (ASICs) can conduct
Ca?* current. Under “routine” neuronal activity conditions the contribution of these nonselective
ion channels to the total Ca?" level is neglectable in comparison to Ca?* selective channels.
Nevertheless, they essentially contribute to Ca?* homeostasis under specific conditions while they

cover a wider range of stimuli for the induction of their activity.

Ca?*-binding proteins are important players for the temporal and spatial modulation of Ca?
signals. Functionally they can be separated into two groups: Ca?* buffer proteins and Ca?* sensor
proteins. However, this separation is not precise since Ca?* sensors require Ca?* binding and this
provides a buffering function. Calmodulin (CaM) is an example for a Ca?*-binding protein with a
dual function. CaM is involved in the wide range of Ca?* signaling cascades, including synaptic
plasticity via CaM-regulated proteins848, endocytosis®’ , or direct regulation of the VOC channels
activity.® On the other hand, CaM constitutes up to 0.5% of the total protein fraction in neurons®
and has significant Ca?* buffering capacity. It was shown in silico that CaM is involved in short-

term synaptic plasticity by direct buffering of Ca?* within the presynaptic bouton.®

2.2. Neuronal calcium regulation and MS
The special role of Ca?* signaling in routine neuronal activity demonstrates the importance of Ca?*
contribution to neuronal diseases. Dysregulated Ca?* pathways and their involvement in
neurodegeneration were shown to be present during AD, HD, hypoxia, stroke, and other neuron-
related pathologies . In the context of MS pathophysiology, a recent study shows the effect of
Ca?" influx from the extracellular space on axonal degeneration in the animal model of MS.%
Furthermore, prevention of Ca?* influx, for example by targeting Ca?* permeable ion channels, or
enhancing the ability of neurons to buffer additional Ca?* by an increase in mitochondrial Ca?*
buffering capacity, is beneficial for neuronal survival during EAE.*%3! Nevertheless, the complexity
of Ca?* signaling and its critical part in cellular functions require further research in order to identify
potential targets for the maintenance of neuronal Ca?* homeostasis under tolerated physiological

conditions and the prevention of neuronal death during MS.

3. Store-operated calcium entry
Store-operated calcium entry (SOCE) is the process of Ca?" influx into intracellular space in
response to ER Ca?" depletion. This process is mediated by store-operated channels. The
biophysical property, mechanism of activation, and variability of the store-operated channels
distinguishes them from other Ca?* channels. Apart from their critical contribution for ER Ca?* pool

refilling®?, store-operated channels can also generate Ca?* influx. The latter can be sustained from
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minutes to hours and is essential for a wide range of biological processes, including gene
transcription, secretion, and modulation of enzymatic activity. SOCE is not voltage-dependent
and it can function upon negative membrane potentials, unlike most depolarization-sensitive
channels (e.g. VOGs).*® It also does not require a special ligand for its activation. The classical
mechanism of SOCE activation can be initiated as a result of InsP3R- or RyR-dependent ER Ca?*
depletion, as well as insufficient SERCA activity.®3%* At the same time, SOCE can be modulated
by e.g. mitochondria®®, CaM®, TPC® or TRPC®® channels.

3.1 Calcium release-activated channels
ORAI and stromal interaction molecule (STIM) protein families are forming the Ca?" release-
activated Ca?* (CRAC) channels, which are the key components of the SOCE. There are three
main isoforms of ORAI (ORAI1, ORAI2, and ORAI3) and two isoforms of STIM (STIM1 and
STIM2) known in mammalians. ORAI forms the channel pore and STIM activates the CRAC
channel. The first proposed mechanism of function was given by James&Putney in 1986.1%°
Nevertheless, only after the discovery of the STIM®* and ORAI'%? proteins 20 years later, the

function and molecular mechanism were elucidated for many cell types.

The classical mechanism of CRAC channel activation is linked to the depletion of the ER Ca?*
pool, independent of the origin of the depletion. It can be described in three main steps. (Figure
2) Under resting state, ORAI and STIM are homogeneously distributed among the cell and the
ER membrane, respectively. Ca?* release from the ER leads to conformational changes in STIM
structure and results in STIMs oligomerization. Next, the ER membrane translocates in close
proximity to the cell membrane, which is important for the binding of the STIM oligomers to ORAI
on the cell membrane. STIM-ORAI coupling mediates the highly specific influx of Ca?* into the
cytosol, in a process named SOCE. The basic process of CRAC channel deactivation is
independent of intracellular Ca?* levels, thus only linked to ER Ca?* concentration. Only when the
Ca? level in the ER reaches a resting physiological level, STIM is able to bind to the ER Ca?*.
STIM undergoes reverse conformational changes and SOCE is thereby deactivated.
Nevertheless, another mechanism for SOCE deactivation requires a high level of Ca?* near the
CRAC channel and is described as a Ca?*-dependent inactivation. Moreover, for some conditions,
Ca?*-independent activation/deactivation mechanisms of SOCE were shown, e.g. oxidative stress
or transient temperature increase that induces conformational changes in the STIM, and thus

SOCE activation.%3

Altogether, SOCE has a special place in the mechanisms of Ca?* regulation. CRAC channels lead

to a highly selective Ca?* influx, which may last for hours and by this activate processes that

25



Introduction

require prolonged rise of Ca?* levels in the cytoplasm. Some of these processes are vital for the

organisms, e.g. enhancing energy metabolism, T cell activation and gene expression activation.
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Figure 2 Schematic illustration of the classical mechanism of SOCE activation

(I) Resting state: STIM is blocked by Ca?* in the ER; ORAI is distributed in the cell membrane; SOCE is not
present. (Il) [Ca®*]er depletion: Reduction of [Ca?]er activates STIM oligomers formation. (Ill) SOCE
activation: STIM oligomers induce Ca?* selective pore formation by the ORAI proteins.

3.1.1. ORAI protein family

Historically, Orai genes and corresponding proteins were identified by genetic analysis of a patient
with severe combined immune deficiency (SCID) and with an impaired SOCE in T cells. A
mutation was found in the region which contained the protein-encoding gene FLJ14466.
Expression of the wild-type variant of FLJ14466 reconstitutes ER-depletion mediated Ca?* influx
in SCID T cells. Proteins encoded by FLJ14466 and its homologs C70rf19 and MGC13024 were
named ORAI1, ORAI2, and ORAI3 respectively in honor of the gate keepers of heaven from the
Greek mythology.1%?

Members of the ORAI family are highly conserved among species on the DNA level and have
70% to 90% query cover on the protein level between each other according to The Basic Local
Alignment Search Tool (BLAST%4).1%% The Orai family is ubiquitously expressed on the mRNA
level, however the expression level can vary tremendously among different cell types.'® In
addition, to the variation between expression profiles, experiments with dOrai (the only Orai
protein in the Drosophila melanogaster) and the mammalian ORAIs show that the active pore of
the CRAC requires an ORAI-ORAI interaction to form a hexametric structure.°:1% Furthermore,
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the biophysical properties of the mammalian SOCE depend on the ORAI1/ORAI2/ORAI3

ratio.109110
3.1.2. STIM protein family

The identification of STIM as critical components of SOCE activity was made a year before the
discovery of ORAI. 170 Ca?* signaling-related genes were used in a screening experiment using
the Drosophila Schneider 2 cell line in order to identify the protein involved in the SOCE pathway.
Cells lacking dStim (the only member of the Stim family in the Drosophila melanogaster) had a
significant reduction in intracellular Ca?* increase following the depletion of the ER Ca?* pool. The
results were further confirmed by the selective knockdown of the human homolog STIM1 in Jurkat
T cells.!!! Later on, many scientific publications further confirmed the essential role of STIM

proteins to SOCE activity.

In mammals, the STIM family consists of the two main members STIM1 and STIM2. As ORAI
proteins, STIM proteins are very conserved among species. They share a similar amino acid

sequence and a domain structure. 12113

STIM proteins are mainly localized in the ER membrane, but they were detected in the cytosol or
in acidic organelle membranes as well.}1*11> Moreover, they are ubiquitously present in
mammalian organisms with variation in the STIM1/STIM2 expression ratio. Both STIMs have a
canonical EF-hand’ Ca?*- binding motif facing the ER lumen, which allows them to react to the
decrease in ER Ca?* levels. Isolated EF-hand from STIM1 or STIM2 has a similar affinity to Ca?*
which is in the range of the ER Ca?* level at the resting state of the cell (Kd = 0.2-0.6 mM).116.117
Nevertheless, the full-length STIM1 and STIM2 proteins show a significant difference in their Ca?*
binding properties, leading to different demands in ER Ca?* levels for their activation. STIM2 is
two-fold more sensitive to the ER Ca?" in comparison to STIM1, and is particularly active even
without ER depletion.'*® On the other hand, STIM2 has a slower activation kinetic and a lower
affinity to the ORAI proteins in comparison to STIM1.11% At resting state STIM proteins are
distributed in the ER surface and appear in the form of dimers.'?® ER Ca?" release triggers the
oligomerization of the STIMs and ER membrane translocation in close proximity to the cell
surface.'® Dimer structure, oligomerization, and binding to the ORAI protein depend on the

complex structure and conformational state of the STIM-ORAI-activating region (SOAR) of the

fEF-hand is a helix-loop-helix structural motif topologically like the spread thumb and forefinger of the
human hand, in which the Ca2 + ions can be fixed. 18!

27



Introduction

STIM protein.'?°122 Both STIMs can activate the CRAC, however the properties of the active
channel depend on STIM1 to STIM2 and STIM to ORAI ratios.?3124

3.1.3. Properties of CRAC

Multiple factors can influence the properties of CRAC channels and SOCE, including channel
composition, Ca?* homeostasis or other ion channels. Mechanistic experiments using HEK293
cells with a stable expression of STIM1 and an overexpression of a single ORAI
(ORAI1/ORAI2/ORAI3) showed a drastic difference in the biophysical properties of the CRAC
channel. For example, the activation time differs from 21 seconds for the channel formed by
STIM1-ORAI2 to 63 seconds for the channel formed by STIM1-ORAI3, Ca?* dependent fast and
slow deactivation of the channel varied from the “not present”’ to “strongly dependent”, and the
reaction to pharmacological compounds (e.g. 2ABP) changed from complete blockage to
potentiation of the channel. In addition, it was shown that ORAI forms a heterogenic channel, but
how the different members of ORAI influence the final properties of the pore is not described.'®
On the other hand, in addition to the different biophysical properties of STIM1 and STIM2
combined with diverse expression profiles between different cell types, STIM can be modulated
by other proteins and thus change SOCE. For example, two-pore channel 2 (TPC2) or
transmembrane protein 66 (or SOCE-associated regulatory factor, SARAF) were shown to
contribute to CRAC channel activity modulation.®®126 Physiological conditions influence SOCE as
well (e.g. alkaline stimuli).*?” These and other findings show that the properties of CRAC channels
and SOCE can have a different outcome in the different cell types and metabolic conditions.

3.2. Neuronal SOCE (nSOCE)
SOCE has a tight link to ER Ca?* depletion with the key function of the intracellular Ca?* store
refilling. Therefore, it is the main Ca?* source in non-excitable cells, in which ER Ca?* depletion is
usually followed by a specific stimulation. The picture is more complex in excitable cells, like
neurons, in which the ER Ca?* pool is used regularly in an activity-dependent manner. In addition,
during the excitation, a variety of activity-dependent Ca** channels (e.g. VGCC) trigger the
significant rise in intracellular Ca?* level, which can be used for the intracellular Ca?* store refilling.
It was assumed that SOCE is not present in neurons because if it exists, it should be permanently
activated and produce additional Ca?* influx, which is not necessary and even harmful.?®
Therefore, it was surprising, that Stim genes were found to be expressed in murine and human
brain samples.??%1% Similar to Stim, all members of the Orai family were detected in mouse and
human neural tissues.'® The existence of nNSOCE was confirmed by many studies in which the

application of pharmacological inhibitors of SOCE (confirmed in non-excitable cells) or genetic

28



Introduction

ablation of the essential CRAC channels components reduced or abolished SOCE influx in
neurons. For example, nSOCE influx, which is induced by the inhibition of the SERCA was
blocked by the known SOCE inhibitors ML-9 or 2-APB.*?#13L Significant reduction of nNSOCE influx
was also observed in primary cortical neuronal culture from a mouse with a global deletion of
Stim2. Nevertheless, a global deletion of Stim2 led to spontaneous death of the animals around
8 weeks from birth in the same study.'?® Additional studies showed a significant impact of nNSOCE
on critical neuronal function including synaptic formation and plasticity’*? or AMPA receptor

trafficking in spines.33

3.3. NnSOCE under pathophysiological condition
Apart from studies to decipher its physiological function, nSOCE was shown to contribute to the
pathophysiology of several diseases of the CNS including AD, HD, epilepsy, and others.
Nevertheless, these studies showed controversial results. For example, reduced neuronal
expression of Stim2 promotes neuronal loss in the mouse model of familial AD by contributing to
the long-term stability of the mushroom spines.*** On the other hand experiments with the HD
mouse model showed that enhanced activity of nSOCE led to synaptic loss and that inhibition of
SOCE can be used as a potential neuroprotective strategy.*® Moreover, experiments
demonstrated that deletion of Stim2 results in a protective phenotype in the mouse model of
transient focal cerebral ischemia.?® Furthermore, upregulation of Stim1 and Stim2 expression
levels were detected in brain samples from the pilocarpine-induced chronic epilepsy mouse
model, and high protein levels of STIM1 and STIM2 were observed in a hippocampal specimen
from a patient with medial temporal lobe epilepsy.'*® These and other studies indicated that
“optimal” activity of nSOCE is essential for the long-term survival and functionality of neurons,

however it is unclear if an increase or a decrease of nSOCE could contribute to neuroprotection.
3.3.1. nSOCE and MS

There are no data directly linkihg nSOCE and neurodegeneration during MS or EAE.
Nevertheless, many pathological processes observed in neurons during MS such as
mitochondrial dysfunction, Ca?* overload, pH changes in the axolemma and ER “stress” can
modulate or directly regulate SOCE in different cell types. The absence of a unique
neurodegenerative pathway and the idea that neuronal death resembles between various CNS
diseases, makes nSOCE an attractive target for investigation in the context of MS-related

neurodegeneration.
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4. Aim of the project

Neurodegeneration is a crucial pathological process leading to the clinical disability in MS. Until
now, no specific neuroprotective treatment is available to prevent it. During MS, inflammation and
chronic demyelination affect essential intracellular processes in neurons, including protein and
energy metabolism or action potential propagation. Ca?* plays a fundamental role in the regulation
of intracellular processes, while dysregulation of Ca?* homeostasis can lead to drastic cellular
responses, including cell death. The SOCE pathway is essential for various cell types and links
the intracellular Ca?* stores and the extracellular Ca?* pool. However, the knowledge about the
role of SOCE in neuronal Ca* homeostasis is limited and controversial, especially during the
different neuropathological conditions. Therefore, the overarching aim of this dissertation is to
investigate the contribution of NSOCE to neuronal Ca?* homeostasis and inflammatory
neurodegeneration in order to validate their neuroprotective potential. The project comprises the
following three Aims:

Aim 1 Profiling of nSOCE-related gene expression in neurons and in neuronal tissue.
Aim 2 Validation of the contribution of nSOCE components to neurodegeneration during CNS
inflammation.

Aim 3 Characterization of Ca?* activity in the neuronal network with nSOCE modification.
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Il. Materials and methods

1. Materials
1.1. Laboratory animals

Table 1 List of animal strains

Mouse strain name Used abbreviations Source of the mouse strain
C57BL/6 wild-type The Jackson Lalag:)aég;y; stock number:
Orai2 global knock out Orai2™” Prof. Dr. Erneiilcer}ilit;?g%riggggg)eidelberg
Orajofoxiox Orai2™ Prof. Dr. Frgichel_ Labor_atory (Heidelberg
University, Heidelberg)
Stim11o¥iox G 2fiox/ox Stim1"1Stim2" Prof. Dr. El;]?i/cer}(;lit;?ggﬁzg)llg)/esg)eidelberg
Stim2foxfiox Stim2™ Prof. Dr. Frgichel_ Labor_atory (Heidelberg
University, Heidelberg)
FVB.Cg-Tg(Eno2- Eno2ce The Jackson Laboratory; stock number:
cre)39Jme/J 006297
B6;129S6- ChATe™ The Jackson Laboratory stock number:
Chat(tm2(cre)Lowl)/J 006410
B6;129S- Snap25ce The Jackson Laboratory stock number:
Snap25(tm2.1(cre)Hze)/J 023525
1.2. Reagents
Table 2 Primers for genotyping
Primer Source Sequence
B-Actin_frw Biomers AGAGGGAAATCGTGCGTGAC
B-Actin_rev Biomers CAATAGTGATGACCTGGCCGT
Chat® frw Biomers GCAAAGAGACCTCATCTGTGGA
Chat®® Mut frw Biomers CAAAAGCGCTCTGAAGTTCCT
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Chat® rev Biomers CAGGGTTAGTAGGGGCTGAC
Cre_frw Biomers TAACATTCTCCCACCGCTAGTACG
Cre_rev Biomers AAACGTTGATGCCGGTGAACGTGC
Orai2_control_rev | Biomers GCTCCACCCACACTAAGTCT
Orai2_frw Biomers TCCCTGACAGGAAGAGTCAGTG
Orai2_rev Biomers AATGAAGAGCTGGGGCATGG
Snap25°¢¢ frw Biomers AACGTGCAACAAAGATGCTG
Snap25¢¢ Mut_rev | Biomers CTGCAAAGGGTCGCTACAG
Shap25° rev Biomers AATGGGGGTGACTGACTCTG
Stim1_frw Biomers GATGGTCTCACGGTCTCTAG
Stiml_ko_frw Biomers TACAAACGTCGTTGCT

Stiml_rev Biomers GGCTCTGCTGACCTGGAAC
Stim2_frw Biomers GCTACGAATAAACATAGTCACC
Stim2_ko_frw Biomers AAACCCTGACAGCTTC

Stim2_rev Biomers GGTTTCTCTGTGTAATAGCCC
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Table 3 Reagents and chemicals for genotyping

Name

Materials and methods

Company

dNTPs Mix (10mM)

Thermo Fisher Scientific

DreamTaq™ Hot Start Green DNA Polymerase, 5 U/pl

Thermo Fisher Scientific

DreaTaq™ Hot Start Green PCR Master Mix (10x)

Thermo Fisher Scientific

Ethylenediaminetetraacetic acid (EDTA), 0.5 M

Sigma—Aldrich

GeneRuler DNA Ladder Mix

Thermo Fisher Scientific

Nuclease-Free H,O

Thermo Fisher Scientific

Primers Biomers
QuickExtract™ DNA Extraction Solution Lucigen
ROTI®-Safe GelStain Carl Roth
Tris ultrapure Applichem
UltraPure™ Agarose Invitrogen
Acetic Acid Merck
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Table 4 Reagents and chemicals for gene expression assays

Name Company
RNeasy® Mini Kit Qiagen
B-mercaptoethanol Sigma-Aldrich
QIAshredder™ homogenizer Qiagen
Ethanol, absolute, 299.8% Sigma-Aldrich
RNase-Free DNase Qiagen

RevertAid First Strand cDNA Synthesis Kit

Thermo Fisher Scientific

TagMan™ Gene Expression Master Mix, 2x

Applied Biosystems

RNase-free water

Thermo Fisher Scientific

TagMan™ Primers

Table 5 TagMan primers

Thermo Fisher Scientific

Gene name Company Primer 1D

Eno2 Thermo Fisher Scientific Mm00469062_m1
Orail Thermo Fisher Scientific MmO00774349_m1l
Orai2 Thermo Fisher Scientific MmO01207170_m1
Orai3 Thermo Fisher Scientific Mm01612888 m1l
Stim1 Thermo Fisher Scientific MmO01158413 ml
Stim2 Thermo Fisher Scientific Mm01223103_ml
Tbp Thermo Fisher Scientific MmO01277042_m1
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Table 6 Reagents and chemicals for in vivo experiments

Name Company
DietGel® Recovery Clear H20

Freud’s adjuvant

Difco laboratories

Ketanest® S 25mg/ml (Ketamine)

Pfizer Pharma

Mouse/rat MOGas.s5 peptide

Peptides & elephants

Mycobacterium tuberculosis

Difco laboratories

Nekrolyt® Salbe CP-Pharma
0,/CO; gas mixture (20%/80%) SOL
Phosphate-buffered saline (PBS, 1X) Pan-Biotech
Pertussis toxin (Bordetella pertussis) Calbiochem
Rompun® 2% (Xylazine) Bayer

Table 7 Reagents and chemicals for flow cytometry and fluorescence-activated cell sorting

Name Company
BD Cytofix BD Biosciences

BD FACS Clean Solution

BD Biosciences

BD FACS Flow (20 I)

BD Biosciences

BD FACS Rinse Solution

BD Biosciences

Brilliant Stain Buffer

BD Biosciences

ddH.O

Generated in house

Fetal calf serum (FCS)

Biochrome (Merck)

Fixable Aqua Dead Cell Stain Kit

Invitrogen

PBS (1X)

Pan-Biotech

Percoll (1.13 g/ml)

GE Healthcare

Potassium bicarbonate (KHCO3)

Sigma-Aldrich

Amoniumchloride (NH4CI)

Sigma-Aldrich
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Na,EDTA Thermo Fisher Scientific
Bovine serum albumin (BSA) Merck

Sodium azide (NaNs) Carl Roth

Collagenase A Roche

DNase | Merck

RPMI 1640 medium Pan-Biotech

Table 8 Antibodies for flowcytometry and fluorescence-activated cell sorting

Antibody Company Lot number Dye
CD11b BD Biosciences B247470 PE-TxRed
CDl11c BD Biosciences B222652 Pe-Cy7
CD19 BD Biosciences B260592 BV650
CD317 BD Biosciences B246759 APC
CD3e BD Biosciences B274312 FITC
CD45 BD Biosciences B274307 Alexa700
CD8 BD Biosciences B273618 BV786
F4/80 BD Biosciences B262036 BVv421
Ly6G BD Biosciences B264760 APC-Cy7
MHC 1l BD Biosciences B248049 BV711
NK1.1 BD Biosciences E01931-1633 PE

36



Materials and methods

Table 9 Reagents and chemicals for immunohistochemistry/immunocytochemistry

Name Company
D(+)-Saccharose Sigma—Aldrich
High Precision Microscope Cover Glasses Marienfeld
Normal Donkey Serum (NDS) Merck

PAP pen 2 mm tip width (Liquid Blocker) Sigma—Aldrich
Paraformaldehyde (PFA) Sigma—Aldrich
PBS (1X) Pan-Biotech
ROTI®Mount FluorCare Carl Roth
ROTI®Mount FluorCare DAPI Carl Roth

Superfrost Plus™ Adhesion Microscope Slides

Thermo Fisher Scientific

Tissue-Tek® O.C.T.™

Sakura

Triton-X® 100

Carl Roth
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Table 10 Primary antibodies for immunohistochemistry/immunocytochemistry

Materials and methods

Name Host organism | Clone Source Dilution PRID
Anti-STIM1 rabbit polyclonal | Alomone Labs | 1:200 AB_2039893
Anti-STIM2 rabbit polyclonal | Alomone Labs | 1:200 AB_2040218
Anti-ORAI2 rabbit polyclonal | Alomone Labs | 1:200 AB_2040046
Anti-ORAI2S | rabbit polyclonal | Lrofessor Dr. 1y, 5, Not published
Flockerzi lab.
Anti-ORAI2L | rabbit polyclonal Professo_r Dr. 1:150 Not published
Flockerzi lab.
Anti-NeuN chicken polyclonal | Millipore 1:250 AB_11205760
Anti-MAP2 chicken polyclonal | Abcam 1:2000 AB_ 2138153
Anti-ChAT goat polyclonal | Millipore 1:300 AB_90650
Anti-IBA1 rabbit polyclonal | WAKO 1:100 AB_839504
Anti-APP mouse 22C11 Millipore 1:3000 AB_94882
Anti-CD3 rabbit SP7 Abcam 1:100 AB_443425
Anti-GFP chicken polyclonal | Abcam 1:200 AB_300798

Table 11 Secondary antibodies for immunohistochemistry/immunocytochemistry

Name Host organism | Target Antigen | Company | Dilution PRID

Alexa Fluor® Jackson )

488 a-chicken Donkey IgY (H+L) | abs 1:500 AB_ 2340375
Alexa Fluor® )

647 a-rabbit Donkey lgG (H+L) Abcam 1:500 AB_2752244
Alexa  Fluor® | popey IgG (H+L) Abcam 1:500 AB_ 2687506
488 a-goat
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Table 12 Reagents and chemicals for in vitro experiments

Name Company
(+)-Bicuculline Sigma-Aldrich
5-Fluor-2'-Desoxyuridin (FUdR) Sigma—Aldrich

B-27Plus™ Supplement (50X), serum free

Thermo Fisher Scientific

B-27™ Supplement (50X), serum free

Thermo Fisher Scientific

BrainPhys™ StemcCell
DMEM-F12 Gibco
DMSO Sigma—Aldrich

Dulbecco's Modified Eagle Medium (DMEM)

Thermo Fisher Scientific

FCS

Carl Roth

GlutamMAX™ Supplement

Thermo Fisher Scientific

HBSS, no calcium, no magnesium

Gibco

Hibernate™-E Medium

Thermo Fisher Scientific

lonomycin

Alomone

MACS™ neuronal

Mieltonyc

NeurobasalPlus™ Medium

Thermo Fisher Scientific

Neurobasal™ Medium

Thermo Fisher Scientific

NeuroCult™ StemCell
Opti-MEM™ Gibco

PBS (1X) Pan-Biotech
Penicillin-Streptomycin (10.000 U ml?) Invitrogen
PNGM™  Primary Neuron Growth Medium | Lonsa
BulletKit™

Poly-D-Lysine hydrobromide Sigma—Aldrich
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Trypanblue solution Sigma-Aldrich
Trypsin-EDTA (0.05%), phenol red Gibco

Uridine Sigma—Aldrich

Roswell Park Memorial Institute (RPMI) 1640 Gi

Medium ibeo

Table 13 Plasmids for in vitro experiments

Insertion Source Use

GCaMeéf Addgene, ID 100837 AAV7 vector production
mCherry Addgene, ID 20299 AAV7 vector production
Cre Addgene, ID 105537 AAV7 vector production

Orai2S-IRES-GFP

Generated by Dr. Ulrich
Wissenbach?3®

Cells transfection

Orai2L-IRES-GFP

Generated by Dr. Ulrich
Wissenbach?3¢

Cells transfection
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1.3. Buffers and media

Table 14 Buffers and media

Materials and methods

Name Ingredients Amount
FUdR 20mM*¥’ DMSO solvent
Uridine 1uM
5-Fluor-2'-Desoxyuridin 0.1 uM
CNS digestion solution RPMI 1640 solvent
Collagenase A 1 mg ml?
DNase | 0.1 mg ml*t
Cell growth medium golt?tarl\r;ll AimEshfj’p;Er:e?]Lucose’ solvent
FCS 10% viv
Penicillin-Streptomycin 100 U mI?t
FACS buffer PBS solvent
BSA 0.5% w/v
NaN3 2mM
Tris-acetate-EDTA (TAE), 50X | ddH>O solvent
Acetic Acid 5.7% viv
EDTA 0.05M
Tris 2M
Erylysis buffer ddH>O solvent
KHCO3 10 mM
NH,4CI 0.15M
Na,-EDTA 0.1 mM
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1.4. Equipment and consumables
Table 15 Equipment and devices

Name

Materials and methods

Company

ABI Prism 7900 HT Fast Real-Time PCR

Applied biosystems

BD FACS Aria lll cell sorter

BD Biosciences

BD FACS LSR Il analyser

BD Biosciences

Bench Top Microcentrifuge Eppendorf
Binocular Stereo Microscope Leica
Biometra Low Voltage Power Supply Analytik Jena
Biometra Thermocycler Analytik Jena
Centrifuge Heraeus

Chemical fume hood

Kugel medical

Computer HP
Epifluorescence Microscope Eclipse Nikon
Eppendorf® Thermomixer Compact Eppendorf
FlexCycler2 Analytik Jena
Freezer (-20 °C) Liebherr
Freezer (-80 °C) Sanyo

Fridge (4 °C) Liebherr

Fume hood

Belec Vario Lab

Gel documentary device

INTAS Science Imaging

Hot bead Sterilizer

FST Fine Scientific Tools

HT 7900 real-time PCR instrument

Thermo Fisher Scientific

INC153 incubator Memmert
Light Microscope Olympus
LSM700 confocal laser scanning microscope Zeiss
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Microme HM 560 Cyrostat

Materials and methods

Thermo Fisher Scientific

Neubauer cell count chamber

Marienfeld

Picus® Electronical Pipettes

Picus® Electronical Pipettes

Pipettes Gilson, Satorius

- -
QuantStudio 6 Flex Real-Time PCR Thermo Fisher Scientific
Instrument

SevenCompact pH-meter

Mettler-Toledo

SevenCompact pH-meter

Mettler-Toledo

Sterile hood

Thermo Fisher Scientific

Surgical instruments

FST Fine Scientific Tools

Water bath with shaker

GFL

NanoDrop™ 1000 Spectrophotometer

Table 16 General consumables

Thermo Fisher Scientific

Name Company
p-Dish 35 mm Quad Ibidi

Cell Culture Dishes

Thermo Fisher Scientific

Cell scrapers, 16 cm handle length Sarstedt
CELLSTAR EASYstrainer (40 um) Greiner
Disposable hemocytometer NanoEntek
Eppendorf tubes (0.2, 0.5, 1.5, 2.5 ml) Sarstedt
FACS tubes (5 ml) Sarstedt
Falcon tubes (15 and 50 ml) Greiner
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Glass Bottom Dish 35 mm Ibidi
Liquid reservoir for multichannel pipettes Integra
Multiwell plates (96-well, 24-well, 6-well) Greiner

Nonstick, RNase-free Microfuge Tubes

Applied biosystems

Parafilm N

Carl Roth

Pasteur pipette 230 mm (glass)

Heinz Herenz Medizinbedarf

PCR plate sealing tape Sarstedt
Pipette tips Sarstedt
RNase Zap™ Invitrogen

Serological pipettes (2ml, 5ml, 10ml and 25ml)

Greiner, Sarstedt

StarGuard® Comfort gloves

Starlab

Syringes and needles

BD Biosciences
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1.5. Software

Table 17 Software

Materials and methods

Name Company

ImageJ (Fiji) Open source (https://imagej.nih.gov/ij/index.html)
Qupath Open source (https://qupath.github.io)

ZEN black Zeiss

FlowJo v10 BD Biosciences

Prism v9.0.0 Graph Pad Software

Word Microsoft

Exel Microsoft

Tierbase 4D-Software

RQ Manager v1.2.1

Applied Biosystem

SDS v2.4 Applied Biosystem
QuantStudio Applied Biosystem
FACSDiva™ BD Biosciences
Adobe Photoshop Adobe Inc.

Adobe lllustrator Adobe Inc.

Anaconda (Python) Open source version (https://www.anaconda.com/)

2. Methods

2.1. Animals
All mice (Table 1) were kept under specific pathogen-free conditions in the central animal facility
of the university medical center Hamburg-Eppendorf, Hamburg, Germany. To avoid potential
toxicity of the CRE protein, animals heterozygous for cre and homozygous for LoxP insertion sites
were used in all experiments with tissue-specific genetically modified mouse lines. All genetically
modified mice have a C57BL/6J genetic background. The animals were housed in a facility with
55—-65% humidity at 24 + 2 °C with a 12-hour light/dark cycle and had free access to food and

water. Sex- and age-matched adult animals (8—20 weeks of age) were used in all experiments.
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All experiments were approved by the local ethics committee (Behdrde fur Soziales, Familie,
Gesundheit und Verbraucherschutz in Hamburg), Tierversuchsantrag Nr. G13-022, Nr. 17-122
and ORG 713.

2.1.1. C57BL/6J

C57BL/6J mice were received from The Jackson Laboratory, USA. This mouse strain was used

as the genetic background strain for all genetically modified mice.
2.1.2. Orai2™*

The Orai2” mouse line was created at the laboratory of Professor Dr. Marc Freichel (Heidelberg
University)'*® and was imported directly. Animals were back crossed with the C57BL/6J line after
10 consecutive breeding cycles to avoid spontaneous mutation accumulation. C57BL/6J animals

were used as a control (wild-type) mouse line.
2.1.3. Orai2"xEno2°re

The Orai2""xEno2°® mouse line was obtained by crossing the FVB.Cg-Tg(Eno2-cre)39Jme/J
(Eno2°®) and the Orai2" mouse lines. The Eno2°® strain was purchased from The Jackson
Laboratory, USA. The Orai2" line was created at the Freichel laboratory (Heidelberg University)
and was imported directly.® Animals were back crossed with the C57BL/6J line after 10
consecutive breeding cycles to avoid spontaneous mutation accumulation. Orai2™ littermate

animals were used as a control mouse line.
2.1.4. Orai2"xChATCr®

The Orai2"xChAT®® mouse line was obtained by crossing the B6;129S6-Chat(tm2(cre)Lowl)/J
(ChAT®®) and the Orai2™ mouse lines. The ChAT®® line was purchased from The Jackson
Laboratory, USA. The animals were back crossed with the C57BL/6J line after 10 consecutive
breeding cycles to avoid spontaneous mutation accumulation. Orai2" animals were used as a

control mouse line.

2.1.5. Orai2"xSnap25°ce

The Orai2""xSnap25°® mouse line was obtained by crossing the B6;129S-
Snap25(tm2.1(cre)Hze)/J (Snap25°®) and the Orai2" mouse lines. The Snap25°® line was
purchased from The Jackson Laboratory, USA. The animals were back crossed with the
C57BL/6J line after 10 consecutive breeding cycles to avoid spontaneous mutation accumulation.

Orai2™ animals were used as a control mouse line.
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2.1.6. Stim1"sStim2"1xSnap25°®

The Stim1"MStim2"xSnap25® mouse line was obtained by crossing the Snap25°® and the
Stim1"1Stim2"" mouse lines. The Stim1"Stim2" mouse line was created by M. Oh-hora and
colleagues'® and was received from the group of Professor Dr. Marc Freichel (Heidelberg
University). The animals were back crossed with the C57BL/6J line after 10 consecutive breeding
cycles to avoid spontaneous mutation accumulation. Stim1"Stim2%"" animals were used as a

control mouse line.
2.1.7. Stim2f

The Stim2"" mouse line was obtained by back crossing the Stim1"Stim2"" mouse line to the
C57BL/6J background strain. The animals were used for primary neuronal culture preparation.
The animals were back crossed with the C57BL/6J line after 10 consecutive breeding cycles to

avoid spontaneous mutation accumulation.

2.2. Genotyping
Samples. For the general mouse line genotyping, tail biopsies taken from newborn genetically
modified mice were used. After the completion of the experiments, additional control genotyping
was performed with ear biopsies taken at the end of the experiment. For genotyping of primary
neuronal cultures, a non-neuronal tissue sample from each embryo was taken and analyzed prior
to cell suspension preparation. Genetic mutations were controlled on a DNA level by polymerase

chain reaction (PCR).

Experimental procedure. DNA “extraction was performed using the QuickExtract reagent, which
was applied for 6 min at 65 °C, 500 rpm, followed by a heat inactivation for 2 min at 98 °C, 350
rpm. The obtained DNA was used as a template with the corresponding genotyping PCR primers
(Table 2) or stored at -20°C. Reaction compositions and amplification programs were adjusted
for each genotype (Table 18-Table 29). The PCR product was analyzed using an agarose gel
containing RotiSafe Gel Stain with an agarose concentration adjusted to the expected product
size. Pictures of the respective gels were taken with a gel documentary device and were analyzed

with ImageJ.
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Table 18 Reagents for a single genotype PCR reaction of the Orai2” and Orai2" lines

Reagent Company Amount (uL
ddH:20 Thermo Fisher Scientific 16.83
Dream Taq Green HS Taq Buffer 10x | Thermo Fisher Scientific 2.5

dNTPs (10mM) Thermo Fisher Scientific 0.5
Orai_frw (10uM) Biomers 1.5
Orai_rev (10uM) Biomers 1
Orai_control_rev (10uM) Biomers 0.5
DreamTaq Polymerase Thermo Fisher Scientific 0.17
Template 2

Table 19 Thermal profile for Orai2” and Orai2" genotype PCR

Temperature 95 °C 95 °C 66 °C 72 °C 72 °C 15°C

Time 10 min 30 sec 1min | 30sec | 10 min hold
Repeats 40 cycles
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Table 20 Reagents for a single genotype PCR reaction of the Stim1” and Stim1™ lines

Reagent Company Amount (uL
ddH:20 Thermo Fisher Scientific 16.7
Dream Taq Green Buffer 10x Thermo Fisher Scientific 2.5
dNTPs (10mM) Thermo Fisher Scientific 0.5
Stim1_frw (10uM) Biomers 15
Stiml_ko_frw (10uM) Biomers 15
Stiml_rev (10uM) Biomers 15
DreamTaq Polymerase Thermo Fisher Scientific 0.3
Template 2
Table 21 Thermal profile for Stim1” and Stim1" genotype PCR
Temperature 94 °C 94 °C 66 °C 72°C 94 °C 60 °C 72°C | 72°C | 4°C
Time 1.5min | 30sec 30 sec 30sec | 30sec | 30sec | 30sec | 5min | hold
Repeats 10 cycles withI -0.5 °C per 25 cycles
cycle
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Table 22 Reagents for a single genotype PCR reaction of the Stim2” and Stim2" lines

Reagent Company Amount (uL
ddH:20 Thermo Fisher Scientific 16.7
Dream Taq Green Buffer 10x Thermo Fisher Scientific 2.5
dNTPs (10mM) Thermo Fisher Scientific 0.5
Stim2_frw (10uM) Biomers 15
Stim2_ko_frw (10uM) Biomers 15
Stim2_rev (10uM) Biomers 3
DreamTaq Polymerase Thermo Fisher Scientific 0.3
Template 2
Table 23 Thermal profile for Stim2” and Stim2" genotype PCR
Temperature | 94 °C 94 °C 66 °C 72°C 94 °C 60 °C 72°C 72°C 4°C
Time 15min | 30sec | 30sec | 30sec | 30sec | 30sec | 30sec | 5min hold
Repeats 10 cycles withI -0.5 °C per 25 cycles
cycle
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Table 24 Reagents for a single genotype PCR reaction of the Eno2°® line

Reagent Company Amount (uL
ddH:20 Thermo Fisher Scientific 16.03
Dream Taq Green HS Taq Buffer 10x | Thermo Fisher Scientific 2.5

dNTPs (10mM) Thermo Fisher Scientific 0.5
Cre_frw (10uM) Biomers 1

Cre_rev (10uM) Biomers 1
B-Actin_frw (10uM) Biomers 0.9

B-Actin rev (10pM) Biomers 0.9
DreamTaq Polymerase Thermo Fisher Scientific 0.17
Template 2

Table 25 Thermal profile for Eno2°"® genotype PCR

Temperature 94 °C 94 °C 58 °C 72 °C 72 °C 15°C
Time 2 min 30sec | 30sec | 30sec 5 min hold
Repeats 35 cycles
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Table 26 Reagents for a single genotype PCR reaction of the ChAT®* line

Reagent Company Amount (uL

ddH:20 Thermo Fisher Scientific 17

Dream Taq Green HS Taq Buffer 10x | Thermo Fisher Scientific 2.5

dNTPs (10mM) Thermo Fisher Scientific 0.5

ChatCre WT frw (10uM) Biomers 0.8

ChatCre Mut frw (10uM) Biomers 1

ChatCre rev (10uM) Biomers 1

DreamTaq Polymerase Thermo Fisher Scientific 0.2
Template 2
Table 27 Thermal profile for ChAT®® genotype PCR

Temperature 94 °C 94 °C 66 °C 72°C 94 °C 60 °C 72°C 72°C 4°C

Time 15min| 30sec | 30sec | 30sec | 30sec | 30sec | 30sec | 5min hold
Repeats 10 cycles withI -0.5 °C per 30 cycles
cycle
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Table 28 Reagents for a single genotype PCR reaction of the Snap25°¢¢ line

Reagent Company Amount (uL
ddH:20 Thermo Fisher Scientific 16.83
Dream Taq Green HS Taq Buffer 10x | Thermo Fisher Scientific 2.5
dNTPs (10mM) Thermo Fisher Scientific 0.5
Snap25cre_frw (10uM) Biomers 1
Snap25cre_WT _rev (10uM) Biomers 1
Snap25cre_Mut_rev (10uM) Biomers 1
DreamTaq Polymerase Thermo Fisher Scientific 0.17
Template 2
Table 29 Thermal profile for Snap25°€ genotype PCR
Temperature 95°C 95°C 66 °C 72°C 95°C 54 °C 72°C 72°C 15°C
Time 10 min | 30sec | 30sec | 30sec | 30sec | 30sec | 30sec | 5min hold
Repeats 12 cycles 17 cycles

53



Materials and methods

2.3. Gene expression assay
RNA isolation. Total RNA isolation was performed using the RNAeasy mini kit according to the
manufacturer’s instruction. Briefly, frozen tissue samples or cell pellets were resuspended in the
lysis buffer supplemented with B-mercaptoethanol and were disrupted using QIlAshredder
columns. Then an equal volume of 70% (v/v) ethanol was added and mixed until a homogeneous
solution was obtained. The solution was transferred into a RNAeasy mini spin column and was
centrifuged (> 15000 g, RT, 20 sec). Afterwards, the columns were washed with 700 ul buffer
RW1 (centrifugation at > 15000 g, RT, 20 sec), 500 ul buffer RPE (centrifugation at > 15000 g,
RT, 20 sec), 500 ul buffer RPE (centrifugation at > 15000 g, RT, 2 min) and finally were centrifuged
(full speed, RT, 1 min). The RNA was eluted into a fresh 1.5 ml tube by the addition of 45 pl
RNase-free water (centrifugation at full speed, RT, 1 min). The purified RNA was quantified using

the NanoDrop and stored at —80 °C until further use.

Additionally, DNA digestion was performed after the first washing step using RNase-free DNase

according to manufacturers instruction.

cDNA synthesis. Synthesis of complementary DNA (cDNA) was performed according to
manufacturer’s instruction using the RevertAid First Strand cDNA synthesis kit. 11 ul of thawed
RNA were mixed with 1 pyl random hexamer primer and were incubated at 65 °C for 5 min for
denaturation. Then, reaction buffer, RiboLock RNase inhibitor, 10 mM dNTP Mix and RevertAid
reverse transcriptase were added and mixed by pipetting. Reverse transcription was performed

at 42 °C for 60 min followed by inactivation at 70 °C for 5 min. cDNA was stored at -20 °C.

Quantitative real-time Polymerase Chain Reaction (qPCR). Gene expression was analyzed
by gPCR, which was performed using the HT 7900 RT-PCR (or QuantStudio 6 Flex) instrument
with commercial TagMan probes (Table 5). All samples were run in triplicates according to
manufacturer’s recommendation. A single reaction contained 0.5 ul of 20xTagMan probe, 5l of
2xTagMan gene expression master mix, 2.5ul RNase-free water and 2 yl cDNA template. The
reaction was performed with the following thermal profile: 50 °C for 2 min, 95 °C for 10 min, 40
cycles: 95 °C for 15 sec and 60 °C for 1 min. DNA-free water control and the housekeeping gene

tata box binding protein (Tbp) as endogenous control were used for all experiments.

Data analysis. Expression profile of the investigated genes were determined as AACT relative to
Tbp expression. All data are presented as 222°, Data analyses were performed with SDS 2.4, RQ

Manager or QuantStudio software with an automatic baseline identification.
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2.4. Experimental autoimmune encephalomyelitis (EAE)
The active immunization protocol was used for EAE induction. All experiments were performed
genotype-blinded upon the data analysis. All animals were sex and age matched (8-12 weeks of
age at the day of the immunization). All experiments were approved by the local ethics committee:
(TVA Nr. G13-022; TVA Nr. 17-122)

Immunization. Animals were anesthetized with 1%-2% isoflurane in oxygen (v/v) and
subcutaneously immunized with 1:1 emulsion containing 200 pg of myelin oligodendrocyte
glycoprotein 35-55 (MOG35-55) peptide diluted in 1X PBS (2 mg ml) and an equal volume of
complete Freund’s adjuvant (CFA supplemented with 2 mg ml* M. tuberculosis). At the day of
immunization and 48 hours later 100ul of the pertussis toxin (PTX) diluted in 1X PBS (2 ug ml?)

were injected intraperitoneal.

Scoring and housing condition. Animals were observed, weighted, and scored at the day of
immunization, at day 2after immunization and daily from day 6 after immunization. Clinical
disability was assessed by the following system: 0, no clinical deficits; 1, tail weakness; 2, hind
limb paresis; 3, partial hind limb paralysis; 3.5, full hind limbs paralysis; 4, full hind limbs paralysis
and forelimb paresis; 5, premorbid or dead. Animals reaching a clinical score = 4 or having < 75%
of the body weight at the day of immunization were sacrificed according to the regulations of the
Animal welfare act. Animals were supplied with food and water ad libitum. Additional high-water
content food and rough cage surface cover were provided at the first day of observed neurological

deficits. Skin irritations and inflamed injection areas were treated with Nekrolyt ointment.

Data analysis. Absolute and relative body weight changes, clinical score, onset, and maximum
clinical score were analyzed at the end of the experiment. Animals without symptoms, with
maximum clinical score < 1, with disease onset = day 15 post immunization, and animals that
were eliminated during the experiment were excluded from the analysis. Additional histological
assessment was performed with a set of representative animals, if significant difference was
observed in the clinical assessment. Data visualization and statistics were performed by
GraphPad Prism (v 9.0.0).
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2.5. Behavioral analysis

Behavioral experiments were performed in collaboration with the behavioral unit of the UKE,
together with Dr. rer. nat. Fabio Morellini. The experiments were approved by the local ethics
committee (TVA Nr. 17-122). Litter-matched and gender-matched animals were used for the
experiment. A maximum of two paired animals from the same litter were used for the cohort
formation. Four weeks prior to the experiment and during the experiment, the animals were
housed in a reversed 12-hour light/dark cycle and had a free access to food and water. During
the adaptation time each animal was handled at least twice a week by the person performing the
experiment. Experiments were performed genotype-blinded upon data analysis.

2.5.2. Open field

Animals were placed in the center of a square and clean empty box. The position of an animal
was recorded for 20 minutes, and the parameters of the recorded traces (total distance, and
proximity to the walls of the box) were analyzed. Four animals were analyzed simultaneously in

identical boxes under controlled light condition (maximum 26 lux).
25.3. Y maze

Animals were placed in the center of a clean Y-maze. All arms were identical and open. Each
animal was observed for 15 minute or for 27 arm visits. The number of alternations (visits to the

novel arm) were recorded.
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2.6. Flow cytometry and fluorescence-activated cell sorting
2.6.1. Cellsisolation

Splenocytes. For the isolation of splenocytes, mice were anesthetized with the O2/CO:2 gas
mixture and subsequently killed with 100% CO2. The spleen was harvested with sterile
instruments and placed into ice-cold PBS. Cell suspensions were prepared by homogenizing
spleens from all animals simultaneously using a 40-um cell strainer and ice-cold PBS. To remove
the PBS, cell suspensions were spun down by centrifugation (300 g, 10 min, 4 °C) and then
resuspended in 1 ml FACS buffer. To remove the red blood cells, 5 ml ice-cold Erylysis buffer
were added to the cell suspension and were incubated for 5 min on ice. Lysis was stopped by the
addition of 40 ml FACS buffer. Afterwards, the cells were spun down by centrifugation (300 g, 10
min, 4 °C) and resuspended in 5 ml PBS.

To reduce the number of animals used in the experiments, histological analysis was combined

with immune cells analysis. In this case spleen isolation was performed prior to PFA perfusion.

Blood. Whole blood was taken prior to spleen isolation by inferior vena cava punction with EDTA-
coated syringe and was placed into EDTA-coated tubes. 50 uL of blood from each animal was
used for the experiments. The samples were stored in EDTA-coated tubes on the rotation plate
for 3 hours at RT.

CNS infiltrating immune cells. For the isolation of CNS infiltrating immune cells, animals were
sacrificed as described at “Splenocytes”. Immediately after the animals were perfused
intracardially with 10 ml of ice-cold PBS, brains and spinal cords were isolated, placed into ice-
cold PBS and mechanistically disrupted. After the collection of all samples, brains and spinal
cords were incubated in digestion buffer for 1 hour at 37 °C. Tissues were homogenized by
triturating through a 40 um cell strainer and washed with 50 ml PBS. The obtained cell
suspensions were spun down, washed with 50mL PBS and then spun down again by
centrifugation (300 g, 10 min, 4 °C). Immediately afterwards, the cells were resuspended in 4 ml
30% Percoll solution (in RPMI medium). 2 ml 78% Percoll solution (in RPMI medium) was added
underneath. Samples were centrifuged (2500 rpm, 30 min, 4 °C) and the interphase, which
contained the immune cells, was collected. The obtained cell suspension was washed with ice
cold PBS and centrifuged again (300g, 10 min, 4 °C). Finally, the cells were resuspended in ice-

cold PBS for further live/dead staining.
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2.6.2. Fluorescent immunolabeling

Staining was performed immediately after cell suspension preparation. Live/dead staining was
performed separately from the other stainings. All antibodies were applied simultaneously as a
mixture with an adjusted final concentration. Fluorochrome, antigen and final dilutions are
presented in (Table 30). The staining protocol is presented in (Table 31). After the final washing
step, the samples were fixed with fixation buffer, which was applied for 30 min at 4 °C and washed
with FACS buffer (300 g, 10 min, 4 °C). Cells were resuspended in FACS buffer and stored at 4
°C upon measurements. All measurements were performed within 24 hours after the fixation of
the samples. Prior to the measurement, counting beads were added to each sample according to

the manufactory recommendation for quantitative measurements.

Table 30 Antibodies for cell suspension staining

Antigen Fluorochrome Final Dilution
CD11b PerCP/Cy5.5 1:100
CDl11c PE-Cy7 1:300
CD19 BV650 1:100
CD317 APC 1:100
CD3e FITC 1:100
CD45 Alexa700 1:100
CD8 BV786 1:100
F4/80 Bv421 1:100
Fc block -- 1:100
Live/Dead AmCyan 1:1000
Ly6G APC-Cy7 1:200
MHCII BV711 1:100
NK1.1 PE 1:300
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Table 31 Cell suspension staining protocol

Live/dead staining

Solvent Incubation parameters Washing parameters

PBS 30min at 4 °C

Antibodies staining

PBS, 300g, 10 min, 4 °C

Solvent Incubation parameters Washing parameters

FACS buffer 30 minat 4 °C

FACS buffer, 300g, 10 min, 4 °C

2.6.3. Flow cytometry parameters

Markers used for the identification of specific immune cell subsets are presented bellow (Table

32). For the flow cytometry analysis of the blood samples and for the fluorescent-activated cell

sorting, only antibodies required for the identification of the analysed cell types were used for

staining. Gating strategy was not changed.

Table 32 Markers used for immune cell types identification

Cell type Markers

Neutrophils L/D; CD45"; Ly6G+

Microglia L/D; CD45low*; Ly6G ; CD11b*

Macrophages L/D; CD45hi*; Ly6G ; CD11b*; F4/80*

cDCs L/D; CD45hi*; Ly6G; CD11b+; F4/80; MHC II*; CD11c *
NK cells L/D; CD45hi*; Ly6G; CD11b” NK1.1*; CD3"

NK T cells L/D; CD45hi*; Ly6G; CD11b  NK1.1*; CD3*

B cells L/D; CD45hi*; Ly6G; CD11b  NK1.1; CD19*

CDAT cells L/D; CD45hi*; Ly6G; CD11b” NK1.1; CD19; CD3"; CD8a
CDS8 T cells L/D; CD45hi*; Ly6G-; CD11b  NK1.1; CD19; CD3*; CD8a*
pDCs L/D; CD45hi*; Ly6G-; CD11b  NK1.1; CD19; CD317*
lymDCs L/D; CD45hi*; Ly6G-; CD11b" NK1.1; CD19; CD317; MHC II;

CD11c”*
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Counting beads
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Figure 3 Gating strategy for the immune cell subsets analysis

Lymphocytes and counting beads were identified by size and granularity (FCS-A and SSC-A).
Single cells were separated by high and area of the forward scatter (FCS-H and FCS-A). Live
cells were further separated and analyzed. Immune cell subsets were defined according to
Table 32 in the way represented on the scheme. In case of the reduced number of required
subsets (for blood samples, or FACS analysis), unused markers were excluded from the panel.
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2.6.4. Data analysis

Schematic representation of the gating strategy for the flow cytometry data analysis is shown in
Figure 3. All data were analysed with the FlowJo software, by manual gating of the originally
generated data according to the gating strategy. Absolute quantifications and relative to CD45
representations of the cell subtypes were collected and analyzed. All comparisons, visual

representations, and statistics were performed with GraphPad Prism (v 9.0.0) software.

2.7. Histopathology/Immunohistochemistry
Tissue preparation. Mice were anaesthetized intraperitoneally with 100 pl of anesthetic solution
per 10 g of body weight. For histopathology and immunohistochemistry mice were perfused with
4% w/v paraformaldehyde (PFA) solution. Spinal cord and brain were dissected, fixed for 45 min
with 4% PFA and then transferred to 30% w/v sucrose solution at 4 °C for dehydration and stored
until the tissue sunk. Dehydrated tissues were embedded in optimal cutting temperature
compound (OCT) and stored at -80 °C. Midcervical spinal cord sections or whole brain sections
were cut at 12 um thickness using a microtome-cryostat. Sections were then stored at —80 °C

prior to staining.

Alternatively, brain and spinal cord samples were post fixed with 4% PFA for at least 24 hours

than embedded into paraffin, cut and stained at the UKE mouse pathology facility.

Staining. Prior to staining samples were washed three times with 1X PBS at RT for at least 5
minutes per wash. Permeabilization of the samples was performed with TritonX-100 dissolved in
PBS (0.5%, v/v). Permeabilization solution was applied for 45 minutes to the tissue sections.
Donkey serum dissolved in PBS (10%, v/v) was used as blocking solution. Permeabilization and
blocking reagents were combined in one solution and applied simultaneously. Primary antibodies
were diluted in 1X PBS and applied overnight at 4 °C. Secondary antibodies with corresponding
target sites and fluorophore were applied for 3 h at RT. All secondary antibodies were generated

in donkey.

Imaging. All images were generated with ZEISS LSM700 confocal microscope using 20x, 40x or

63x objectives.

Analysis. Depending on the target of the analysis, ImageJ, QuPath or ZEN Black software were

used for the quantification or preparation of representative images.
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2.8. Primary neuronal culture

Tissue preparation. All experiments were done using 16.5 days old embryos (E16.5). The
pregnant mouse was anesthetized with O2/CO2 mixture and decapitated afterwards. Immediately
after, the abdomen was rinsed with 70% ethanol and dissected to reveal the body cavity. The
uterine horns were cut and placed in a new cell culture dish containing 1X HBSS. The uterus was
dissected and embryos were removed from the embryo sacs. The embryos were decapitated and
the brains were removed and placed in the fresh 1X HBSS media. If prolonged storage was
required, they were stored in 1X Hibernate medium.

If required, genotype control was performed with the non-neuronal tissue collected during the
brain dissection.

Cell suspension. Embryonic cortical tissue was isolated under a binocular and collected in a 15
ml polypropylene tube in ice cold 1X HBSS media. For the dissociation, collected samples were
placed in ImL 0.05% Trypsin/EDTA solution and incubated for 6 minutes at 37°C. After the
incubation, 5 ml of DMEM/F12 medium supplemented with 10% (v/v) fetal bovine serum (FSC)
were added to quench trypsinization. Then media was replaced by 1mL of neuronal medium.
Mechanistic dissociation was performed by manual pipetting with a 1000 pl pipette (~15 times)
followed by manual pipetting with a Pasteur pipette (~10 times). The obtained cell suspension
was filtered through a 40 um strainer and counted with a hemocytometer in a 1:1 trypan blue

solution (0.4% v/v). Cell suspension volume was adjusted to the required cell concentration.

Seeding and growth condition. Neurons were seeded on glass surface coated with Poly-D
Lysine. 45 minutes after the seeding, the medium was replace by the required amount of neuronal
growth medium and incubated at 37°C, 5% CO2. To obtain pure neuronal culture 20uM 5-
fluorodeoxyuridine (FUdR) was added 48-72 hours after seeding.

2.9. Cell line
The HEK293 cell line was purchased from the CLS Cell Lines Service. Cells were seeded at a
density of 1x10* cells/cm? and cultured at 37°C, 5% COzin DMEM medium containing 10% (v/v)
FCS and 1% (v/v) penicillin-streptomycin mixture. For maintenance, cells were reseeded every

four days. The cell line was used for up to 10 passages.

2.10. Cell transfection
HEK293 cells with a confluency of 70% were transfected by corresponding plasmids using
Lipofectamine 2000 according to the manufacturer's protocol (Thermo Fisher Scientific Protocol

Pub. No. MAN0O0O07824 Rev.1.0). Primary neuronal cultures were transfected at day 7 after the
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seeding (day in vitro 7, DIV7). Immunocytochemistry protocol was performed 48 hours after the
transfection of the HEK293 cells or at DIV12-DIV14 for the cultured primary neurons.

2.11. Primary neuron transduction

Adeno-associated virus vector serotype 7 (AAV7) containing a sequence for GCaMP6f, Cre, or
mCherry-Cre-reporter protein production, was used for the transduction. Plasmids for vectors
production were purchased from Addgene repository and used without modifications (Table 13).
All AAVs were produced at the UKE vector facility. Primary neuronal cultures were transduced at
DIV7-DIV10 by direct addition of the vectors into the culture. Multiple vectors, if required, were
added simultaneously. Cultures were analyzed at DIV14-DIV21. Effective multiplicity of infection
(MOI) was determined for each batch of the vectors by trial transduction. MOI for all experiments
and all vectors were in range of 10x103-50x10% AAV capsids per cell.

2.12. Live-cell calcium imaging
Live-cell Ca?* imaging was performed with primary neuronal culture transduced with AAV viruses.
Imaging was performed using ZEISS LSM700 confocal microscope in the time lapse mode. The
cultures were placed in the P-Set 2000 imaging chamber with the controlled COz condition (5%).
Active compounds were added during the experiment by direct pipetting to chamber. All live-cell
imaging data sets were generated with 478ms temporal resolution, 20x magnification, and
maximum size of the pin hole of the confocal microscope. At the end of each experiment
ionomycin at a final concentration of 4uM was added to obtain the maximum fluorescent intensity

for signal normalization.

Data analysis. Segmentation of the time lapse series was performed manually using ImageJ.
Every segmented region of interest (ROI) contains the signal from a single neuronal soma. Signal
intensity series of each ROI were stored in the .cvs format. Normalization and analysis were
performed using custom-made script written in Python 3.6. The analyzed parameters were
adjusted in the script according to the requirements of the experiments. Basic script and
definitions of the parameters were previously published.?® Amplitude (A), mean signal intensity

(Mean) and numbers of Ca?* transients = firing rate (N), were defined as followed:

n+6
1+
N; =n if (F(n) = F(a),wherea € [n—6..n+ 6]) and F(n)>26?_|_y1 Z F(j)
j=n-6

Firing rate (N;).N: Ca?* transient count; F: normalized signal intensity; i and n: indexes for defined

frame (n) and cell (i); parameters 8, 8 and y were set as 3,7 and 0.6 for all analyzed cultures by
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manual assessment (5 % of randomly depicted traces were compared) of effective pick detection
> 80%

1<
Ai = k_lz Fpij
=1

Amplitude (A): amplitude for the i cell with detected k spikes; Fpi — amplitude of individual spike
of i cell

b

1 .

Meanq ) = P az F(j)
j=a

Meanp.,: mean of recorded signal from frame a till frame b, F(j) — signal extracted from j" frame;
parameters a and b were determined for each experiment individually for each experiment with a

constant analyzed interval; last frame was recorded before ionomycin addition.

2.13. Immunocytochemistry
Primary neurons or HEK cells were fixed with 4% PFA for 15 minutes at RT, then washed with
1X PBS twice for 10 minutes. Samples were stored in 1x PBS at 4°C prior to staining. Staining
was performed within a week after the fixation of the samples. Permeabilization of the samples
were performed with TritonX-100 dissolved in PBS (0.5%, v/v), which was applied for 15 minutes
at RT. Donkey serum dissolved in PBS (10%, v/v) was used as a blocking solution. To prevent
unspecific binding, samples were incubated in the blocking solution for 30 min at RT immediately
after permeabilization. Primary antibodies diluted in 1X PBS were applied for 4 hours at 4 °C.
Secondary antibodies with corresponding target sites and fluorophore were applied for 1 hour at
RT. All secondary antibodies were generated in donkey. After the staining samples were mounted
on a glass microscopic slid using ROTI®Mount FluorCare medium with or without 4',6-diamidino-
2-phenylindole (DAPI) supplement. Images were taken at least 48 hours after the staining, but
within a month from staining. All images were generated with ZEISS LSM700 confocal

microscope with 20x, 40x or 63x objective.
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1. Results

1. Determination of the neuronal SOCE composition
To narrow down the potential targets for investigation regarding the contribution of SOCE to
neuronal Ca?" regulation and neurodegeneration, genetic expression of critical SOCE-related
genes was done in neural tissue in healthy and EAE wild-type mice and primary neuronal culture.

1.1. Expression of SOCE genes in neural tissue and primary neuronal culture

The expression of Orai and Stim gene families was analyzed in the hippocampus, cortex,
cerebellum, and spinal cord of healthy C57BL/6 (wild type) mice. Orai2, Stim1, and Stim2 genes
were detected as highly expressed in all neural tissue samples. (Figure 4 A-D). The highest
expression of Orai2 was detected in samples from the hippocampus (Figure 4 C), followed by
the spinal cord (Figure 4 A) and the cortex (Figure 4 B). The expression profile of Orai2 reflects
the neuronal density in the analyzed neural tissue to some extent. Thus, it can be assumed, that
Orai2 is the predominantly expressed Orai in neuronal cells. Further expression analyses were
performed on primary neuronal culture prepared from cortical neurons. Starting from 14 days of
growth (day in vitro 14, DIV14), cortical neuronal cultures showed an expression profile which is
comparable to the one of neural tissue. (Figure 4 E-H).

A B Cc D

Spinal cord Cortex Hippocampus Cerebellum
20+ 204 20+ 204
°
5154 o 5157 5 15+ 5159
17 w 7] 0
1% w (7] 123
[ [}
§10 510 §10 810
) 3 S e 3 3
& 5 gs5{ 2 & 5 & 54 :
ol giispel g 1
A % gD AL a3 ohs A 2 0 oh A Duod
E F G H
DIVO DIV7 DIV 14 DIV 21
204 204 204 204
°
5154 5151 §15— 5157 f
2 2 7] 7
o o o o
a10 510 10 &10
3 3 ° 3 3
& s g s- & s5- & s
olmf Ll ol Lol ol taml oltal el
0@ 0@ oo bRt oo 0@0bedurg

Figure 4 Expression profile of SOCE related genes

Relative qPCR mRNA expression of Orail, Orai2, Orai3, Stim1, and Stim2 in murine spinal cord (A), cortex
(B), hippocampus (C), cerebellum (D) and in primary neuronal culture samples at DIV 0, 7, 14, and 21 (E-
H). Healthy C57BL/6 female mice, 8-10 weeks of age (n=3), and C57BL/6 E16.5 neurons (n=3) were used
for all experiments. Data presented as a fold change compared with Tbp expression, and plotted as mean
+/- s.e.m.
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1.2. The distribution of SOCE-related proteins in neurons
For the characterization of protein distribution, immunofluorescence labeling was performed on
neural tissue samples and cultured primary neurons from wild-type mice. Unfortunately,
commercially available antibodies against ORAI2 and STIM2 showed no or unspecific signal. In
collaboration with the laboratory of Professor Dr. Veit Flockerzi from the Saarland University,
antibodies against the ORAI2 protein were generated. Two antibody types directed against the
C- and N- terminus of the ORAI2 protein were produced by the Flockerzi group. Antibodies against
the N- terminus were designed to target only a splice variant with an extended amino acid
sequence (ORAI2 large) while the C- terminus targeting antibodies can bind to the small and the
large variants of the ORAI2 protein (ORAI2S and ORAI2L respectively).*® Validation of the
antibodies was performed using the HEK293 cell line and plasmids with insertion of either
ORAI2S or ORAI2L and green fluorescent protein (GFP) transcripts with independent expression.
Both antibodies were suitable for the detection of the overexpressed ORAI2 protein in HEK293
cells (Figure 5 A, B). However, an attempt to validate the antibodies using spinal cord tissue
samples with a global Orai2 deletion, demonstrated that only the C-terminus anti-ORAI2
antibodies showed no fluorescent signal in Orai2-deleted tissue, as expected (Figure 5 C). For

this reason, in the next experiments, only these antibodies were used to detect ORAI2.

Non transfected Transfected with Orai2S plasmid Non transfected Transfected with Orai2L plasmid
DAPI/ / Orai2C DAPI / / Orai2C DAPI/ / Orai2N DAPI/ / Orai2N DAPI/ / Orai2C DAPI/ / Orai2N
c _ D §
Spinal cord, Orai2 Primary neuronal culture transfected with Orai2L plasmid

DAPI / Orai2C DAPI / Orai2N / Map2 / Orai2N

Figure 5 Antibodies validation and ORAI2 distribution

(A-B) Representative confocal images of HEK293 cells transfected with an Orai2S-GFP or an Orai2L-GFP
plasmid and stained with antibodies against C- or N- terminus of ORAI2 (Orai2C, Orai2N) and DAPI.
Successful transfection was confirmed by green GFP detection, scale bar 20uM. (C) Representative
confocal images of spinal cord sections from Orai2-- mice stained with antibodies against C- or N- terminus
of ORAI2 (Orai2C, Orai2N) and DAPI. (D) Representative confocal images of wild-type primary neuronal
culture transfected with an Orai2L-GFP plasmid and stained with antibodies against N- terminus of ORAI2
(Orai2N) and DAPI. Successful transfection was confirmed by GFP detection. Scale bar 20uM
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Despite the specificity of the ORAI2 antibodies, validation of the distribution of the ORAI2 protein
in neural tissue could not be performed due to the high fluorescent signal from the overall tissue.
Tissue samples with cell-specific deletion of Orai2 could not be analyzed either because of the
high background signal. Moreover, wild-type primary neuronal culture could not be stained with
the same antibodies with a sufficient signal-to-noise ratio, thus the obtained signals were
indistinguishable from the background. Nevertheless, primary neurons transfected with the Orai2
plasmids could be specifically stained against ORAI2. The result of this experiment shows that
overexpressed ORAI2 protein is localized primarily to the cell membrane (Figure 5 D).
Furthermore, based on the morphology of the neurons, overexpressed ORAI2 protein could be

observed in dendritic spines and axons (Figure 5 D).

1.3. Expression of SOCE genes in neural tissue during CNS inflammation
In order to validate nSOCE composition during different stages of neuroinflammatory processes,
cortex, hippocampus and spinal cord samples from wild-type mice during different stages of EAE,
and the corresponding healthy controls were used for gene expression analysis using qPCR
(Figure 6 A-C). A significant reduction in Stim1 expression and a trend of downregulation of the

Orai2 and Stim2 genes was observed at acute EAE in cortical tissue with recovery in chronic EAE
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Figure 6 Expression profile of SOCE-related genes during CNS inflammation

Relative gPCR mRNA expression of Orail, Orai2, Orai3, Stim1, and Stim2 in cortex (A), spinal cord (B),
hippocampus (C), CD4* and CD8* T cells (D, E), B cells (F). Neural tissue samples were isolated from wild-
type mice at acute and chronic EAE as well as healthy controls. Immune cells were isolated from the spleen
of the healthy wild-type animals by fluorescence-activated cell sorting. Three biological replicates (n=3)
were performed in all experiments except for the healthy control cortical tissue samples (n=4). Data
presented as a fold change to Tbp expression, and plotted as mean +/- s.e.m. Statistical analysis was
performed by unpaired, two-tailed Student’s t-test, * p< 0.05; **p <0.01
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(Figure 6 A). In the hippocampus Orai2 and Stim2 transcripts show a significant reduction with
no complete recovery in the expression of Stim2 at the chronic stage of EAE (Figure 6 C). The
expression levels of Orai2, Stim1 and Stim2 were not affected in the spinal cord (Figure 6 B). In
addition, expression of Orail, Orai2, Orai3, Stim1l and Stim2 genes was analyzed in T cell subsets
(CD4* and CD8" T cells) and B cells (CD19) from wild-type healthy mice (Figure 6 D-F).
Surprisingly, the mRNA expression pattern of the Orai gene family in the immune cells was very
similar to that of neural tissue. Nevertheless, the ratio of Orai2 to Orail was lower for the immune
cells in comparison to the mature primary neuronal culture or the hippocampus. The expected
relative abundance of Stiml over Stim2 expression was observed for all analyzed immune cell
subtypes (Table 33).

Table 33 Overview of the ratios of the expression of SOCE-related genes

Orai2/Orail Orai2/Orai3 Stim2/Stim1
Cortex 22.6 19.0 0.93
Spinal cord 7.3 21.0 0.83
Hippocampus 69.1 52.6 1.96
Cerebellum 12.6 13.7 0.71
Primary neurons (DIV14) 11.5 28.3 0.97
Primary neurons (DIV21) 38.7 51.0 0.84
CD4* T cells 14.8 29.8 0.35
CD8* T cells 15.9 32.2 0.28
B cells 7.6 33 0.51
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2. Contribution of Orai2 to neurodegeneration during CNS inflammation
The analysis of SOCE gene expression profile showed a clear dominance of Orai2 expression in
neuronal tissue and a significant change in Orai2 expression in the CNS during EAE. These
observations indicated that Orai2 can potentially be an important player in neuronal Ca*
homeostasis during CNS inflammation. Furthermore, Orai2 inhibition was reported to be irrelevant
for various cell types, including immune cells, with mild or no effect on the activity of the SOCE.
This suggests that Orai2 is a good candidate for neuron-specific pharmacological treatment that
could be applied to prevent neuronal damage during CNS inflammation.

2.1. Validation of Orai2” mice

Next, mice with a genetic deletion of the gene of interest were used in an in vivo model to
investigate the contribution of that specific protein. A mouse line with a global deletion of the Orai2
gene was generated at the laboratory of Professor Dr. Marc Freichel (Heidelberg University).13®
gPCR analysis of SOCE-related genes revealed that the mRNA level of Orai2 was not detectable
in hippocampal and spinal cord samples from knock out animals (Figure 7); Orai3 gene
expression was significantly reduced in the spinal cord, though the level of expression was near
to the detection limit; other SOCE-related genes were unaffected.
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Figure 7 Validation of the expression of SOCE-related genes in the Orai2”

gPCR mRNA expression of Orail, Orai2, Orai3, Stiml, and Stim2 genes in the hippocampus (A) and the
spinal cord (B) of Orai2” and wild-type mice. Healthy animals, 8-10 weeks of age (n=3), were used for this
experiment. Data presented as a fold change to Thp expression, and plotted as mean +/- s.e.m.. Statistical
analysis was performed by unpaired, two-tailed Student’s t-test. * p< 0.05; **** p <0.0001
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2.2. Global deletion of Orai2 leads to amelioration of EAE disease progression.
Validation of the expression profile of SOCE-related genes in Orai2” mice showed no impact of
Orai2 deficiency on the expression level of other SOCE genes on the mRNA level. Thus, a mouse
model with Orai2 deficiency would be suitable to investigate the contribution of Orai2 to
inflammatory neurodegeneration. The outcome of CNS inflammation was analyzed in Orai2” and

the corresponding wild-type mouse line by using MOG-induced EAE model.
2.2.1. Clinical analysis of EAE

A daily assessment of neurological disability during EAE disease course is presented in Figure 8
A. A clear difference between the two genotypes with respect to the clinical score can be
observed. Yet, no significant variation in the body weight of animals on the day of immunization
nor on the disease onset was visible (Figure 8 C, D). In addition to the significant difference in
the area under the curve (AUC), there was a trend to a milder maximum disease score (p =
0.0501) in the Orai2” animals in comparison to wild-type animals. (Figure 8 B, E) Relative body
weight change during EAE disease course, which represents general inflammation, was not
different between the cohorts (Supplement 1).
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Figure 8 Clinical analysis of EAE in the Orai2” mouse model

(A-B) Mean clinical scores of Orai2” (n = 10) and wild-type (n = 10) mice undergoing EAE and AUC
comparison. (C) Comparison of day of the disease onset. (D) Comparison of body weight at the day of
immunization. (E) Comparison of maximum clinical score. Data plotted as mean +/- s.e.m; Statistical
analysis was performed by unpaired, two-tailed Student’s t-test. ** p< 0.01
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2.2.2. Histopathological assessment of neuronal damage during chronic EAE

For further validation of neuronal survival, five gender-matched animals from each genotype on
day 30 after immunization were utilized for histological analysis. Animals were chosen to
represent a score variation with a mean value corresponding to the mean value of the whole
cohort on day 30 after immunization. There was no clear difference in the total amount of
remaining neurons between the two genotypes (Figure 9 A). Nevertheless, significant reductions
in the immune cell count (CD3*) and activated microglia (Ibal*) were observed in spinal cord

sections of animals with a genetic deletion of Orai2 (Figure 9 C, D). In addition, a remarkable but

A B3 Wild type B Orai2*

N
[=]
o
I
°

d

©o

o

[=]
1

D

o

=]
1

w

o

=]
I

NeuN' cell counts per section

NeuN
o
1

w

APP* area per section (%eo)

D 2_ i
o il
S 4 ol £l A oL
Cc

S 800

° *

< 600

8_ °

2

< 400

8

8 2004|8] .

P

g i

CD3

I
|
o

N
=]

w
=]

o
o

Iba1* area per section (%)
N
o

B S £ 4 o

Figure 9 Histological analysis of Orai2” mice during chronic EAE
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(A-D) Representative images and quantification of neurons (NeuN*), damaged axons (APP*), immune cells
(CD3*), and microglia (Ibal*) in the cervical spinal cord on day 30 after the immunization in wild-type (n=5)
and Orai2”- (n=5) mice. Every data point is an average of 2-3 spinal cord sections. Data plotted as mean
+/- s.e.m. Statistical analysis was performed by unpaired, two-tailed Student’s t-test, * p< 0.05.
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not significant reduction in amyloid precursor protein (APP)-positive axons was observed in
stainings from Orai2” animals. (Figure 9 B), indicating a decreased number of damaged axons.

2.2.3. Validation of CNS infiltration by immune cells

Since, a significant decrease in CD3" cell infiltration into the CNS was observed during the chronic
phase of the EAE, further characterization of immune cell infiltration into the CNS at the acute

phase was performed by flow cytometry analysis (Figure 10). There was no difference in the main
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Figure 10 Immune cells composition at the acute EAE of Orai2” mice

(A-C) The relative proportion of CD4* T cells, CD8* T cells, B cells, microglia, neutrophils, macrophages,
Natural killer cells (NK cells), Natural killer T cells (NK T cells), conventional dendritic cells (cDC),
plasmacytoid dendritic cells (pDC) and lymphoid dendritic cells (lymDC) among CD45 positive cells and
the absolute counts of CD45 positive cells for the spleen, brain and spinal cord harvested from Orai2
(n=8) and wild-type (n=8) mice at the acute stage of EAE. Data plotted as mean +/- s.e.m. Statistical
analysis was performed by unpaired, two-tailed Student’s t-test. * p< 0.05.
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subsets of the immune cells, e.g. T or B cells. Nevertheless, significant changes were observed
in the percentage of the dendritic cells among CD45* cells in spinal cord samples (Figure 10 C)
and natural killer (NK) T cells in the spleen (Figure 10 A). This should be taken into account in
order to properly conclude what is the origin of the observed protective phenotype.

2.3. Tissue-specific deletion of Orai2
Since the histological data demonstrated that immune cell infiltration is significantly reduced
during the chronic stage of EAE, the next step was the validation of the neuronal origin of the
phenotype observed in the Orai2” mouse, meaning analysis of a neuron-specific deletion of the
Orai2 gene. To do so, the Cre-LoxP recombination system was used to generate tissue-specific
knock out animals.'*® A mouse line with expression of LoxP insertion sites in a close proximity to
the essential encoding region the Orai2 gene was generated at laboratory of Professor Dr. Marc
Freichel at Heidelberg University. Tissue-specific Cre recombinase enzyme production was
achieved by an insertion of the cre encoding sequence together or directly after the promoter of
the gene that has the tissue-specific expression pattern. Generation of the specific and efficient

neuronal deletion of the Orai2 gene was a critical tool for the proper interpretation of the
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Figure 11 Validation of Eno2 expression in wild-type mice and in the Orai2"xEno2°r®
mouse line

(A) gPCR mRNA expression of Eno2 in T cells (CD4* and CD8*) and B cells (CD19") isolated from the
spleen of healthy Orai2™ mice (n=3) by fluorescence-activated cell sorting (B) gPCR mRNA expression of
Eno2 in primary neurons cultured for 0, 7, 14, and 21 days. (C-F) gPCR mRNA expression of Orail, Orai2,
Orai3, Stim1, and Stim2 genes in the hippocampus, spinal cord, cortex and cerebellum of Orai2"fxEno2¢e
and Orai2"f mice. Healthy animals, 8-10 weeks of age (n=3), were used for the experiment. Data presented
as a fold change to Thp expression, and plotted as mean +/- s.e.m.. Statistical analysis was performed by
unpaired, two-tailed Student’s t-test. * p< 0.05; ** p <0.01
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observations, mainly because the EAE mouse model relies on a complex interaction between the
immune system and the CNS.

2.3.1. Orai2"xEno2¢¢ mouse line

Neuron-specific enolase 2 (Eno2) is a widely used as a promoter to obtain a mouse line with a
neuron-specific cre expression. The mouse line Eno2°° is a transgenic line? with a pan neuronal
expression of the cre-recombinase following Eno2 expression pattern. First, Eno2 expression was
validated in primary neuronal culture and immune cells from healthy wild-type mice (Figure 11 A,
B). The mRNA expression level was on the border of the detection limit for the main immune cell
subsets, suggesting a potentially specific expression. The generated mouse line Orai2""Eno2°e
shows a significant reduction in Orai2 mRNA level in the hippocampus, cortex and spinal cord of
the cre positive animals in comparison to the Orai2"" mice (Figure 11 C-F). Genes that encode

other CRAC components (Orail, Orai3, Stim1 and Stim2) were not altered.

Based on the negligible level of Eno2 expression in immune cells and a significant reduction of
Orai2 in neural tissue in Orai2""Eno2°® mice, an EAE experiment was performed with gender-
and age-matched cohort of animals. Clinical score, disease onset, body weight and maximum
score did not differ between genotypes (Figure 12 A-E).
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Figure 12 Clinical analysis of the EAE in Orai2""xEno2°® mice

(A-B) Mean clinical scores of Orai2"xEno2¢e (n = 17) and Orai2 (n = 22) mice undergoing EAE, and
comparison of the AUC. (C) Comparison of day of the disease onset. (D) Comparison of body weight at
the day of immunization. (E) Comparison of maximum clinical score at the day of the disease onset. Data
plotted as mean +/- s.e.m.. Presented data were pooled from two independent experiments. Statistical
analysis was performed by unpaired, two-tailed Student’s t-test.

9 Eno2°¢® mouse line is a transgenic line, in which cre encoding sequence is randomly integrated into the
mouse genome together with promoter region of rat Eno2.
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Additional validation of the Orai2"Eno2“® mouse line was performed in order to assess Orai2
deletion from unspecific tissues. CD4* T, CD8* T and B immune cells from Orai2"Eno2°® animals
were analyzed on the mRNA level in comparison to Orai2". A significant reduction in Orai2 mRNA
level was observed for all investigated immune cell types (Figure 13). The obtained data suggest
that the Eno2 promoter expression is not specific enough to address the question regarding the
neuronal origin of Orai2-mediated protection within the EAE model.
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Figure 13 Validation of SOCE-related genes in immune cells derived from Orai2"xEno2°®
mice

(A-C) gPCR mRNA expression of Orail, Orai2, Orai3, Stiml, and Stim2 genes in T cells (CD4*, CD8"),
and B cells (CD19*) from Orai2ixEno2¢e (n=2) and Orai2™ (n=3) mice. Spleens isolated from healthy
animals were used for the experiment. Data presented as a fold change to Tbp expression, and plotted as
mean +/- s.e.m.. Statistical analysis was performed by unpaired, two-tailed Student’s t-test. *p< 0.05; ** p
<0.01.

75



Results

2.3.2. Orai2"ChAT e mouse line

To overcome the deletion of Orai2 in the immune system, the promoter of the choline
acetyltransferase (ChAT) gene was used as a driver for the expression of cre. The mouse line
ChAT®® in a knock-in line" which has been reported to have a highly specific cre expression in
the relatively small ChAT positive neuronal population, which covers mainly motor neurons in the
spinal cord. Nevertheless, spinal cord motor neurons are an essential neuronal population for the
clinical outcome of EAE disease progression in the C57BL/6 mouse line. An EAE experiment was
performed with gender and age-matched animals. No differences could be observed in the clinical
EAE score (Figure 14 A,B), the day of disease onset (Figure 14 C) and the maximum disease
score (Figure 14 E) of Orai2"ChAT®® animals in comparison to the Orai2" animals. An

insufficient amount of targeted neuronal population may explain this observation.
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Figure 14 Clinical analysis of EAE in Orai2""xChAT®® mice

(A-B) Mean clinical scores of Orai2"xChAT¢®e (n = 11) and Orai2"" (n = 11) mice undergoing EAE and
comparison of the AUC. (C) Comparison of day of the disease onset. (D) Comparison of body weight at
the day of immunization. (E) Comparison of maximum clinical score at the day of the disease onset. Data
plotted as mean +/- s.e.m. Statistical analysis was performed by unpaired, two-tailed Student’s t-test.

h ChAT<e mouse line is knock-in line where cre sequence encoding located directly after the ChAT promoter
region.
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2.3.3. Orai2"xSnap25°¢ mouse line

Mouse line with cre insertion in the promoter region of Synaptosomal-associated protein 25
(Snap25) was used for the generation of a animals with a neuron-specific Orai2 knock out. To do
so, Snap25°¢ mouse line' was crossed with Orai2™, The Orai2"xSnap25°® animals showed a
specific and efficient DNA recombination in different neuronal tissues and an absence of
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Figure 15 Validation of Orai2 deletion in Orai2xSnap25° mice

Representative image of the detection of DNA recombination by cre in neuronal tissues of
Orai2MxSnap25¢e and Orai2 control animals. Experiment was performed with tree pairs of animals.
Amplification was performed according to the protocol used for the genotype of the Orai2ffixSnap25¢re
mouse line.

recombination in the spleen (Figure 15). An EAE experiment was performed with a gender and
age-matched cohort of animals according to the standard procedure. Analysis of the data
demonstrated no visible differences between the genotypes with respect to the clinical score, the
onset of disease, and the maximum clinical score (Figure 16).
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Figure 16 Clinical analysis of EAE in Orai2""xSnap25° mice

(A-B) Mean clinical scores of Orai2™"xSnap25°e (n = 11) and Orai2" (n = 11) mice undergoing EAE and
comparison of the AUC. (C) Comparison of day of the disease onset. (D) Comparison of body weight at
the day of immunization. (E) Comparison of maximum clinical score at the day of the disease onset. Data
plotted as mean +/- s.e.m. Statistical analysis was performed by unpaired, two-tailed Student’s t-test.

i Snap25¢e line is knock-in line where cre sequence insertion located directly after the Snap25 promoter
region.
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2.4, In vitro validation of Ca?" regulation with modified SOCE
After having explored the function of Orai2 in vivo, it was not clear whether this holds true also on
the cellular level. To test that, optimal culturing condition and analyzed parameters need to be
defined. Neuronal activity is the key function of neurons and is required for complex neuron-
neuron interaction and intraneuronal pathway activity. Mimicking neuronal activity in vitro is not a
trivial task, since an artificial 2D environment do not fulfill all the requirements of neurons. In
addition, neuronal activity usually decreases neuronal survival in vitro. Survival of neurons in
culture was a major factor for the optimization of the growth conditions. Neurobasal medium with
B27 supplement is the most widely used serum-free medium for neuronal culture, but its
composition is optimized for survival and compromises neuronal activity.'*! Spontaneous Ca?
transients can be observed in vivo or in brain slice cultures. The problem is insufficient control of
the conditions since the surrounding glial cells produce a wide range of active compounds
supporting neurons in their function. SOCE highly depends on intracellular Ca?* regulation
especially, ER Ca?* levels, which is highly dynamic in neurons and changes upon neuronal
activity. Thus, for the analysis of SOCE, a neuronal culture with regular Ca?* transients and long-

time survival properties is required.
2.4.1. Establishment of an in vitro model for neuronal Ca?* activity analysis

Viability and network formation of neurons in vitro highly depend on the seeding density in all
culturing conditions.?* However, technical limitations arise regarding imaging and data
processing due to the ability to isolate a of the single neuronal soma in the mature culture without
a significant overlap with the neuronal network formed by dendrites and axons of the surrounding
cells. Optimal neuronal density was set at 100-120x10° cells per cm? for primary embryonic
cortical neurons. Under this condition, a single cell body could be isolated manually, and Ca?*

transients could be tracked.

Activity and survival of primary neurons, cultured in commercially available media, were tested at
DIV14. Neuronal activity was compared among the different media by validation of the Ca?*
transient under the resting state. Based on the survival and Ca?* activity parameters of tested
cultures (Table 34), Neurobasal Plus and PNGM media were chosen to be used in all the in vitro

experiments presented in this dissertation.
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Table 34 Neuronal medium comparison

Commercial name 14 days survival | Ca?* activity
Neurobasal good poor
Neurobasal Plus good good
BrainPhys poor NDi
NeuroCult moderate poor
NeuroCult (DIV0-2) — BrainPhys (DIV3-14) | moderate high

MACS neuronal poor ND

PNGM good good

2.4.2. Ca? regulation in Orai2” neurons

Primary neurons form the Orai2”- mouse line were compared with cultured wild-type neurons. The
cultures were maintained under the same conditions and their preparation was performed using
1:1 matching. The analysis of 4 biologically and technically independent cultures revealed that
Orai2 deletion does not affect the mean Ca?* level in neurons (Figure 17 B) and the amplitude of
the spontaneous Ca?* transients (Figure 17 C). Thus, the current data is in line with the in vivo
experiments, which showed mild or no effect of neuron-specific Orai2 deletion on neuronal

survival during CNS inflammation.
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Figure 17 Calcium regulation in Orai2” neurons

(A) Experimental approach for analysis of Ca?* signaling. GCamp6f fluorescence was recorded in
spontaneously active cortical primary neuronal culture (DIV15) prior to ionomycin application used for signal
normalization. Adapted from3°, (B,C) Quantification of mean cytosolic Ca?* signal intensity (B) and average
Ca?* transient amplitude (C) of GCaMP6f-transduced cortical primary neuronal culture of wild-type (n =178
cells from 4 different mice; DIV14-DIV19) and Orai2” (n = 94 cells from 4 different mice; DIV14-DIV19).
Bars show mean values + s.e.m. Statistical analysis was performed by unpaired, two-tailed Student’s t-
test.

i Not defined
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3. The contribution of Stim1 and Stim2 deletions

The functionality of the CRAC channel entirely depends on STIM1 and STIM2. The deletion of
Orai2 has no evident influence on the clinical outcome of the EAE and on neuronal Ca?'
regulation. Therefore, for the analysis of the role of SOCE in CNS during pathophysiological
condition, a mouse line with the double deletion of Stim1 and Stim2 genes was generated. Genetic
ablation of Stim1 and Stim2 should lead to an inability of CRAC channel formation and thus the
inability of SOCE activation. A global deletion of the Stim1 or Stim2 genes is lethal'#?143, therefore
only a tissue-specific deletion can be used for in vivo experiments. Based on the previous data
(I.2.3 Tissue-specific deletion of Orai2), a mouse line with neuronal-specific Stim1 and Stim2
deletions was generated by crossing the Snap25° line with the Stim1"1Stim2" line.

3.1. Validation of the Stim1"1Stim2"MxSnap25°® mouse line

The specificity and efficiency of Stiml and Stim2 deletion was validated on the mRNA level by
gPCR. In Stim1"Stim2"xSnap25¢ mice, a reduced mMRNA level of Stiml and Stim2 was
detected in spinal cord and cortex samples in comparison to Stim1"Stim2"" control (Figure 18
B and C, respectively). Nevertheless, Stim1 reduction in spinal cord samples was merely a trend.
MRNA expression levels of the Orai gene family, as well as Stim expression in spleen samples,
were unchanged (Figure 18 A). Thus, the data suggested that Stim1"Stim21xSnap25°¢ mouse
line has an efficient CNS-specific deletion of Stim1l and Stim2 without a deletion in the immune
system and no effect on other SOCE-related genes in neural tissues.
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Figure 18 Validation of the Stim1"MStim2"xSnap25°®mouse line

(A-C) gPCR mRNA expression of Orail, Orai2, Orai3, Stim1 and Stim2 genes in the spleen, spinal cord,
and cortex of Stim1¥Stim21xSnap25¢e and Stim1¥1Stim271 mice. Healthy animals, 8-10 weeks of age
(n=3) were used for the experiment. Data presented as a fold change to Thp expression, and plotted as
mean +/- s.e.m.. Statistical analysis was performed by unpaired, two-tailed Student’s t-test, * p< 0.05; ** p
<0.01

3.2. The effect of neuron-specific Stiml and Stim2deletions on CNS inflammation
In order to validate the role of nSOCE during CNS inflammation, which is postulated in Aim2 of

the project, an EAE experiment was performed with Stim171Stim2"1xSnap25°¢¢ mouse line.
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3.2.1. Clinical and histological characterization of EAE progression in
Stim1"MStim2"MxSnap25°¢® mice

A daily assessment of the animals during EAE progression showed a clear difference between
the genotypes, as measured by AUC (Figure 19 B). Yet, no significant difference in the
bodyweight of the animals at the day of immunization, the disease onset or the maximum clinical
score (Figure 19 C, D and E, respectively) were observed. The change in the relative body weight
during the disease course, which represents general inflammation was not different between the
groups (Supplement 2). Of note, some animals exhibited an unusual general activity during the
experiment, which did not resemble the common signs of sickness in the pre-clinical phase of the
EAE (Day after immunization (DAI) 6-15). Since the experiment was performed blinded regarding
the genotype additional comments were recorded in the daily assessment sheet. At the end of

the experiment, the animals were separated according to the genotype and the activity notes were
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Figure 19 Characterization of the Stim1"1Stim2""xSnap25°¢® line during CNS inflammation

(A) Mean clinical scores of Stim1MiStim2"ixSnap25¢e (n = 17) and Stim1¥Stim2" (n = 20) mice
undergoing EAE. Curves show mean + s.e.m; (B-E) Comparison of the AUC (B); day of the disease onset
(C), body weight at the day of immunization (D); and maximum clinical score (E). (F) Analysis of animal
activity during the EAE presented as a proportion. Color code: green — usual activity, yellow — increased
activity (running, jumping), pink — unusual behavior (hyperactivity, paws tremor) and red — “epilepsy like”
signs. (G-H) Quantification of neuronal density and immune cell infiltration in the cortex (G) and in the
cervical spinal cord (H) at 30 DAI of Stim1"1Stim2% (n=6) and Stim1"1Stim2%"1xSnap25° (n=6) mice.
Neuronal density and the extent of immune cell infiltration into the CNS analyses were performed in the
framework of the bachelor thesis of Lukas C. Reuter. Data plotted as mean +/- s.e.m; Statistical analysis
was performed by unpaired, two-tailed Student’s t-test. * p< 0.05, ** p< 0.01
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summarized (Figure 19 F). The results of the activity assessment revealed a systemic effect of
Stim1 and Stim2 deletions on CNS activity. Thus, additional experiments were planned to further
validate this effect.

For histological assessment of the EAE, brain and spinal cord from six (per genotype) gender-
matched animals with representative scores at the end of the EAE were taken for an additional
validation of neuronal density and immune cell infiltration (Figure 19 G and H). There is no
detectable difference in the neuronal density, but significantly fewer immune cells were counted
in the spinal cord of the Stim1/Stim2-deficient mice in comparison to Stim1"1Stim2"" animals
(Figure 19 H). No difference was observed in the cortex for the neuronal density nor immune cell
infiltration (Figure 19 G). To avoid improper allocation of the genotype, an additional validation of
spleen samples from the corresponding animals was performed using gqPCR (Supplement 3).
The observed reduction of infiltrating immune cells without an effect on neuronal density during
EAE in Stim1"Stim2xSnap25°® mice is an unusual observation for the neuron-mediated
amelioration of EAE. Thus, additional validation of the immune system response to immunization

is required for the final conclusions.
3.2.2. Validation of the immune response after EAE induction

To validate the immune response to EAE induction, analysis of the CNS infiltrating immune cell
subsets at day 30 after immunization was performed by flow cytometry. Moreover, based on the
observed atypical behavior at the pre-clinical phase, histopathological assessment of the brain
and the spinal cord, as well as flow cytometry analysis of the immune cell subsets in the blood

and spleen, were performed at day 11 post-immunization.
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CNS infiltrating immune cell composition not altered at the chronic stage of the EAE in
Stim1"MStim2"MxSnap25°¢® mice

To reveal CNS infiltrating immune cell subsets composition, immune cells were isolated from brain
and spinal cord tissues at the chronic stage of the EAE and were analyzed by flow cytometry. The
relative proportion of the analyzed immune subsets did not differ between the genotypes in the
spinal cord samples (Figure 20 C). Nevertheless, the absolute number of immune cells infiltrating
into the spinal cord of animals with Stiml and Stim2 deletions was remarkably lower in
comparison to Stim1"1Stim2"" (Figure 20 D), but only CD8* T cells had significantly lower counts
in the spinal cord (Supplement 4). The current analysis confirmed a significant reduction in CD3*
cells (which can be estimated as the sum of CD4* and CD8* T cells) infiltration into the spinal
cord at the chronic stage of the EAE (Supplement 4). No significant difference in the relative and
absolute count of immune cell subsets in the brains of Stim1"Stim2¥1xSnap25°® mice was
observed (Figure 20 A and B). Yet, the absolute number of neutrophils was significantly higher
in the Stim1/Stim2 deficient animals in comparison to the Stim1"Stim2™ animals (Supplement
4).

B Stim1""Stim2™
=3 Stim1"Stim2™ x Snap25-°

% of CD45"

% of CD45"

CD45*

Figure 20 Immune cells composition at the chronic EAE of Stim17Stim21"xSnap25°'® mice

(A-D) Relative proportion of CD4 T cells, CD8 T cells, B cells, microglia, neutrophils, macrophages, NK
cells, NK T cells, cDC, pDC, and lymDC among CD45 positive cells and absolute counts of CD45 positive
cells in the brain, and the spinal cord of Stim1#1Stim2¥ixSnap25°e (n=8) and Stim1M1Stim2"" (n=8) mice
at the chronic stage of EAE (DAI 30) analyzed by flow cytometry. Data plotted as mean +/- s.e.m. Statistical
analysis was performed by unpaired, two-tailed Student’s t-test.
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Overall immune system response not altered at the pre-symptomatic stage of the EAE
in Stim1"MStim2"MxSnap25°¢® mice
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Figure 21 Immune cell composition at the pre-acute EAE of Stim1"1Stim2"xSnap25°¢mice

(A) Relative proportion of T cells, B cells, neutrophils, monocytes, NK cells, and NK T cells among CD45
positive cells and (B) absolute counts of CD45 positive cells for the blood and spleen samples from
Stim1"1Stim2"1xSnap25e (n=6) and Stim1"1Stim2"" (n=6) mice at the pre-acute stage of EAE (DAI 11)
analyzed by flow cytometry.

Blood and spleen samples were taken for flow cytometry analysis at day 11 after the immunization
to validate immune system response to EAE induction. The overall amount of CD45* immune
cells was not altered by the genotype neither in blood nor in spleen samples (Figure 21 B). No

difference in the relative distribution of the immune cell subsets was detected, except for a
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Figure 22 Histological validation of the pre-acute EAE in Stim1"1Stim2""xSnap25¢® mice

(A) A representative image and the corresponding quantification of microglia (Ibal) staining in brain
sections of Stim1"1Stim21/xSnap25¢e (n=5) and Stim1"1Stim2% (n=8) mice at the pre-acute phase of EAE
(DAI 11). Scale bar is 500 um. (B) A representative image and the corresponding quantification of microglia
(Ibal) staining in cervical spinal cord sections of Stim1"1Stim2ifixSnap25¢ce (n=6) and Stim1MiStim2f
(n=8) mice at the pre-acute phase of EAE (DAI 11). Scale bar is 250um. 2 sections were analyzed per
animals. Some sections were excluded due to significant damage of the tissue. Data plotted as mean +/-
s.e.m. Statistical analysis was performed by unpaired, two-tailed Student’s t-test. * p< 0.05.
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reduced relative presentation of B cells in the spleen samples from Stim1"Stim2"ixSnap25°r
mice (Figure 21 A).

CNS has reduced signs of inflammation at the pre-symptomatic stage of the EAE in
Stim1"MStim2"MxSnap25°¢ mice

Histological validation of the immune response during the pre-symptomatic stage of the EAE in
Stim1"1Stim2"1xSnap25® mice was performed on brain and spinal cord samples. The samples
were stained for CD3, B cells and Ibal markers. There were no CD3 or B cells detected in the
stained sections (data not shown), nevertheless significantly higher amount of Ibal-positive cells
(activated microglia cells) were observed in the spinal cord samples from the Stim1"Stim2

animals in comparison to the Stim1"1Stim2""xSnap25° animals (Figure 22).

3.3. Stim1"Stim2"xSnap25°® line has a distinguished phenotype
Signs of hyperactivity and an atypical clinical picture during the pre-symptomatic EAE course
suggest a systemic effect of neuronal Stiml and Stim2 deletions on CNS function. Additionally,
the reduced immune cell infiltration at the chronic stage of the EAE and the reduced signs of
inflammation at the early EAE disease course point to an indirect effect on immune system.
Furthermore, in the small cohort of animals used for flow cytometry analysis of the CNS infiltrating
immune cells, an episode of a generalized seizure was recorded in one
Stim1"1Stim2"1xSnap25°® mouse (movie sup). In the C57BL/6 mouse line, which is used as a
background strain, epilepsy was not reported to be present during EAE, thus this observation was
highly unexpected. Therefore, the analysis of the Stim1"Stim2¥1xSnap25°® mouse line at the

healthy state was performed.

The animal caretakes from the UKE mouse core facility did not report any abnormalities in the
Stim1"1Stim2"1xSnap25°® mouse line. Instead, typical breeding behavior, body weight and nest
formation were observed. In addition, any fundamental changes were not expected based on the
reported experiments with the mouse line containing the global deletion of Stim2 and the reported
experiments that meant to elucidate the role of Stim1 in neurons. However, in order to decipher
whether physiological changes in the Stim1"Stim21xSnap25°®¢ mouse line appear only after
EAE induction or is it a basic phenotype of the line, further behavioral and statistical analysis of
the colony were performed. Statistical analysis of the long-term survival, offspring counts and
body weight at the mature adult age were performed using the transgenic animal database and
an evaluation of the animals utilized for experiments (Figure 23). As can be seen in Figure 23 B,
C, no differences in the counts of offspring nor body weight of the animals (combined data for all

animals entering the experiments) were observed. By contrast, the Kaplan—Meier curve showed
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a significant difference in the long-term survival of the animals. This difference reached a
significant level after 20 weeks and became even more pronounced with the prolonged
observation time (Figure 23 A).
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Figure 23 Characterization of the Stim1"Stim2"1xSnap25°®mouse line

(A) A Kaplan—Meier curve for 163 Stim17M1Stim2"fxSnap25¢e and 150 Stim1#1Stim2"1 mice. The animals
were censored at different ages in a similar proportion for both genotypes. **p<0.01 (Long-rank test). (B)18
mating cages with 1 or 2 females per cage with at least 4 born litters per cage are presented. (C) Body
weight comparison (n=28 animals per genotype) of mature adult age- (8-10 weeks) and gender matched
mice. Statistical analysis was performed by unpaired, two-tailed Student’s t-test
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3.3.1. Histological validation of healthy animals with a neuron-specific Stim1/Stim2

deletion

Reduced long-term survival and the phenotype observed during the EAE course could be a result
of changes present in Stim1"1Stim2""xSnap25°® mice regardless of aging or EAE induction.
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Figure 24 Histological characterization of the CNS of Stim1"1Stim2"1xSnap25¢® mice

(A-B) Representative images and the corresponding quantification of neuronal density (A, NeuN) and
microglia (B, Ibal) staining in the spinal cord of healthy Stiml1"1Stim2¥ixSnap25¢e (n=6) and
Stim1¥Stim2"1 (n=6) mice. Scale bar is 250um. (C-D) Representative images and the corresponding
guantification of neuronal density (C, NeuN) and microglia (D, Ibal) staining in the brain of healthy
Stim1¥Stim2MixSnap25¢e (n=18, 3 regions from 6 mice) and Stim171Stim2% (n=18, 3 regions from 6 mice)
mice. Scale bar is 250um. 2 cervical spinal cord sections and 1 brain section (per anterior; middle and
posterior region) were analyzed per animal. Data plotted as mean +/- s.e.m. Statistical analysis was
performed by unpaired, two-tailed Student’s t-test. * p< 0.05
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Thus, histological validation of the Stim1"1Stim27"xSnap25¢® mouse line was performed by
analysis of 6 brains (anterior; middle and posterior regions) and cervical spinal cords per genotype
of healthy gender- and age- matched animals (Figure 24). No general abnormalities were
observed in the brain nor the spinal cord. As can be seen in Figure 24 A, neuronal density in the
spinal cord was not affected by the Stim1/Stim2 deletion. A trend of increased neuronal count in
the spinal cord of the Stim11Stim2""xSnap25°¢© animals can be noted. There was no increase in
microglia activation (Ibal*) in spinal cord samples (Figure 24 B). In the brain section no difference
in the cortical neuronal density was observed but a significant increase in active microglia was
detected in the samples from Stim1"Stim2"1xSnap25°® mice (Figure 24 C and D). These
obtained findings about the neuronal density further support the data generated by Lukas C.
Reuter in his bachelor thesis with an alternative staining method and a manual quantification of

cortical and spinal cord neuronal density.
3.3.2. Stim1"Stim2"xSnap25°¢ mouse show abnormal hyperactivity behavior

In cooperation with the behavioral biology unit of the ZMNH (UKE), an experimental proposal for
basic behavioral investigation of the Stim1"Stim2""xSnap25°® line was designed. It included an
open field, Y-maze. water-maze, elevated plus-maze and rotarod experiments to test the general
behavior and the cognitive function of the mouse line. Animals were litter- and gender- matched,

and not more than two matched couple were used from a single litter.
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Open field

The analysis of the open field experiment suggests a significant difference between the genotypes
in both males and females. Both genders from the Stim1"1Stim2"xSnap25° line show an
increased overall moved distance and a reduced distance to the cage walls (Figure 25 A, B and
D, E respectively). This indicates hyperactivity and fear-like phenotype. Nevertheless, the total
recorded distance was significantly different only for the males (Figure 25 A). The female mice
reached significance only at the end of the experiment. The data (distance) is significantly
influenced by time, in the way that animals with the Stim1l and Stim2 deletions increase their

activity throughout the experiment.

B3 Stim1"Stim2"
=3 Stim1"Stim2™ x Snap25-*

>
W
(2]

Distance to the wall (cm)

N &

[ ©ogH

[ o H&%

[0 Fp§ o

| o o

A °
Alternations (%)

5 10 15 20 5 10 15 20
Time (minute)

m

o o,
— ]
[0 B
= 3{ e o
CHCTEEYS
o
00
[ ocokpe
o
Alternations (%)

Al

5 10 15 20 5 10 15 20
Time (minute) Time (minute)

Figure 25 Behavioral analysis of Stim1"1Stim2"xSnap25¢© mice

Quantification of the results from Open field and Y maze tests for males (A, B, C) and females (D, E, F).
(A, D) Total distance recorded during the open field test in defined time frame (0 to 5 minutes; 5 to 10
minutes; 10 to 15 minutes, 15 to 20 minutes from the beginning of the experiment). (B, E) Average distance
to the wall of experimental box during the open field test in defined time frame. (C, F) Y maze alternations
(% of transitions to the new arm among all transitions recorder during the experiment). 6 animals per gender
from the Stim1"1Stim2#ixSnap25¢e line and litter- gender- matched Stim1¥1Stim2"1 mice were used in the
open field test. Same cohort was used for the Y maze test, but 1 male from the Stim171Stim27fxSnap25¢re
line died prior the experiment. Statistical analysis was performed by two-way ANOVA for A,B,D,E; unpaired,
two-tailed Student’s t-test for D; unpaired, one-tailed Student’s t-test for C and F. *p <0.05, **p <0.01 , ***p
<0.001.
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Y maze

Y-maze experiment was performed after the completion of the open field. Mice with Stim1 and
Stim2 deletions from both genders show significantly reduced alternation during the experiment
(Figure 25 C, F).

Additional remarks

Based on the already observed results from the open field and the Y maze tests, further planned
experiments were canceled due to ethical reasons. Animals showed obvious signs of hyperactivity
and anxiety during the handling. In addition, knock out animals show signs of emotional suffering
and stress; a few episodes of epileptic seizures were observed in Stim1"1Stim2"1xSnap25°e

mice, and one animal died.

3.4. Stim1 and Stim2 deletion alters neuronal Ca?* homeostasis in vitro
Effect of Stim1l and Stim2 neuron-specific deletion was further explored on cellular level in vitro
using primary neuronal cultures. Ca?* live cell imaging was performed for the intracellular Ca?*
levels and spontaneous Ca?* transients characterization. Primary neurons with Stim1 and Stim2
or Stim2 only deletions were compared with cultured Stim1"Stim2% or Stim2%" neurons. Cultures
were kept under the same condition and preparation of the cultures was performed in 1:1
matching. Deletion was achieved by endogenous (or AAV induced) expression of the cre protein
in the Stim1"Stim2"" or Stim2%" neurons. Control of the cre expression was performed by using
AAV7 vector with a mCherry-cre reporter. Only mCherry positive neurons were taken for the
analysis. Genetically encoded fluorescent Ca?* indicator expression was induced by transduction
with AAV7 vector. Since, animals with Stim1 and Stim2 deletion show hyperactive phenotype and
signs of an epilepsy predisposition, Ca?* live cell imaging experiments include stimulation with

bicuculline* as an in vitro model for epilepsy (Figure 26 A).

k Bicuculline - a competitive antagonist of the neurotransmitter y-aminobutyric acid at the GABAA receptor,
and used in model systems for epilepsy.182
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3.4.1. Stim1 and Stim2 deficient neurons

Primary neuronal cultures derived from Stim1"1Stim2"1xSnap25°® and Stim1"Stim2" mouse
lines were used for in vitro experiments. Significant differences between cultures were observed
in the mean Ca?* level already at the resting state. Neurons with the Stim1l and Stim2 deletion
had a reduced effective Ca?* level at the resting state and the difference increased further after
the bicuculine stimulation (Figure 26 B). This result is accomplished by an analysis of the activity
of the cultures (frequency of spontaneous Ca?* transients). Stim1 and Stim2 deficient neurons
had a significant increase in the frequency at the resting state, but after the bicuculline stimulation
no differences could be detected between the genotypes (Figure 26 C). Analysis of the amplitude
of the Ca?* transients show that at the resting state neurons with Stim1 and Stim2 deletion have
a trend to a higher amplitude of transients in comparison to the Stim1"1Stim2"" neurons. The
effect of bicuculine application on the amplitude change for the Stim1 and Stim2-deficient neurons
is significant but mild (+19% rise). On the other side bicuculine drives a massive rise in the

amplitude of the transients in the Stim1"1Stim2"" neurons (+63% rise) (Figure 26 D).
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Figure 26 Neuronal Ca?" activity in Stim1, Stim2 deficient neurons

(A) Schematic overview of the experimental procedure and analyzed parameters of the Ca?* transients.
(B-D) Quantification of the mean Ca?* level, the frequency and the amplitude of the Ca?* transients from
Stim17-Stim2+ (n=57) and Stim1"1Stim2%¥" (n=60) neurons from 2 independent preparations. For the
analysis, neurons without Ca2* rise after the ionomycin application were excluded. For the frequency and
the amplitude analysis neurons without the presence of spontaneous Ca?* transients were excluded. (E-G)
Quantification of the mean Ca?* level, the frequency and the amplitude of the Ca2* transients from Stim2-
(n=37) and Stim2" (n=41) neurons from 3 independent preparations. For the analysis, neurons without
Ca?* rise after the ionomycin application were excluded. For the frequency and the amplitude analysis
neurons without the presence of spontaneous Ca?* transients were excluded. Statistical analysis was
performed by unpaired, two-tailed Student’s t-test. *p <0.05, **p <0.01 , ***p <0.001, ****p <0.0001.
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3.4.2. Stim2-deficient neurons

Additional experiments with primary neuronal cultures derived from the Stim2"" mouse line were
performed in a similar manner. Stim2 deletion was achived by transduction with AAV7 vector with
a cre insertion. At the resting state, there was no difference in the mean Ca?* level, even though
the amplitude of the Ca?* transients in the acive cell was significantly lower in the Stim2-deficient
neurons in comparison to the Stim2"" control. After the bicuculine application, the mean Ca?* and
the amplitude of the transients were significantly lower in the neurons with Stim2 deletion (Figure
26 E, G). No difference was observed in the frequency of the Ca?* transients between the

genotypes (Figure 26 F).
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V. Discussion

1. Composition of neuronal CRAC

1.1. Murine neuronal CRAC profile
The first aim of the project was to validate the profile of SOCE-related gene expression in murine
neurons and neuronal tissue. Among the tested neural tissues, Orai2 to Orail and Orai2 to Orai3
ratios show the highest value in the hippocampal samples. Orai2 expression was 69 and 52 times
higher in the hippocampus in comparison to the Orail and Orai3 respectively. Since the
hippocampal samples have the highest neuronal density among other tissues, the obtained
results suggest that Orai2 is the dominant expressed Orai2 form in neurons. Further validation of
the neuronal expression profile using cultured neurons show that Orai2 to Orail ratio is rising with
the maturation of theculture from 7 (DIV 0 and DIV7) to 11 (DIV14), and further on to 38 (DIV21).
Orai3 expression was close to the detection limit at day 0 and day 7, and demonstrated a high
variability. Nevertheless, Orai2 to Orai3 ratios in cultures grown for 14 and 21 days were 28 and
51, respectively. Published sequencing data from primary cortical neurons that were cultured for
7 days showed a similar value to the Orai2 to Orail ratio, which is approximately 5.} The
dominance of the Orai2 gene in the brain is further supported by an analysis of the Orai gene

family expression data from the Bgee animal gene database.'#®

Enhanced expression of Orai2 in mature primary neuronal culture suggests an important role of
Orai2 as part of the collective neuronal network activity, which is represented in the mature
neuronal culture as spontaneous Ca?* activity. Additionally, overexpression of the ORAI2 protein
shows that the localization of ORAI2 in dendritic synapses and in axons is possible. Nevertheless,
the lack of specific and effective antibodies limits the validation of the natural distribution of the
ORAI2 protein within the neuron. The problem can be solved by genetic labeling of endogenous
proteins at a single-cell resolution using the SLENDR' technique.'*® Analysis of the distribution of
ORAI2 in neurons is of scientific interest in the field of nNSOCE. It would help to better understand

nSOCE function and its impact on neuronal Ca** homeostasis.

The expression profile of Stim1 and Stim2 shows an equal expression level for cultured neurons
and all neural tissues tested, except for the hippocampus, where Stim2 has a higher level in
comparison to Stiml. Nevertheless, Stim2/Stiml ratio differs from the analyzed immune cell

subsets with an increased abundance of Stim2 gene expression. This indicates of distinguished

' SLENDR - single-cell labeling of endogenous proteins by clustered regularly interspaced short palindromic
repeats (CRISPR)-Cas9-mediated homology-directed repair.
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properties of neuronal SOCE in comparison to non-excitable cells. Based on studies about SOCE
in non-excitable cells, shift to the higher Stim2 expression would point to changes of SOCE
function from ER Ca?* refiling to Ca?* level stabilization. This hypothesis based on the biophysical
properties of STIM2. STIM2 requires mild reduction of ER Ca?* level for its activation, but CRAC
channels formed by STIM2 have a lower Ca?* conductance. Published data demonstrate
controversial results about the physiological role of Stim1 or Stim2 in the CNS. On the one hand,
Stim2 global deletion in mice leads to significant behavior changes and reduced SOCE in
neurons.'? On the other hand, forebrain specific deletion of Stim1 or Stim1/Stim2, but not Stim2
alone, leads to behavioral and physiological changes in mice, such as memory impairment and
enhanced LTP.**" Therefore, for the analysis of the role of SOCE in CNS inflammation, neither
Stim1 nor Stim2 can be prioritized. Thus, Orai2, Stim1 and Stim2 genes have the highest potential

to be involved in nSOCE functionality and were prioritized in the current work.

1.2. Murine neuronal CRAC profile during EAE
MRNA expression profile of CRAC components was analyzed in cortical, hippocampal, and spinal
cord tissues from wild-type healthy controls, as well as animals at the acute and chronic stages
of EAE. The most striking downregulation was detected for Orai2 gene in the hippocampus at the
acute stage. Since EAE induction does not result in a high immune cell infiltration into the
hippocampus in the C57BL/6 mouse line, the detected downregulation of Orai2 can possibly be
explained by the neuronal feedback to the general immune response. The partial recovery of
Orai2 during the chronic phase of the disease supports this assumption. Similar Orai2 profile was
observed in the samples from cortical tissues. On the cellular level the reduction of the Orai2
expression in cortical and hippocampal tissue during the acute EAE may be linked to synaptic
loss and further recovery which was shown to be present in the EAE model with enhanced cortical
inflammation.#814° This explanation is further supported by experiments with the mouse model of
HD where Orai2 downregulation contributes to the reduced spine loss.**® The data presented in
the current work also show a localization of ORAI2 in the dendritic spines in vitro. In contrast to
the cortex and the hippocampus, mMRNA expression of Orail but not Orai2 in spinal cord samples
was affected by EAE. Upregulation of Orail may reflect cell composition changes during the acute
EAE. The spinal cord has relatively low neuronal density (in comparison to the cortex or the
hippocampus) and the most prominent infiltration of the immune cells during EAE in C57BL/6
mice. Since the Orai2 mRNA expression levels of the main immune subsets infiltrating the CNS
during EAE (T and B cells) are comparable to Orai2 expression level in the spinal cord, a possible
reduction of Orai2 expression in neurons could be masked. Nevertheless, insufficient knowledge

about endogenous ORAI2 localization in neurons does not allow to make a more detailed
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conclusion. Knowledge about the distribution of ORAI2 at healthy condition and during the acute
and chronic phases of the EAE would help to localize ORAI2-mediated Ca?* signaling, which is
affected by CNS inflammation, in neurons on a structural level (axon, soma, dendrites or
synapse). This would also allow to confirm or to reject the hypothesis about ORAI2
downregulation during acute EAE in the spinal cord.

EAE induction had a diverse effect on Stim1l and Stim2 expression levels. The mRNA expression
of Stim2 was affected to a greater extent in comparison to Stim1. If the biophysical properties of
the neuronal Stim1 and Stim2 are similar to their properties in other cell types, downregulation of
Stim2 should shape the SOCE activation after a mild or moderate ER Ca?* pool depletion, and
thus reduce Ca?* influx via SOCE during the base line activity. Like for Orai2, the highest changes
of Stim1 and Stim2 mRNA expression levels were observed in the cortex and the hippocampus
during the acute stage of EAE. There was no significant difference in the mRNA expression in the
spinal cord samples during EAE. Based on the obtained data and literature analysis, it is not
possible to make a solid conclusion about the privilege of Stim1 or Stim2 in neurons during CNS
inflammation in mice. Nevertheless, deletion of both Stim1 and Stim2 could be used to investigate
the contribution of nSOCE, which is the second aim of this dissertation.

2. Orai2 deletion in CNS inflammation
Orai2 is the most expressed gene from the Orai gene family in neural tissue in mature C57BL/6
mice. Furthermore, it was the mainly expressed gene in the mature primary neuronal culture.
Significant dysregulation of Orai2 expression in neural tissue samples during acute EAE and a
mild effect of ORAI2 on the SOCE function in non-excitable cells'®® led to the prioritization of Orai2
for further analysis of nSOCE. ORAI2 could represent an attractive target for a potential

neuroprotective therapeutic approach during CNS inflammation.

2.1 Global deletion of Orai2
2.1.1. The effect of global deletion of Orai2 on SOCE-related genes

First, analysis of SOCE-related gene expression was performed for neural tissue from Orai2™”
mice in order to assess potential compensatory changes among SOCE genes. SOCE-related
gene expression was not altered in Orai2-deficient animals, except for Orai3 mRNA level in the
spinal cord. Orai3 mRNA level was significantly reduced in the spinal cord of Orai2™ in comparison
to wild-type mice and should be considered for the results interpretation. However, two points
should be taken into account regarding the observed Orai3 downregulation. First, since the
reduction was observed only in spinal cord samples, spinal cord-specific neurons or non-neuronal

cells are more likely to be the affected cells. Second, the absolute expression level was close to
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the technical detection limit and the difference could be a technical artifact. Furthermore, role of
Orai3 was not reported in neurons except for a single publication, where Orai3 downregulation
was shown to lead to the reduction of SOCE influx in dorsal root ganglion neurons.*** Since Orai2
deletion is linked to the reduction of SOCE in neurons, the published result for Orai3 would rather
indicate a further “supportive” reduction of SOCE in the mouse line with the global Orai2 deletion
than a compensation effect on SOCE functionality. Under these conditions, the influence on Orai3
can be considered as having no or a minimal impact on SOCE pathway in the Orai2” mouse

model.
2.1.2. Global deletion of Orai2 ameliorates EAE

The impact of SOCE under genetic ablation of Orai2 was analyzed in the mouse model of CNS
inflammation using the Orai2” mouse line. For the first time, a protective effect of global Orai2
deletion was shown in the model of CNS inflammation in mice. Nevertheless, the results were
difficult to interpret. On the one hand, amelioration of the clinical score at the recovery and the
chronic phase of the EAE and trend to the reduced axonal damage were pointed to the enhance
resistance of the neurons to the neurodegenerative processes during CNS inflammation. No
difference in the onset of disease and body weight change provide an additional support toward
hypothesis of CNS-mediated protection. On the other hand, a significant reduction of the immune
cells infiltrating into spinal cord and a reduced amount of activated microglia at the chronic stage
of the EAE raise the question about the cell type contributing to the observed phenotype. Analysis
of the immune cells infiltrating into the CNS at the acute stage of the EAE, does not show a

significant effect of the Orai2 deletion on the overall immune response.

One possible explanation for the observed phenotype is that a reduced number of damaged
axons in the acute phase leads to a reduced re-infiltration of immune cells in the later phase of
the EAE. In this case, the observed protective phenotype would be mediated by neurons. To
validate this hypothesis, a mouse model with neuronal-specific deletion of Orai2 is required.
Amelioration of the clinical symptoms of the EAE would clearly prove a neuronal origin of the

phenotype observed in the Orai2” mouse line.

On the other hand, since the global deletion affects the immune system as well, the immune cells
could also mediate the observed difference between Orai2” and wild-type mice. The most
promising explanation, towards an immune system modulation, lays in the effect of Orai2 deletion
on dendritic cells. The overall picture of the immune cell composition during the acute EAE shows
that dendritic cells are overrepresented among CNS infiltrating lymphocytes in. Orai2” in

comparison to wild-type mice. Dendritic cells are antigen presenting cells of the immune system
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which modulate the activity of T cells.'® This can potentially explain the reduced numbers of CD3*
at the chronic stage of the EAE in Orai2 deficient mice even with relatively mild changes in the
DCs amount. The role of Orai2 in dendritic cells remains unknown for now, but experiments with
pharmacological inhibition of SOCE using bone marrow dendritic cells (BMDCs) pointed to a
significant impact of Orai2 on the SOCE pathway in BMDCs.!*® Taking into account the role of
the SOCE pathway, which is accepted to be the main source of Ca?" for non-excitable cells and
is critical for many immune cell functions including immune cell activation and immunological
synapse formation, the effect of Orai2 on dendritic cell function is of scientific interest.
Nevertheless, further validation of the immunological effect of Orai2 deletion is out of the scope

of the current work.

2.2. Neuronal Orai2 deletion does not influence clinical outcome of the EAE
In order to overcome the influence of non-neuronal cell types on the EAE disease score and in
order to characterize the contribution of neuronal Orai2 on neurodegeneration during CNS

inflammation, neuron-specific knock out mouse lines were used.
2.2.1. Orai2"Eno2°¢in CNS inflammation

Genetic deletion of a gene of interest in Eno2 positive cells is a widely used neuron-specific mouse
model. It was used for the generation of neuron-specific mouse models for the investigation of

various neuronal disorders including spinal muscular atrophy*®4, autism?*® , or MS%¢

Significant reduction of Orai2 mMRNA expression was detected in all neural tissues. Nevertheless,
a milder change of Orai2 expression in the hippocampus in comparison to the cortex in
Orai2"Eno2¢® line indicates that the deletion is only in a subpopulation of neurons or that the
deletion has a mosaic pattern. Additional validation of the Orai2 deletion in immune cells showed
that part of the T and B cell populations have a cre-mediated deletion of Orai2 in the
Orai2"Eno2°® mouse line. Therefore, the Orai2"Eno2%® mouse line could be considered to

contain an immune-neuronal Orai2 deletion.

No difference in the EAE disease course between Orai2"Eno2¢® and Orai2™ animals was
observed. The results obtained from the EAE experiment and the mouse line validation have a
few limitations which could mask a potential neuronal impact. Firstly, the amount of neurons with
an Orai2 deletion could be insufficient. This can lead to a mild protective effect, which cannot be
observed in the EAE experiment with the current sample size. As a possible solution, experiments
could be repeated with a significantly larger cohort, which is questionable from the ethical point

of view. Secondly, in the Orai2"Eno2°® mouse line, the immune system modulation by Orai2
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could not be excluded. Even though it was reported that the Orai2 deletion has a mild or no effect
on B and T cells proliferation, activity, and pathogenic potential in the inflammatory bowel disease
(IBD) mouse model.*®® The limited knowledge about the influence of Orai2 on the immune system
does not allow to derive a conclusion about the role of Orai2-deficient T and B cells in the CNS

inflammation mouse model based on the obtained results.

The focus of the dissertation is on the role of nSOCE. Therefore, motoneuron-specific deletion
and more efficient pan-neuronal deletion of Orai2 were further analyzed in an in vivo model of

CNS inflammation.
2.2.2. Motor neuron-specific deletion of Orai2 does not affect EAE progression

Motor neurons were chosen as a targeted neuronal population to characterize the impact of Orai2
deletion on neurodegeneration during ongoing CNS inflammation due to two points. First, the
availability of the highly specific mouse line with a ChAT positive motor neuron-specific cre
expression profile. Second, in the EAE mouse model induced in C57BL/6 mouse line, which was
used a background strain in this dissertation, the major readout of the clinical outcome is motor

disability that correlates with the dysfunction and the damage of motor neurons.5":1%8

The mouse line with motor neuronal-specific deletion of Orai2 was obtained by crossing ChAT®*
and Orai2™ animals. EAE disease course was not differ between Orai2"xChAT®® and Orai2™
animals. This suggests that the Orai2 deletion has no or only a minimal impact on the survival of
motor neurons and their functionality during CNS inflammation in mice. The most critical problem
in the design of the current experiment is the small population containing the Orai2 deletion.
Therefore, the current experiment does not provide sufficient data for the rejection of the
hypothesis of whether the amelioration of the EAE clinical score, which was observed in the

Orai2” mouse line, relies upon neurons.
2.2.3. Pan-neuronal deletion of Orai2 does not affect EAE progression

Pan-neuronal Orai2 deletion was obtained by crossing the Orai2" and the Snap25°¢ lines.
Validation of the resulting Orai2™xSnap25°¢ animals provides solid data about the specific and
efficient deletion of Orai2 in a wide range of neurons. Nevertheless, no difference in the EAE
disease course was observed between Orai2"xSnap25° and Orai2™" mice. The obtained results
provide solid evidence that amelioration of the EAE disease is not mediated by an increased

neuronal survival during CNS inflammation.
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2.3. Deletion of Orai2 in vitro does not affect the resting Ca?*level in neurons
The complexity of the in vivo model does not provide sufficiently controlled conditions to address
the third aim of the project about the effect of Orai2 deletion on Ca?* regulation in neurons. Thus,
to address this question, in vitro experiments were performed using cultured primary neurons.
The analysis of basic properties of Ca?* homeostasis in cortical primary neurons does not indicate
a significant effect of Orai2 deletion in vitro. The amplitude of spontaneous Ca?* transients and
the mean Ca?* levels were not different in Orai2-deficient neurons in comparison to wild-type
control neurons. A recently published paper demonstrates that Orai2 deletion contributes to Ca?*
influx into hippocampal neurons only after IP3-mediated ER Ca?" depletion and not in RyR-
mediated ER Ca?" depletion.?® Another publication demonstrated a protective effect of Orai2
deletion during acute ischemic stroke in mice!®, Furthermore, cultured Orai2-deficient cortical
and hippocampal primary neurons showed a reduced baseline Ca?* level. Nevertheless, in this
experiment only young cortical neurons (DIV 6-7) displayed a reduced SOCE-mediated Ca?*
influx and a reduced base line Ca?* level. Experiments with mature neuronal cortical culture
(DIV19), presented in the same publication, showed no effect in the baseline and glutamate-
induced Ca?" influx level, which is in line with the results obtained in the current work. In addition,
the protective phenotype during hypoxic conditions was shown only with mature hippocampal
primary neurons.'®® Therefore, the protective potential of neuronal ORAI2 modulation could

depend on the neuronal cell type, maturation state and the trigger of neuronal damage.

2.4, Summary
The results presented in the current work demonstrate for the first time that a global Orai2 deletion
leads to a protective phenotype in a mouse model of CNS inflammation, but the origin of the
disease amelioration remains uncertain. In the mouse line with motor neuron-specific
(Orai2"xChAT®®),  pan-neuron (Orai2"xSnap25°€), and partial neuronal/immune
(Orai2"™xEno2°®) deletion of Orai2 a protective phenotype could not be confirmed. Thus, the
origin of the amelioration is probably derived from a non-neuronal cell population. In addition, the
results from the Orai2""Eno2°® line point out that T and B cells, which are the major immune cell
subtype infiltrating into the CNS during EAE, are not critically affected by Orai2 deletion. The most
promising direction for further investigation constitutes of dendritic cells, since they are
overrepresented in spinal cord samples from Orai2” mice at acute EAE in comparison to wild-
type controls. Another possible explanation for the observed phenotype is that Orai2 affects
epithelial or glial cells. Currently, there are no data regarding the role of Orai2 in the epithelial

cells, blood brain barrier function, or glia cells. Thus, further research is needed to characterize
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the role of ORAI2 and its protective function during various neurodegenerative disorders,
including MS.

3. Stim1 and Stim2 neuron-specific double deletion mouse model

In the first part of the dissertation, it was shown that neuronal Orai2 deletion is irrelevant for the
neurodegenerative processes during EAE and for resting Ca?* levels in mature cortical neurons
in vitro. To fulfil the second aim of the dissertation, which addresses the contribution of nSOCE
to neurodegeneration during CNS inflammation, a mouse line with a double neuron-specific
deletion of Stim1 and Stim2 was generated and analyzed. The specificity and the efficiency of the
line were confirmed by gPCR analysis. According to the published literature the generated mouse
line is the first line with a genetic deletion of critical components of SOCE in neurons, by which
the classical mechanism of SOCE cannot be functional.

3.1. Neuron-specific knock out of Stim1 and Stim2 ameliorates EAE
A significant contribution of Stim1 and Stim2 deletion to the clinical outcome of CNS inflammation
was observed at acute and chronic EAE. The overall picture at the chronic stage of the EAE,
including histological validation of the neuronal and immune cell density in the cortex and the
spinal cord, the onset of disease, bodyweight change and the maximum clinical score, implies to
the modification of the immune response rather than an enhanced neuronal survival. On the other
hand, the animals showed an unpredictable behavior including hyperactivity and spontaneous
epileptic seizures. These were most obvious in the pre-clinical phase of the EAE, indicating a
systemic effect of Stiml and Stim2 deletion on CNS activity. Additional investigation does not
show a difference in the immune cell subset composition infiltrating into the brain or the spinal
cord at the chronic stage of the EAE. Moreover, no immune cells were observed in the spinal cord
or brain samples in the pre-clinical phase of the EAE in Stim1"Stim2%"xSnap25°¢ which could

enhance behavioral changes.

Hyperactivity and spontaneous epileptic seizures were observed in Stim1"Stim2"xSnap25¢
mice shortly after immunization. These phenotypes may be a result of the overlap of changes
induced by Stim1 and Stim2 deletion and the increased synaptic activity and spine density, which
are shown to be present in early stages of EAE.'! On the other hand, similar neuronal density
and amelioration of the clinical symptoms of the EAE in Stim1"1Stim2"1xSnap25°¢ animals are
conflicting results since the clinical outcome of the EAE usually correlates with decreased
neuronal density in the spinal cord.'®? The possible explanation includes a higher basal neuronal
density prior to immunization, or a modified immune response by an unknown mechanism of

neuro-immune interaction. Aside from EAE, the observed unexpected behavioral changes in the
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Stim1"Stim2"1xSnap25°® mouse line required a deeper investigation since the systemic
changes induced by Stim1 and Stim2 deletion may influence mouse physiology and EAE disease
progression.

3.2. Stim1 and Stim2 contribute to Ca?* homeostasis in vitro
To gain knowledge about changes induced by Stim1 and/or Stim2 deletion on cellular level,
experiments were performed on primary neuronal cultures. In vitro live-cell Ca?* imaging of Stim1
Fstim2” mature primary neuronal culture supports the systemic effect of SOCE on neuronal
activity, which was deduced from the previous in vivo experiments. Reduced mean Ca?* level at
the resting state and following stimulation may prevent neurons from neuronal damage that is
caused by Ca?* overload, which would suggest neuroprotective effect of Stim1 and Stim2 deletion.
An increased frequency of Ca?* transients reflects an increased electrical activity of the neuronal

network. This correlates with the hyperactive behavior of Stim1 and Stim2 deficient mice.

While reduction in the effective Ca?* levels can trivially be explained by the reduction of
intracellular Ca?* stores refiling in the absence of SOCE, an increased neuronal activity probably
is a result of more complex changes in neurons. It was reported that downregulation of Stim1 and
Stim2 in cortical neurons enhances NMDA-induced Ca?* signals.'®®* Enhanced NMDA-induced
Ca?"influx would be a reasonable explanation for the in vitro phenotype. Nevertheless, this would
contradict the EAE results, since enhanced NMDA-induced Ca? influx would exacerbates the EAE

clinical score.'%*

Analysis of Ca?* transients in Stim2 deficient neurons in vitro shows milder but similar effects on
effective neuronal Ca?* levels after stimulation and an average amplitude of Ca?* transients in
comparison to the neurons with Stim1 and Stim2 double deletion. Reduction of the effective Ca?*
level remains in line with the protective phenotype observed in primary neuronal culture under
hypoxic condition, and reduced base line Ca?* level in young primary cortical culture (DIV 5 to
9).12° Nevertheless, Stim2 deletion did not have an effect on the firing rate of primary neuronal
cultures. This suggests that the observed behavioral phenotype requires Stim1 and Stim2 double
deletion or depends on Stim1.

3.3. Neuron-specific Stiml and Stim2 deletion influences long-term survival,

behavior and epileptic predisposition in mice

Characterization of healthy Stim1"1Stim2"1xSnap25°¢® animals confirms the hypothesis about a
systemic effect of neuronal Stiml and Stim2 deletion on mouse physiology.
Stim1"1Stim2"1x Snap25°® mice showed an enhanced anxiety and reduced exploratory behavior

in the open field and the Y maze tests. Some animals had a spontaneous epileptic seizure, which
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was the reason for the interruption of the behavioral tests. In addition, Stim1"1Stim2" xSnap25°®
mice showed a significantly reduced long-term survival. These prominent behavioral changes
were unpredictable, since no difference in the offspring quantity, breeding behavior or routine
handling were reported by the animal caretaker nor were observed during the handling of the
animals prior to the experiments. Pronounced hyperactivity and seizure episodes were observed
only after the EAE induction or during behavioral experiments. Daily assessment of the small
cohort of Stim1"Stim2™xSnap25°¢® animals at a normal night/day cycle for an 1 hour per day
over the course of 4 weeks could not confirm spontaneous epileptic seizures but only pronounced
hyperactivity. For behavioral experiments, the animals were placed in the reverse night/day circle
4 weeks prior to the start of the experiment. At this time frame, seizure-like episodes were
detected during the handling and behavioral tests. This is could be linked to the high activity of

the animals during the night.

Since the Stim1"1Stim27xSnap25¢ line is the first mammalian reported with a pan-neuronal
Stim1 and Stim2 deletion, the mechanism resulting in this phenotype is difficult to decipher without
a deeper molecular characterization. Nevertheless, a few phenotypes in the animal models with
a genetic deletion of Stim1 or Stim2 were reported. Genetic deletion of the stim2a or stim2b was
shown to result in hyperactivity and susceptibility to seizures in zebrafish larvae.1¢5% Mice with
a global Stim2 deletion exhibited behavioral changes in the Morris water maze task and
spontaneous death after the age of 8 weeks.'? In addition, neuron-specific Stiml or Orail
deletion enhanced chemoconvulsant-induced seizures in mice.!®” In contrast to this, aged female
mice with Orail neuron-specific overexpression exhibit spontaneous seizure-like events in
addition to the downregulation of genes related to epilepsy and an enhanced chemoconvulsant-
induced activity in hippocampal slice culture.*”1%8 Unfortunately, in the published studies,

potential compensatory expression of other SOCE-related genes was not reported in mice.

One speculative hypothesis derived from the results of the dissertation and the published data
suggest that nSOCE activity depends on ORAIL, STIM1 and STIM2 proteins. A proper function
of nSOCE requires a complicated CRAC channel formation by ORAI1-STIM2 with further
recruitment of STIM1 in the optimal ratio. The picture is trivial for the Stim1l and Stim2 double
deletion, where CRAC channel cannot be formed. In the case of Orail overexpression, insufficient
quantity of STIM1 and STIM2 proteins could probably prevent a formation of the heteromeric
channel with an optimal STIM to ORAI ratio, which is reported to be 2 to 1, and by this would
mimic the absence of SOCE to some extent.®® The Stim2 deletion in zebrafish larvae results in

a comparable phenotype to the one presented in this dissertation, which would point towards the
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important role of Stim2 in the hyperactive phenotype. The most controversial points for the current
speculation are the reduced life expectancy reported for Stim2 only deletion in comparison to the
results for neuron specific Stiml and Stim2 double knock out mice, and the lack of enhanced
neuronal network activity in the Stim2-deficient neurons. An additional observation that could not
be explained is the reduced number of CD3* immune cells infiltrating into the CNS at the chronic
EAE in Stim1"Stim2"1xSnap25°® animals.

Another speculative hypothesis would explain the obtained EAE results and the phenotype
observed in healthy animals with neuron-specific Stiml and Stim2 deletion. The explanation is
based on an activity reported for STIM1. It was shown that Stim1 deficiency induces spontaneous
activation of stimulator of interferon genes (STING) protein and enhanced expression of type |
interferons in murine embryonic fibroblasts.’® A similar mechanism of action could be present in
neurons in Stim1"1Stim2"1xSnap25° animals.'’* Enhanced production of type | interferons would
explain the modulation of the clinical outcome of the EAE and could induce epileptic seizures. 172~
175 Furthermore, reported seizures in different genetically modified mice could be explained by
this theory. Nevertheless, the reported epileptic phenotype in Stim2 deficient zebrafish, which
highly overlaps with the phenotype observed in Stim1"Stim2"1xSnap25°® mice, can only be
explained using remarkable assumptions. For example, the diversity in STING protein structure,
which rather has a shift towards the modulation of NF-kB response and not interferon in
zebrafish'’®, would be sufficient for the exchange of a quenching protein from STIM1 to STIM2.

4. Outlook
The presented work shed new light on the SOCE pathway and its relevance to neuronal function
and CNS response during pathological conditions. Nonetheless, many aspects remain open and
require further investigation in order to comprehend the exact role of nSOCE in

neurodegeneration and its relevance to CNS inflammation.

First of all, in the context of NnSOCE regulation, in vitro characterization of Ca** homeostasis in
Stim1 deficient neurons is required. Analysis of the mean Ca?* and the Ca?* transient frequency
in Stim1” neuronal cultures can provide significant information regarding the predisposition to
epileptic seizures and the EAE phenotype observed in Stim171Stim2"1xSnap25¢ mice. Secondly,
evaluation of interferon expression levels in Stim1"1Stim2"1xSnap25°¢® animals should be
performed in order to corroborate potential role of STING in the observed phenotype. In vitro
evaluation of interferon levels with and without stimulation would complement the results obtained
in vivo. This would provide important information about the possible mechanism of action of

nSOCE component during EAE and could reduce further in vivo experiments. As a next step,
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EAE experiment should be performed in Stim1-only and Stim2-only neuron-specific knock out
mouse lines with an analysis of the immune cell subset composition infiltrating into the CNS at
the acute stage of the disease. As a control experiment, neuron-specific deletion of Stim1l and
Stim2 are needed to be combined with the mouse line carrying a mutation in Sting leading to a
non-functional and an unstable STING protein e.g. Sting®.!”” The EAE experiments and
behavioral characterization of the mouse line would provide proof (or disproof) for the hypothesis
about the protective mechanism observed in Stim1"Stim2""xSnap25° mice during EAE and

important information about novel epileptogenic mechanisms mediated by SOCE.

Identification of the origin of Orai2-mediated protective EAE phenotype is of great scientific and
practical interest. In order to validate whether the phenotype observed in Orai2-deficient mice
depends on an immunological source assessment of cytokine production after MOG re-
stimulation of immune cells is required (a re-call assay). An EAE experiment with a bone marrow
chimera mouse model would be appropriate as the control. In case that the immune origin
hypothesis would be rejected, single-cell sequencing analysis of CNS from Orai2”~ and wild-type
animals can be performed to determine which cell types mediate an enhanced axonal resistance
and reduce immune cell infiltration during EAE. Generation of a new tissue-specific knock out
mouse line, based on the sequencing results, and utilizing it to re-validate the EAE phenotype
could be the following up step. Based on the obtained results, inhibition of SOCE in the identified
cell types can be used for the development of a novel neuroprotective therapy during CNS

inflammation.
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V.Summary

Multiple sclerosis (MS) is the most common inflammatory disorder of the central nervous system
(CNS) with limited treatment options. Currently available therapy aims to reduce inflammation and
to prevent immune cells infiltration into the CNS. Unfortunately, progressive neurodegeneration
during MS has no approved treatment possibilities yet. Furthermore, the exact mechanism of
neurodegeneration during MS is not fully understood. The pathogenesis of MS and other
neurological disorders includes many processes that either influence Ca?* or affected by Ca?
homeostasis in neurons. Thus, modulation of neuronal Ca?" homeostasis is an attractive

neuroprotective and therapeutic strategy against neurodegenerative disorders.

Ca?* release-activated Ca?* channels (CRAC), which mediate a store operated calcium entry
(SOCE), are the most recently identified Ca?* channel family. Their specific roles in Ca?
homeostasis and in cell function are not completely described, especially in neurons. SOCE
contributes to neuronal damage under hypoxia and can influence mitochondria function and
synaptic stability. However, the role of neuronal SOCE (nSOCE) during CNS inflammation was

not investigated before.

In this work it was shown for the first time that nSOCE contributes to the pathological processes
during CNS inflammation using the animal model of MS, experimental autoimmune
encephalomyelitis (EAE). mRNA level analysis of SOCE-related genes has demonstrated
domination of Orai2 expression in healthy neural tissues and its dysregulation during the inflamed
condition. Indeed, a global deletion of Orai2 leads to amelioration of EAE in mice. Nevertheless,
this work suggests that the observed protective phenotype is independent of the neuronal OraiZ2.
However, experiments with a neuron-specific deletion of the critical components of SOCE (Stim1
and Stim2) showed a protective role of SOCE genetic deletion during EAE with an influence on
the immune system. Unexpectedly, this genetic modification leads to behavioral changes as well.
Hyperactivity, exploratory deficits and reduced long-term life expectancy were validated in the
current work. In fact, episodes of spontaneous epileptic seizures were detected as well and thus
further behavioral tests were terminated due to ethical reasons. In vitro experiments showed that
Stiml and Stim2 deletion leads to enhanced activity of the neuronal network and reduced
cytosolic Ca?* level. Thus, the in vitro results stay in line with the behavioral and EAE phenotype

observed in vivo.

Altogether, this work reveals that nSOCE plays an essential role in neuronal network excitability.

Furthermore, nSOCE has a systemic effect on mice and it influences life expectancy. EAE
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experiments indicate that critical components of SOCE participate in a yet undiscovered pathway
involving the immune system and modulated by neurons. The data generated withing the scope
of this work is of great scientific interest in the context of inflammatory neurodegenerative
disorders like MS and could be used to further develop novel treatment strategies against

neurodegeneration.
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Supplement 1 Relative body weight change in Orai2” mice during EAE

(A-B) Mean relative body weight of Orai2”- (n = 10) and wild-type (n = 10) mice undergoing EAE and AUC
comparison. Data plotted as mean +/- s.e.m; Statistical analysis was performed by unpaired, two-tailed
Student’s t-test.
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Supplement 2 Relative body weight change in Stim1"1Stim21xSnap25° mice during EAE

(A-B) Mean relative body weight of Stim171Stim2%"fxSnap25¢e (n = 17) and Stim1¥iStim21 (n = 20) mice
undergoing EAE and AUC comparison. Data plotted as mean +/- s.e.m; Statistical analysis was performed
by unpaired, two-tailed Student’s t-test.

107



Supplement

B3 Stim1"Stim2"
8 3 Stim1""Stim2™ x Snap25™

Rel. expression

Supplement 3 Control gPCR of the Stim1"1Stim2"1xSnap25°® mouse line

Analysis of Orail, Orai2, Orai3, Stim1 and Stim2 expression levels in the spleen of the animals used for the
histological assays. Six animals from the Stim1%1Stim21/ixSnap25¢e mouse line and five animals from the
Stim17Stim21M line were evaluated. Data presented as a fold change compared with Tbp expression, and
plotted as mean +/- s.e.m. Statistical analysis was performed by unpaired, two-tailed Student’s t-test.
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Supplement 4 Absolute quantification of the immune cell infiltration at chronic EAE in
Stim1"1Stim2"1xSnap25° mice

(A-B) Absolute counts of CD4 T cells, CD8 T cells, B cells, microglia, neutrophils, macrophages, NK cells,
NK T cells, cDC, pDC, lymDC, and CD4+CD8 T cells in the brain (A), and the spinal cord (B) of
Stim171Stim2"fxSnap25¢e (n=8) and Stim1MiStim2# (n=8) mice at chronic EAE analyzed by flow
cytometry. Data plotted as mean +/- s.e.m. Statistical analysis was performed by unpaired, two-tailed
Student’s t-test, * p< 0.05.
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