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Summary

Stroke is the third most common cause of death in the developed countries. Under-
standing of the underlying pathophysiological processes of stroke is essential to de-
velop novel and effective treatments. Until now, only the intravenous thrombolysis
therapy has proven as an effective pharmacologic treatment strategy after acute
stroke. Early inflammatory responses occur after an ischemic insult leading to neu-
roinflammatory processes in the affected brain area. Intracellular receptors sensing
pathogen or danger-associated molecules termed inflammasomes, such as NLRP3,
NLRP1b, NLRC4 or AIM2, are part of the innate immunity. 173-estradiol (E2) and
progesterone (P) were neuroprotective and anti-inflammatory agents in several neu-
ropathological animal studies. MicroRNAs (miRNA) are small nucleotide sequences
regulating mMRNA expression and translation on the post-transcriptional level. MiR-
223 is a natural regulator of the inflammasome NLRP3.

| used a rat transient medial cerebral artery occlusion model (tMCAO) to address
the role of inflammasomes and miR-223 in stroke pathology. Additionally, | used an
in vitro hypoxia approach to investigate the impact of hypoxic conditions of inflam-
masome activation in the microglia-like cell line BV-2 and primary astrocytes. Fi-
nally, | studied the impact of E2 and P on inflammasome expression and activation
as well as miRNA-223 regulation. Ischemia lead to increased expression profiles of
several cytokines (IL1B, IL18, and TNFa) and inflammasome components. | found
that hypoxia selectively and time-dependently induced inflammasome components
such as NLRP3 and ASC on the gene and protein level. Further, | could allocate
NLRP3 to neuronal cells and ASC to microglia. E2 and P selectively attenuated
NLRP3, ASC and active Caspl protein expression. In agreement, hypoxia regulated
miR-223 expression, and gonadal steroids antagonized this effect. Hypoxia in vitro
induced the expression of IL13, NLRP3, ASC and AIM2 in BV-2 cells and astrocytes.
E2 and P selectively dampened NLRP3 and ASC expression but showed no effect
on Caspl activity.

In conclusion, my data highlight the importance of early inflammasome activation
for stroke pathophysiology. Since gonadal steroids are able to alleviate inflam-
masome activation, | assume that the neuroprotective mechanisms triggered by E2

and P are based upon their anti-inflammatory potential.



Zusammenfassung

Der Schlaganfall betrifft meist altere Menschen und stellt die dritthaufigste Todesur-
sache in technisch hochentwickelten Landern dar. Leider sind trotz intensiver For-
schungsarbeiten die pathophysiologischen Prozesse beim Schlaganfall kaum ver-
standen und neue therapeutische Ansétze fehlen. Die einzige bisher zugelassene
Substanz ist der rekombinante gewebespezifische Plasminogenaktivator (rtPA).
Nach einem Schlaganfall kommt es zu lokalen inflammatorischen Prozessen, bei
denen Interleukin-1B (IL1B) eine wichtige Rolle spielt. An der Prozessierung von
IL1B sind die Inflammasome (NLRP3, NLRP1b, NLRC4, AIM2) beteiligt. Dies sind
intrazellulare Rezeptoren, die sich nach Aktivierung zu Multiproteinkomplexen zu-
sammenlagern und die IL1B Reifung ermdglichen. Das am besten untersuchte In-
flammasom NLRP3 wird u.a. von kurzen RNA-Sequenzen (microRNAs, miRNA) re-
guliert. MiR-223 ist der bis heute bekannteste NLRP3 Suppressor. Weibliche Stero-
ide, 17B-Ostradiol (E2) und Progesteron (P), zeigen in Tierversuchen neuroprotek-
tive Wirkungen, die auf einer Verringerung der Entziindungsreaktion beruhen. Es
war Gegenstand dieser Studie, inwieweit E2 und P die Aktivierung von Inflammaso-
men regulieren. In Ratten wurde ein temporéarer Schlaganfall durch Okklusion der
Arteria cerebri media induziert. Zelltyp-spezifische Effekte wurden in vitro an BV-2
Zellen (Mikroglia &hnlich) und Astrozyten analysiert. Nach Hypoxie in vitro wurde
die Regulation der Inflammasome, deren zellulare Zuordnung und der Effekt der
Hormone bestimmt. Meine in vivo Untersuchungen zeigten einen selektiven und
zeitabhangigen Anstieg der Inflammasome NLRP3 und ASC und der Zytokine IL1(,
IL18 und TNFa. E2 und P verminderten die Induktion von NLRP3, ASC und Caspl.
Gleichzeitig konnte ich nachweisen, dass NLRP3 vornehmlich in Nervenzellen und
ASC in Mikrogliazellen vorkommt. NLRP3, ASC und AIM2 wurden ebenso in vitro
nach Hypoxie in BV-2 Zellen und Astrozyten induziert. Die Expression dieser Inflam-
masome wurde selektiv durch E2 und P abgeschwécht, wohingegen die Caspl Ak-
tivitdt durch E2 und P nicht beeinflusst wurde.

Diese Ergebnisse zeigen sehr deutlich die Bedeutung der Inflammasom Aktivierung
fur frihe pathologische Prozesse nach Schlaganfall. Beide Hormone hemmen die
Aktivierung der Inflammasome. Daher ist anzunehmen, dass die neuroprotektive
Wirkung beider Steroide vornehmlich auf der Kontrolle dieser inflammatorischen

Komponenten beruht.
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Introduction

1. Introduction

1.1. Stroke

Stroke is the third most common cause of death in the developed countries after
coronary heart disease and cancer. About 5.5 million people died 2013 worldwide
after suffering of stroke [1]. Of those who suffer from stroke, around 60 % die or
become dependent. Those who survive a stroke attack need afterwards ongoing
care and rehabilitation that is associated with high costs for the health system and
their families. The world health organization presents numbers which show that
about 3 to 4 % of the National Health Service per country is spend for medical care
and therapy after stroke [1]. There is a variety of risk factors leading to stroke such
as high blood pressure, smoking, arteriosclerosis or diabetes. The highest predic-
tors of death from stroke are the age, i.e. people aged 65 years and older, and those
with a previously experienced stroke. Therefore, therapy and intensive medical care
to reduce a second stroke attack is important. In the focus of many studies world-
wide is the understanding of the underlying pathophysiological processes of stroke
and the development of novel and effective treatments [2]. Until now, only the intra-
venous thrombolysis therapy has proven as an effective pharmacologic treatment
strategy after acute stroke [3]. More than hundred controlled clinical trials have failed
in the past [4] to show clear neuroprotective effects in stroke therapy, although pre-
clinical testing in animal models was promising [5]. The understanding of the pro-
cesses leading to cell death after an ischemic event is important to develop new
strategies that will allow the transfer of information gained from animal experiments

to the clinic.

1.1.1. General aspects of stroke

Stroke is an event where reduced blood flow in a brain region results in cell death
and tissue damage. This is also known as cerebrovascular accident, cerebrovascu-
lar insult or ischemic brain attack. There are two major types of stroke. First, is-
chemic stroke results from a lack of blood flow and second, hemorrhagic stroke that
is the result of an intracerebral bleeding caused by leaking or a burst of blood vessel
in the brain. Both types finally lead to a dysfunction of those brain areas which were
supplied by the affected blood vessel [6]. The incidence for both types differs de-

pending on the sources and date of the statistical data. Nevertheless, the most
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prominent type of stroke is the ischemic form (approximately 80 — 90 %), whereas
hemorrhagic stroke is a more rare case (10 — 20 %) [7,8]. In addition, a small num-
ber of incidents cannot be attributed to one of the above forms [9].

Ischemic stroke results from a transient or permanent reduction in cerebral blood
flow that is restricted to the territory of a major brain artery [10]. Occlusion of large
intracranial arteries accounts for 79 % of ischemic stroke cases, where the Arteria
cerebri media (middle cerebral artery, MCA) is the most frequently affected vessel
followed by the A. carotis interna (internal carotid artery) [11]. In consequence,
stroke has subdivided into a reversible ischemic vs. a progressive from. On the one
hand, neurological symptoms that occur in a reversible stroke decline and demise
within 24 h after onset. On the other hand and linked with the progressive form,
neurological dysfunction can persist for hours and days without remission resulting
in a long-lasting motoric- and sensory-functional disability including speech disor-
ders [12]. By now, recombinant tissue plasminogen activator (rtPA) is the only suc-
cessfully used therapeutic agent. But the timeframe of rtPA application is short and
the medical guidelines only allow to use this compound within the first 4.5 h after the
onset of ischemia [13]. Further, it is crucial within this timeframe to exclude a hem-
orrhagic event by the use of computer tomography (CT) or magnetic resonance
scanning (MRT) because in such a case, rtPA would worsen the clinical scenario
(bleeding). The immediate thrombolytic recanalization after diagnostic determina-
tion of an ischemic stroke results in considerable recovery, smaller infarcts and ame-
liorates the functional outcome [14,15]. Nevertheless, after failure of many transla-
tional clinical trials to replicate animal in vivo studies of neuroprotective drugs, rtPA

treatment is still the only treatment after acute ischemic stroke [16].

1.1.2. Stroke pathophysiology

Brain function depends on the continuous delivery of oxygen and glucose through
blood flow, and interruption of the cerebral blood supply leads to irretrievable brain
damage [2]. In an occurring cerebral ischemia, damage is causing a cascade of
cellular and molecular events triggered by the sudden lack of blood flow and subse-
quent reperfusion of the ischemic territory. Neurons are more prone to oxygen/glu-
cose deprivation and therefore more vulnerable than glia or vascular cells. Nerve
cells become quickly dysfunctional or die when exposed to hypoxic conditions [17].
In the most common type of stroke, the transient occlusion of the middle cerebral

artery (tMCAO), the acute damage is more rapid and severe in the center of the
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ischemic territory, the so-called ischemic core, due to the lowest blood flow in this
area [2]. In the periphery of the ischemic region (so-called ischemic penumbra or
peri-infarct zone), neuronal damage develops more slowly. In this particular area,
blood supply also comes from adjacent vascular territories (collateral flow) and
therefore, cerebral perfusion is kept above the threshold for immediate cell death
[2]. Energy failure is the major mechanism of cell death in the ischemic core, where
neurons cannot generate ATP without oxygen and glucose. Thereby, ATP is an en-
ergy source for ionic pumps, mainly Na*- K* ATPase, to maintain the ionic gradient
across the neuronal membrane [17]. Linked with the failure of the ionic pumps is a
massive cytoplasmic accumulation of Na* and Ca?* ions which results in tissue
swelling (edema) and degeneration of the organelles, loss of the membrane integrity
and necrotic termination of the cell [2]. In contrast, blood flow reduction in the pe-
numbra is not sufficient to cause energy failure, so that neurons remain at a fine line
between viability and vulnerability to pathogenic events after an ischemic insult [2].
Excessive extracellular accumulation of glutamate is an additional major factor con-
tributing to the demise of the ischemic penumbra. In consequence, NMDA subtypes
of glutamate receptors are over activated leading to cytoplasmic accumulation of
Ca?*. Finally, Ca?*-dependent enzymes, including the proteases calpain and
caspase, and enzymes producing nitric oxide, free radicals and arachidonic acid
metabolites are activated [17]. These events lead to necrosis or programmed cell
death depending on the intensity of the insult and the metabolic state of the neurons
[2,17]. At the end of the ischemic cascade, injured or dying cells have a key role in
post-ischemic inflammation because they release danger signals that activate the

immune system.

1.1.3.  Neuroinflammation

Neuroinflammation is a natural response and important defense mechanism in the
brain to eliminate the initial cause of brain cell injury and necrotic cells. After an
acute boost of local inflammatory responses and failure of restoring brain homeo-
stasis, neuroinflammation becomes a chronic condition that erodes the surrounding
tissues and causes late sequela. Under such conditions, tissue deterioration and
healing proceed simultaneously. Otherwise, uncontrolled or extended neuroinflam-
mation is harmful and can induce rapid neuronal death in the ischemic core which
progressively expands toward the penumbral area [18,19]. In the penumbra, a sub-

set of inflammatory mediators, reactive oxygen species (ROS) or proteases disrupt
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the blood-brain barrier (BBB) and stimulate the formation of gliosis which elevates
the vulnerability of neurons following ischemia [20]. Processes such as Ca?*-in-
duced activation of intracellular signaling pathways, the rise of ROS and the condi-
tion of hypoxia itself all trigger the expression of a number of pro-inflammatory genes
such as nuclear factor-kappa B (NF-kB), hypoxia inducible factor 1 (Hif1), tumor
necrosis factor alpha (TNFa) or interleukin-1beta (IL1B) [21,22]. Additionally, the lo-
cal secretion of chemokines attracts and activates surrounding microglia as well as
astrocytes [23]. Microglia can undergo morphological transformation into a phago-
cytic state which is capable of releasing a variety of cytotoxic and/or cell protective
substances [24]. Microglia activation is evident already 30 min after ischemia with
increasing numbers of activated microglial cells progressively over time [25]. It is not
fully clear, whether microglial activation is solely destructive. Nevertheless, there is
good evidence that activated microglia is worsening brain injury after ischemic
stroke. Suppression of microglia activation leads to a smaller infarct size or positive
neurological outcome [26,27]. Vice versa, phagocytic microglia can eliminate infil-
trating neutrophils releasing inflammatory mediators and excitotoxic toxins from the
extracellular space resulting in a positive outcome after stroke [28]. Additionally, mi-
croglia can synthesize and release several compounds that promote neuronal sur-
vival and brain tissue repair in the event of brain injury [29,30]. It is well known that
astrocytes carry out a variety of critical functions, including scavenging free radicals,
prevention of excitotoxicity and maintenance of ionic homeostasis which are all im-
portant to guarantee normal brain homeostasis and function [19,31]. Astrocytes are
also activated following brain ischemia resulting in a functional switch leading to an
increased production of intermediate filament proteins and a general phenomenon
called reactive astrogliosis which is characterized by profound morphological and
functional changes [32]. Additionally, astrocytes can act like microglia and partici-
pate in brain inflammation by releasing cytokines and nitric oxide synthase (iNOS)

as well as factors that can induce additional microglial activation [33].

1.2. Inflammasomes

The CNS is as an “immune-privileged” organ due to the presence of a selective BBB
that hampers the entry of foreign pathogens and immune mediators. Consequen-
tially, all neural cells and not only local microglia participate in the control of neu-
roinflammatory processes. Multi-protein complexes termed inflammasomes play a

decisive role for the initiation and perpetuation of inflammation in the central nervous
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system (CNS) and therefore, inflammasome-mediated pathways are under inten-
sive investigation [34,35]. The innate immunity is the first line of the host defense
whether sterile or non-sterile (pathogenic) inflammation occurs. The activation of
inflammasome components in innate brain immune cells typically reflects one of the
primary and critical steps of neuroinflammation. In consequence, activation is trig-
gered by harmful stimuli and traumatic challenges through pathogen-associated
molecular pattern (PAMPs) and damage-associated molecular pattern (DAMPS)
molecules followed by chemokine and cytokine production and release [36]. Differ-
ent receptors on the membrane surface, like Toll-like receptors (TLR), or at the in-
tracellular level, like different NOD-like receptors (NLRs), are able to sense PAMPs
(infectious stimuli) or DAMPs (non-infectious stimuli). Both types belong to pattern
recognition receptors (PRRs) discriminating the presence of PAMPs or DAMPSs to
trigger an inflammatory cascade. Intracellular NACHT, LRR and PYD domains-con-
taining proteins (NLRPs) are the most studied and best characterized protein com-
plexes during inflammation, and in particular NLRP3 [37,38]. NLRP inflammasomes
such as NLRP1 and NLRP3 belong to cytosolic macromolecular complexes com-
prising the NLRP receptor, the adaptor apoptosis-associated speck-like protein con-
taining a CARD (ASC) containing a caspase activation and recruitment domain
(CARD), precursor caspase-1 (Caspl), precursor caspase-11 and/or X-linked inhib-
itor of apoptosis protein (XIAP) [39]. Most NLRPs contain a pyrin domain (PYD), a
nucleotide-binding domain (NBD) needed for oligomerization and a carboxy-termi-
nal leucine-rich repeat (LRR) representing the putative sensory component [40]. In
the case of NLRP1, further domains occur in comparison with NLRP3, such a unique
function-to-find domain (FIIND) and CARD, leading to caspase activation without
ASC recruitment. Interestingly, in murine NLRP1, the PYD domain found in human
NLRP1 is replaced by an NR100 domain (amino-terminal domain of rodent NLRP1
of about 100 amino acids) resulting in three homologs, NLRP1a, NLRP1b and
NLRP1c [40]. Second, murine NLRP1 inflammasome components are preassem-
bled before activation in the CNS, whereas human unassembled NLRP1 active
complex is rapidly formed after stimulation [41,42]. NLR family CARD domain-con-
taining protein 4 (NLRC4) has a CARD instead of a PYD domain in its structure
compared to NLRP3, so that NLRC4 can activate caspases without ASC recruit-
ment. Absent in melanoma 2 (AIM2) belongs to the pyrin and HIN domain-contain-

ing (PYHIN) inflammasomes and consists of two major domains. First, a C-terminal
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DNA-binding HIN and, second, an N-terminal PYD domain which interacts with ASC
after sensing and binding double stranded DNA [43]. Figure 1 summarizes the pre-
sent knowledge about the composition of the different inflammasome complexes
and structural-functional units.

After performing tissue expression profiles in pilot studies, we can assume that the
CNS is fully equipped with the inflammasome components. In the mouse brain,
NLRP1 and NLRP3 inflammasomes are localized in neurons and microglia, respec-
tively [44-46]. Further, mouse microglia express parts of the NLRP3 and NLRC4
inflammasomes [47,48], whereas AIM2 and NLRP1 inflammasomes are mainly ex-
pressed in neurons [46,49]. A two-step model is widely accepted and described for
NLRP3 inflammasome activation. In the first priming step, pro-IL1 mRNA is ex-
pressed and the corresponding protein produced. This is followed by the second
activation step that involves the recruitment of Caspl. Then, pro-IL1( is cleaved by
Casp1 in the inflammasome complex into mature IL13, which finally is released from
the cell [50,51]. The priming and activation steps for NLRP3 are shown in Figure 2.
Recently, it became evident that a novel NLRP2 inflammasome is expressed in hu-
man astrocytes and might have an important role in the CNS [52]. NLPR2 patrtici-
pates in the inflammatory cascade similar to the other known NLRPs, since it inter-
acts with the P2X7 receptor and the pannexin-1 channel [52]. Beside its actions in
inflammatory actions, NLRP2 was recently discovered in mouse oocytes and gran-
ulosa cells during folliculogenesis and described as a regulator of early embryogen-
esis and disappearing over time [53]. Knockdown of NLRP2 leads to an early em-
bryonic arrest and suggest NLRP2 as a mammalian maternal effect gene required

for normal embryonic development.

1.2.1. Inflammasomes and stroke pathophysiology

Stroke represents an almost prototypical paradigm for sterile inflammation [54].
NLRP3 expression is induced after cerebral ischemia in microglia and endothelial
cells [55]. Further evidence shows that necrosis is mediated via NLRP3 and leads
to sterile (non-infectious agents) inflammation after an ischemic insult [56]. Linked

with NLRP3 activation, the application of different pro-Casp1l inhibitors into cerebral
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Figure 1. Schematic structure of inflammasome components

Basic structural composition of the different inflammasomes reveals protein-protein
interaction- and oligomerization domains. Except AIM2, parts of the NLR inflam-
masomes are the NBD oligomerization and the LRR domain. Whereas NLRP3 and
the human NLRP1 (hNLRP1) containing the protein-protein interaction side PYD,
hNLRPL1 is prolonged with the FIIND and CARD interaction domain. These domains
are also present in the rodent subtypes NLRP1a/b but differ in the interaction domain
carrying NR100 instead of PYD. Further, the subtype NLRP1c lacks the FIIND and
CARD domains in rodents. NLRC4 contains CARD as protein interaction site. There-
fore, except for rodent NLRP1c, all inflammasome components are able to interact
with ASC through the PYD or CARD domains. ASC contains both, the PYD and CARD
domains. Abbreviations are listed separately. The graph is adapted from Walsh et al.
[40].

ventricles protects rodents against ischemic injury up to 7 days after the onset of
cerebral ischemia [57-59]. This clearly demonstrates the participation of Caspl-



Introduction

mediated pathways in stroke injury. Knocking out the NLRP3 gene or the admin-
istration of a blocking antibody IVIg against NLPR3 or NLRP1 in mouse results in a
smaller infarct size and is supportive for the participation of inflammasomes in stroke
[55,60,61]. These antibodies are also able to protect neurons in an experimentally-
induced stroke model when neurons are either subjected directly to oxygen glucose
deprivation (OGD) or co-incubated with OGD-treated microglia with reduced NLRP3
expression [55,60]. Thus, itis evident that both inflammasomes are active during an
ischemic insult. Several mechanisms were discussed in the context of inflam-
masome activation. It is believed that ROS released from mitochondria in ischemia-
affected brain areas take part in inflammasome activation and the induction of neu-
roinflammatory processes [55]. It is postulated after using ROS-inhibitors that ROS
formation leads to NLRP3-priming, but it is not essential for NLRP3-activation itself
[62]. Anti-oxidative cellular mechanisms are activated after stroke in rodent stroke
models [63,64]. In this context, it is reported that nuclear factor E2-related factor-2
(Nrf2), a key player in the intracellular oxidative stress response, is required for
NLRP3 and AIM2 but not NLRC4 activation [65]. ATP may also represent a major
inflammasome-activating signal in cerebral ischemia. Extracellular ATP is able to
direct systemic inflammation, tissue damage and mortality by regulating cytokine
availability through inflammasome-dependent but also inflammasome-independent
pathways [66]. NLRP1 and NLRP3 activation can also be achieved by intracellular
low potassium levels or by K* efflux as shown in macrophages [67—69]. The latter
changes in ion concentrations are the consequence of energy depletion after cere-
bral ischemia and are linked with P2X7 receptor opening which is conveyed by ATP
[69]. To close the ATP loop, ATP is released by pannexin channels which take part
in neuronal pyroptosis mediated via AIM2 after cortical neurons are stimulated with
cerebrospinal fluid of patient with traumatic brain injury [49]. In addition, Denes et
al. has shown a pivotal role for ASC during ischemic stroke in rodents and an inde-
pendent activation of AIM2 and NLRC4 linked with ASC where NLRP3 was not re-
quired [70]. These findings together demonstrate the complexity of inflammasome
regulation during stroke and are further complicated by more regulatory factors
which seem to have an impact of inflammasome modulation in the brain, i.e.
HMGB1, heat shock proteins or MRP14 [71-74].
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1.3. MicroRNAs

MicroRNAs (miRNAs) are small, endogenous, non-coding RNA molecules that are
generally 19-24 nucleotides (nt) long and cleaved from a 70-80 nt partially duplexed
precursor (pre-miRNA). MiRNAs usually regulate gene expression at a post-tran-
scriptional level and can therefore modulate diverse biological processes, including
cell differentiation, cell cycle, proliferation, apoptosis and cellular responses to
stress [75—77]. Transcription of miRNA genes occurs in different ways depending
on the localization and origin of the miRNA gene. MiRNA transcripts were localized
in intronic regions of non-coding transcripts. Smaller amounts were found in exonic
non-coding transcripts. Additionally, miRNA-transcripts are also present in coding

transcripts of the intronic region and in a minority of cases in the exonic region [78].
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Figure 2: Schematic illustration of inflammasome activation

Depending on the different inflammasomes, DAMPs or PAMPs lead to oligomeriza-
tion and recruitment of ASC and Caspl that is followed by the maturing of the pre-
forms of IL1B and IL18. These cytokines are released into the extracellular space.
Besides oligomerization and activation, a priming step is part of the two-step model

described for NLRP3 activation, leading to expression of distinct inflammasome com-

ponent genes.
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Figure 3: Schematic illustration of miRNA gene location and processing
(A) The cartoon shows the categorization of miRNAs according to their genomic lo-
cations relative to exon and intron position. (a) intronic and (b) exonic miRNA in non-
coding transcripts; (c) intronic and (d) exonic miRNA in protein-coding transcripts. Mi-
croRNA examples were highlighted above. (B) shows the linear canonical pathways
of miRNA processing. First, miRNA gene is transcribed into pri-miRNA by RNA poly-
merase Il or Il followed by cleavage by the Drosha complex into pre-miRNA located
in the nucleus. This pre-miRNA is translocated into the cytoplasm by the exportin-5
pathway where it is cleaved by the Dicer complex into mature miRNA duplex strands.
One of these two is degraded, whereas the second one is loaded with Ago2 into the
RISC complex, where it guides the RISC complex to silence target mRNA through
MRNA cleavage, translation repression or deadenylation of target mMRNA. The graph
is adapted from Kim et al. (2009) [79] and Winter et al. (2009) [80].

Transcription of miRNAs can be initiated by an unique or a commonly shared pro-
moter [79]. The function of RNA polymerase Il (Pol Il) leads to several kb long pri-
mary transcripts (pri-miRNAs) which are subsequently processed [81,82]. In the nu-
cleus, pri-miRNAs are truncated by RNase IlI-type protein Drosha resulting in hair-
pin structures which are termed pre-miRNAs [78,83]. Next, pre-miRNAs are shuttled
to the cytoplasm by the exportin-5 pathway where they are further processed by the
Dicer endonuclease into mature approx. 22-nt long miRNA duplexes with a 3’ over-

hang [84]. One of these two miRNA strands is loaded onto an Ago protein to gener-
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ate the effector complex termed RNA-induced silencing complex (RISC), whereas
the second miRNA strand is degraded [79]. Finally, the RISC complex containing
the miRNA strand can bind to the 3'-UTR (untranslated region) of target mMRNAs in
a sequence-dependent manner. Supplementary, the RISC-miRNA complex can
also bind to protein-coding regions as well as the 5'-UTR after forming heterodu-
plexes. This leads to post-transcriptional silencing by translational repression or/and
MRNA degradation [85,86]. Figure 3 schematically summarizes miRNA gene local-
ization and processing.

Due to the short binding sequence of miRNAs, each of them can have multiple bind-
ing targets and vice versa a given mRNA may have several miRNAs that can exhibit
a regulatory function [87,88]. Therefore, several pathways can be regulated simul-
taneously by a concomitant focus on numerous target mRNAs [89,90]. The pre-
dicted targets of miRNAs are involved in inflammation, apoptosis and neuronal re-
pair. Specific miRNAs play a critical role for the development of the brain, i.e. miR-9
or miR-153 in differentiating neurons. It is suggested that these miRNAs control dis-
tinct functions of the neuronal system [90,91]. Tissue-specific expression profiles
are also demonstrated where i.e. miR-92b is higher expressed in rat hippocampus
as compared to cortex tissue [92,93]. In the case of cerebral ischemia, it was shown
that miRNAs, i.e. miR-34b or miR-498, revealed specific expression profiles in pe-
ripheral blood samples of young stroke patients when compared to healthy con-
trols [94]. This group demonstrated additionally that miR-25 was upregulated in
stroke-risk patients and was useable as a biomarker for stroke pathogenesis. During
the course of cerebral ischemia, a participation of miRNAs for the regulation and
tuning of distinct signaling pathways such as the toll-like receptors or NF-kB path-

way is demonstrated [95].

1.3.1. miRNA-223

MIRNA-223 is a short RNA molecule and consists of 22 nt in mouse and humans
(5"-UGUCAGUUUGUCAAAUACCCCA-3") compared to rats, where the sequence
is one nt shorter (5"-UGUCAGUUUGUCAAAUACCCC-3"). It is a hematopoietic-re-
lated miRNA with crucial functions in myeloid lineage development and granulocyte
differentiation [96—98]. Nonetheless, association of miR-223 with other diseases like
rheumatoid arthritis, sepsis or hepatic ischemia was shown [99-101]. Recently,
Bauernfeind et al. presented data suggesting miR-223 as a strong suppressor of

NLRP3 by negative regulation in myeloid cells [102]. In the nervous system,
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miR-223 is normally expressed at low levels. Under conditions such as cerebral
ischemia, miR-223 becomes more important and a neuroprotective function is at-
tested, when miR-223 is overexpressed. In particular, the glutamate receptor subu-
nits GIuR2 and NR2B are targeted by miR-223 and their expression is inhibited
which yields a positive outcome after induced ischemia [103].

1.4. Steroid hormones

The gonadal steroid hormones 178-estradiol (E2) and progesterone (P) have many
regulatory reproductive and other physiological functions in the brain and other or-
gan systems. Besides, both hormones play a crucial role in the prevention and pro-
tection against cardiovascular diseases after menopause [104,105]. Linked with
postmenopausal changes, neurodegenerative disorders also increase [106,107]. In
general, both steroids can be attributed a neuroprotective role under acute brain
challenging conditions (stroke, trauma etc.) but also for chronic degenerative brain
diseases (Alzheimer’s disease, Parkinson’s disease etc.) [108—-111]. Several of the
mentioned disorders show clear-cut male-to-female ratios or are obviously associ-
ated with decreasing steroid plasma levels after menopause [112—-114]. It has been
proposed that the incidence rate and vulnerability for ischemic stroke shows a male-
female prevalence [115,116]. In a number of experimental animal studies using dif-
ferent strategies (i.e. tMCAOQ) to analyze stroke characteristics and protective mech-
anisms, both steroids have been demonstrated to possess a solid neuroprotective
potential [117-119].

1.4.1. 17B-estradiol

17B-estradiol, the primary female gonadal sex hormone, was used for decades to
study the hormonal contribution for brain development and function. It was shown
that E2 influences the development of a variety of neuronal systems and regulates
physiological processes in the adult brain such as synaptic plasticity and neurotrans-
mission [114,120]. Thereby, E2 modulates cognition, memory and fine motor skills,
besides being a major regulator of neuroendocrine functions [121,122]. Further-
more, and as pointed out in section 1.4, E2 is a strong neuroprotective and anti-
oxidative agent [123]. The two classical nuclear E2 receptors are found in astro- and
microglia cells as well as in neurons [124-127]. Namely, estrogen receptor alpha

and beta (ERa and ER) are expressed in various brain cell types. These receptors
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typically interact with estrogen response elements (EREs) and modulate gene ex-
pression and cell function [125,128,129]. In addition, non-classical, non-nuclear E2
receptors such as GPERL1 (earlier termed GPR30), ER-X and Gg-mER have been
described in the brain similarly to other organs [130—133]. This clearly highlights the
diversity and complexity of E2 signaling in the brain. Neuroprotection by E2 admin-
istration is mediated by different estrogen receptors depending on the disease
model and brain regions. For instance, it was shown that neuroprotective effects of
E2 were mediated by ERa and ER in a rat traumatic brain injury (TBI) model [134].
Interestingly, E2 neuroprotection depends on ERa signaling with ER[3 as an antag-
onist and vice versa but neuroprotection is absent when both receptors synergisti-
cally operate. ERa is crucial for mediation of neuroprotection by E2 in neurons in a
mice stroke model but deletion of ERa in microglia cells does not interfere with this
neuroprotective effect of E2 [135]. On the other hand, attenuation of neuroinflam-
mation in microglia cells is ERB-driven by suppressing microglia activation [136].
Membrane associated ERs, like ER-X, interact with the MAPK pathway and activate
signal-regulated kinases (ERK1 and ERK2) when E2 is bound [130]. ERa seems to
be a negative regulator of this pathway. Recent studies highlight the importance of
inhibition of the MAPK pathway, due to reduced infarct size and improved neurolog-
ical score after stroke [137]. A mediation of neuroprotection by E2 was recently
shown for the GPERL1 receptor in the hippocampus after cerebral ischemia. Alto-

gether, E2 has given an immensely variable role to play during neuroprotection.

1.4.2. Progesterone

Progesterone has multiple functions in the CNS similar to those described for E2
including stimulation of brain development, neuroendocrine control and modification
of distinct neural functions related to non-endocrine brain regions [138]. As men-
tioned for E2, P also influences neuroprotective mechanisms, regulates neuroin-
flammation and interferes with neuroregenerative processes [138-140]. P effects
are mediated through the classical intracellular progesterone receptor (PR) and non-
classical membrane-bound PR (mPR) and GABA-A receptor [141-143]. The latter
receptor mediates P action by the P metabolite 3a-THP [144]. These receptors are
widely expressed in the CNS with no restriction to a specific cell type and are found
in the cortex, hippocampus, hypothalamus and the cerebellum [145,146]. Activation
and binding of P by PRs results in interactions of the PR complex with P response

elements of distinct target genes [146] or activation of the MAPK pathway [147].
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Even though E2 is more in the focus for its neuroprotective properties than P, there
are some findings certifying the potential of P in neuroprotection [148]. The potential
of P protection was shown in diverse brain injuries including stroke where P admin-
istration positively influences the short- and long-term outcome [117,118,149-151].
Moreover, it can dampen inflammation and oxidative stress as well as decrease
edema after cerebral ischemia or TBI [152-156]. Further, P impact on reduction of
neuroinflammation, oxidative stress and brain damage was recently shown in a re-

peated mild traumatic brain injury [157].

1.4.3. Steroid hormone interactions with inflammasome components and
microRNAs

It is widely accepted that E2 and P, either individually or in concert, hamper the
initiation and perpetuation of innate and adaptive inflammatory responses. These
effects are due to their regulatory role for innate immune cells (T- and B-cells, mi-
croglia, macrophages) and immune-associated cells in the brain (astroglia) which
carry the respective nuclear and non-nuclear steroid receptors at a variable extent
and in relation to their activation status [158-163]. It remains unclear where and
how these steroid hormones execute anti-inflammatory functions and how they in-
fluence inflammasomes and inflammasome-related components or actions.

The first observations concerning inflammasomes and tissue/brain destruction date
back until 2002 [39]. Since that, only sparse information is available whether gon-
adal hormones act on inflammasomes in general or in CNS-related cells. For in-
stance, P influences the inflammasome system of the uterus by targeting miR-199a
and miR-214 inflammasome-related enzymes such as the cyclooxygenase-2 and
others [164]. Further, P administration hampers TLR4 expression in a dose-depend-
ent way at the mRNA level in peripheral blood mononuclear cells of pre-eclampsia
patients and positively affects ROS formation, NF-kB signaling and recovery after
TBI and in neurodegenerative disorders [165-168]. Both pathological stressors
(ROS and NF-kB) of cell physiology and function are, in turn, identified as important
stimulators and activators of the inflammasome multiprotein complexes [169,170].
More information is available regarding E2-mediated effects or E2-related pathways
on inflammasome action. The estrogen-responsive B box protein (EBBP) builds a
common platform with NLRP1 which leads to increased IL1B secretion in COS-1

kidney fibroblasts [171]. Again in the kidney, albumin-bound free fatty acids trigger
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inflammasome expression and activation (NLRP3 and ASC) in human proximal tu-
bule epithelial cells in vitro which is inhibited by the selective estrogen receptor mod-
ulator (SERM) raloxifene showing renoprotective effects [172]. An indirect upstream
regulatory role for E2 in NLRP3 regulation is also most likely, since E2 up-regulates
miR-223 levels in lymphocytes [173] and this miRNA subtype is one of the strongest
transcriptional repressors of NLRP3 expression [102]. Both steroid hormones can
affect miRNA expression by targeting miRNA biogenesis components [174]. It was
also shown that E2 or P selectively increase mRNA and protein levels of exportin-5

and Dicer, key players in the miRNA biogenesis [175,176].
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1.6. Focus of the study

Experimental stroke research identified several potentially neuroprotective pharma-
ceutical agents which revealed promising results in the reduction of the infarct vol-
ume and behavioral deficits. Some of these compounds were targeting the ischemic
cascade by suppressing inflammation. Others attempted to rescue neurons from
apoptotic pathways and to ameliorate oxidative stress as well as ion- and neuro-
transmitter dysbalances. Unfortunately, none of these compounds achieved to re-
ceive a guideline-approved therapeutic agent for the treatment of stroke in hu-
mans [5]. This points at the existing pathophysiological differences between rodents
and humans and highlights the special and complex ischemic scenario in man.
Irrespective of this failure to develop new therapeutic options, there is a clear de-
mand to a better understanding of the stroke-related (early acute and late chronic)
neuroinflammatory processes in the affected brain regions. A more profound
knowledge of immune-related mechanisms in stroke is required [54,72].

The information about brain-intrinsic inflammaso