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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. 17β-estradiol (E2) and 

progesterone (P) were neuroprotective and anti-inflammatory agents in several neu-

ropathological animal studies. MicroRNAs (miRNA) are small nucleotide sequences 

regulating mRNA expression and translation on the post-transcriptional level. MiR-

223 is a natural regulator of the inflammasome NLRP3. 

I used a rat transient medial cerebral artery occlusion model (tMCAO) to address 

the role of inflammasomes and miR-223 in stroke pathology. Additionally, I 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, I 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 (IL1β, IL18, and TNFα) and inflammasome components. I found 

that hypoxia selectively and time-dependently induced inflammasome components 

such as NLRP3 and ASC on the gene and protein level. Further, I could allocate 

NLRP3 to neuronal cells and ASC to microglia. E2 and P selectively attenuated 

NLRP3, ASC and active Casp1 protein expression. In agreement, hypoxia regulated 

miR-223 expression, and gonadal steroids antagonized this effect. Hypoxia in vitro 

induced the expression of IL1β, NLRP3, ASC and AIM2 in BV-2 cells and astrocytes. 

E2 and P selectively dampened NLRP3 and ASC expression but showed no effect 

on Casp1 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, I assume that the neuroprotective mechanisms triggered by E2 

and P are based upon their anti-inflammatory potential.  
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Zusammenfassung 

Der Schlaganfall betrifft meist ältere Menschen und stellt die dritthäufigste Todesur-

sache in technisch hochentwickelten Ländern dar. Leider sind trotz intensiver For-

schungsarbeiten die pathophysiologischen Prozesse beim Schlaganfall kaum ver-

standen und neue therapeutische Ansätze fehlen. Die einzige bisher zugelassene 

Substanz ist der rekombinante gewebespezifische Plasminogenaktivator (rtPA). 

Nach einem Schlaganfall kommt es zu lokalen inflammatorischen Prozessen, bei 

denen Interleukin-1β (IL1β) eine wichtige Rolle spielt. An der Prozessierung von 

IL1β sind die Inflammasome (NLRP3, NLRP1b, NLRC4, AIM2) beteiligt. Dies sind 

intrazelluläre Rezeptoren, die sich nach Aktivierung zu Multiproteinkomplexen zu-

sammenlagern und die IL1β Reifung ermöglichen. 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, 17β-Östradiol (E2) und Progesteron (P), zeigen in Tierversuchen neuroprotek-

tive Wirkungen, die auf einer Verringerung der Entzündungsreaktion beruhen. Es 

war Gegenstand dieser Studie, inwieweit E2 und P die Aktivierung von Inflammaso-

men regulieren. In Ratten wurde ein temporärer Schlaganfall durch Okklusion der 

Arteria cerebri media induziert. Zelltyp-spezifische Effekte wurden in vitro an BV-2 

Zellen (Mikroglia ähnlich) und Astrozyten analysiert. Nach Hypoxie in vitro wurde 

die Regulation der Inflammasome, deren zelluläre Zuordnung und der Effekt der 

Hormone bestimmt. Meine in vivo Untersuchungen zeigten einen selektiven und 

zeitabhängigen Anstieg der Inflammasome NLRP3 und ASC und der Zytokine IL1β, 

IL18 und TNFα. E2 und P verminderten die Induktion von NLRP3, ASC und Casp1. 

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 abgeschwächt, wohingegen die Casp1 Ak-

tivität durch E2 und P nicht beeinflusst wurde.  

Diese Ergebnisse zeigen sehr deutlich die Bedeutung der Inflammasom Aktivierung 

für frühe 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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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 Ca2+ 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 

Ca2+. Finally, Ca2+-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 Ca2+-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-κB), hypoxia inducible factor 1 (Hif1), tumor 

necrosis factor alpha (TNFα) or interleukin-1beta (IL1β) [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 DAMPs 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 (Casp1), 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-IL1β mRNA is ex-

pressed and the corresponding protein produced. This is followed by the second 

activation step that involves the recruitment of Casp1. Then, pro-IL1β is cleaved by 

Casp1 in the inflammasome complex into mature IL1β, 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 partici-

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-Casp1 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, 

hNLRP1 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 Casp1-
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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, it is 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].  

Figure 2: Schematic illustration of inflammasome activation 

Depending on the different inflammasomes, DAMPs or PAMPs lead to oligomeriza-

tion and recruitment of ASC and Casp1 that is followed by the maturing of the pre-

forms of IL1β 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. 



Introduction 

10 

  

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 II or III 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 mRNA. 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 II (Pol II) 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 III-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 mRNAs 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-κB 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 GluR2 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 17β-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. tMCAO) to analyze stroke characteristics and protective mech-

anisms, both steroids have been demonstrated to possess a solid neuroprotective 

potential [117–119].  

1.4.1. 17β-estradiol 

17β-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 (ERα and ERβ) 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 GPER1 (earlier termed GPR30), ER-X and Gq-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 ERα and ERβ in a rat traumatic brain injury (TBI) model [134]. 

Interestingly, E2 neuroprotection depends on ERα signaling with ERβ as an antag-

onist and vice versa but neuroprotection is absent when both receptors synergisti-

cally operate. ERα is crucial for mediation of neuroprotection by E2 in neurons in a 

mice stroke model but deletion of ERα 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 ERβ-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]. ERα 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 GPER1 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 3α-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-κB signaling and recovery after 

TBI and in neurodegenerative disorders [165–168]. Both pathological stressors 

(ROS and NF-κB) 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 IL1β 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 inflammasomes and neuroinflammation as well 

as miRNA-dependent mechanisms that regulates the inflammatory cascades is 

poor. Neuroprotective effects of E2 and P in stroke are well-documented. Not much 

is known whether inflammasome-driven inflammation is a target for both hormones. 

In this study, I have therefore analyzed (i) the chronological profile of inflammasome 

activation and miRNA regulation in rats during early and late periods after experi-

mentally induced stroke in the penumbra, (ii) aimed at co-localizing inflammasome 

components to different brain cells, (iii) and tested the possibility that E2 and P might 

regulate inflammasome activation at the transcriptional and post-transcriptional 

level. For cellular studies, we established accurate in vitro hypoxic culture models 

including pure astroglia and BV-2 cells (microglia-like cell line).  
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 Material and Methods 

2.1. Animal care  

The Review Board of the Landesamt für Natur, Umwelt und Verbraucherschutz 

(LANUV) formally approved animal care and experimental procedures for the care 

of animal subjects of the district government (North Rhine-Westphalia, Germany, 

file number: 84-02.04.2013.A212). All experiments involving animals are reported in 

accordance with the ARRIVE guidelines for reporting experiments involving animals 

[177,178]. 51 animals were used for the in vivo experiments. Wistar rats (Charles-

River, Germany) were bred and maintained in a pathogen-free environment with a 

maximum of five animals per cage in a 12 h day and 12 h night cycle. Animals un-

derwent routine cage maintenance according to the UKA Aachen guidelines once a 

week and microbiological monitoring according to the Federation of European La-

boratory Animal Science Association recommendations. Food and water were avail-

able ad libitum.  

Table 1: Animal numbers 

MB: molecular biological methods, IF: immunofluorescence staining 

 time point  methods E2 or P 
treatment 

group size  

 sham MB - 4  

 sham IF - 2  

 6 h MB - 4  

 12 h MB - 4  

 24 h MB - 5  

 24 h MB + / + 4 / 4  

 24 h IF - 2  

 24 h IF + / + 2 / 2  

 72 h MB - 4  

 72 h MB + / + 4 / 4  

 72 h IF - 2  

 72 h IF + / + 2 / 2  

   in total: 51  
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2.2. Stroke surgery  

The method of tMCAO was adapted from the filament method described by Longa 

et al. 1989 [179] and modified as previously published [117,118,180] (see Figure 4). 

For our study, we used 12 weeks old male Wistar rats (300 – 350 g). During the 

whole operation procedure, animals were kept on a heating pad (Harvard Appa-

ratus, USA) to maintain the body temperature at 37±0.5 °C. A thermometer was 

rectally introduced to measure the body core temperature. The animals were initially 

anesthetized with 4 % isoflurane (Abbott, Germany) for 2 min. Anesthesia was 

maintained with 2 % isoflurane during the whole operation process using a face 

mask (Harvard Apparatus, USA). After anesthesia, 100 µL (0.01 g) of metamizole 

(Novaminsulfon-ratiopharm, 1 g/2 mL injection solution, diluted 1:5, Germany) was 

applied intramuscular (i.m.) into the right hind limb. Then, the operation areas, ven-

tral neck and dorsal head between both ears, were shaved and sterilized with 70 % 

(v/v) ethanol. After a skin incision, the skull was cleaned, dried with a cotton tip, and 

the bregma was exposed. For blood flow measurement, the skull was carefully 

thinned out with a drill 1 – 2 mm posterior and 4 – 5 mm lateral to the bregma on the 

left and right skull hemisphere were the sensors were placed. The skull was thinned 

out because of the limitation of the measuring depth of the sensors to assure that 

the reduction of the blood flow is not due to the reduction in external carotid artery 

(ECA) blood flow. The blood flow measurement was performed by placing the 2 mm 

Laser-Doppler measuring sensors (Moor Instruments VMS-LDF2, UK) into the 

drilled depression of the skull to measure the blood perfusion units (BPU). To ensure 

that the BPU digitized the cortical vascular territory of the MCA, the common carotid 

artery (CCA) was clipped temporary resulting in a decrease of BPU. Finally, the 

sensors were glued onto the skull with a tissue compatible medical adhesive and 

the skin incision was filled with this. Then, the rat was turned and following a small 

midline neck skin incision, the left CCA, internal carotid artery (ICA) and the ECA 

were exposed. First, the vagal nerve was carefully preserved and then the ECA 

transiently clipped with a small vessel clip (Aesculap AG, Germany). On the proxi-

mal site, the CCA was permanently ligated with a monofilament 5-0 (FST, Ger-

many), and the ICA was transiently clipped with a vessel clip. Then, a vessel incision 

in the CCA was made 5 mm prior the bifurcation of the ICA and ECA. A commercial 

silicon-coated monofilament (diameter 0.41 mm, Doccol Corporation, USA) was  
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Figure 4: Schematic illustration of tMCAO 

Schematic illustration of transient middle cerebral artery occlusion (tMCAO) by insert-

ing a silicon-coated filament (red) into the common carotid artery and advancing it to 

the origin of the MCA through the internal carotid artery to reduce the blood flow in 

the MCA-supplied brain regions. Adapted and modified from Longa et al. (1989) [179]. 

subsequently introduced from the lumen of the distal CCA and pushed forward until 

mild resistance was perceived. To avoid a slip out of the filament or a slip down of 

the vessel clip resulting in bleeding off the CCA incision, a temporary security liga-

tion was put around the distal site of the CCA prior the bifurcation of the ICA and 

ECA. The correct placement of the filament was monitored by BPU measurement 

resulting in decreased BPU on the ipsilateral side. Before insertion of the filament 

into the ICA, baseline BPU values were routinely monitored, also during the 2 h 

occlusion period until the sensors were removed again from the skull after filament 

withdrawal. Only those animals that showed a BPU drop of more than 50 % after 

MCAO and a return to nearly normal levels were included in the study. After 2 h of 

occlusion, the filament was removed and the security ligation was closed so that the 

CCA incision was flanked by permanent ligation to avoid bleeding. Next, the neck 

skin incision was sutured, the Laser-Doppler measuring sensors were removed and 

then, the head skin incision was finally sewed up with a 4-0 suture (B. Braun Mel-

sungen AG, Germany). Sham-operated animals underwent the same anesthesia 

and surgical procedures with the exception of tMCAO. After tMCAO, animals were 
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monitored and kept under a heating lap until the animals finally woke up. Then, the 

animals were randomly assigned to the different experimental groups. Animals were 

allowed to recover for 6, 12, 24 or 72 h after tMCAO for time course studies and 24 

or 72 h for steroid hormone treatment. Animal numbers and group strength are sum-

marized in Table 1.  

2.3. Hormone application  

For hormone treatment, rats subjected to tMCAO received an application of vehicle 

(see below), E2 or P (Sigma Aldrich, Germany) in a randomized manner. Both ster-

oids were initially diluted in pure ethanol as a solvent to a stock concentration of 

1.25 µg/µL (E2) and 25 µg/µL (P). For application of the steroid hormones, a mixture 

of E2 (25 µg/kg body weight) or P (10 mg/kg body weight) in sesame oil in a final 

volume of 500 µL was given as a neck depot. Control animals received an appro-

priate amount of ethanol/sesame oil mixture (vehicle), where E2 or P was substi-

tuted with pure ethanol. The injection was given immediately after withdrawal of the 

filament and every 12 h after the occlusion until final sacrifice of the animal. All ap-

plications of hormones or ethanol/sesame oil mixtures were performed by a person 

blinded to the study after random assignment of the animal to an experimental 

group.  

2.4. TTC staining 

After ischemia, rats were sacrificed for tissue preparation at the indicated time 

points. Animals were deeply anesthetized with 5 % isoflurane followed by an intra-

peritoneal injection of a pentobarbital overdose (330 mg/kg). Then, the animals were 

transcardially perfused with ice-cold 0.9 % sodium chloride solution to remove the 

blood from the vascular system. After decapitation, brains were rapidly dissected 

out of the skull and placed into a brain matrix (stainless steel, 1 mm rat coronal 300 

– 600 g, Harvard Apparatus, USA). Brains were cut into six consecutive 2 mm thick 

coronal sections and placed in 2 % 2,3,5-triphenyltetrazolium chloride (TTC, Fluka, 

Germany) solution in PBS to stain vital tissue for 15 min at 37 °C and 55 rpm on a 

rotary shaker (New Brunswick Scientific, Eppendorf, Germany). After that, slices 

were arranged in a frontal to occipital order and photographed using a digital camera 

(Canon Ixus 220HS). The unstained pale areas were defined as infarct area and 

further evaluated in a blinded manner using the open access image software ImageJ 

V1.48 (NIH, USA).  
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TTC staining delineates the transition zone from infarct to non-infarct area, thus rep-

resenting the penumbra. This transition zone (for details see Figure 6) was dis-

sected (micro-punches) and collected for further molecular and biochemical analy-

sis. Samples of all consecutive slices (separated into ipsi- and contralateral side) 

were pooled.  

2.5. Determination of the infarct volume  

Infarct sizes were determined by measuring the whole area of the brain slice and 

separately the left and right hemisphere. Due to an appearing edema after stroke 

on the ipsilateral side, the infarct area was adjusted to remove the edema effect. 

Therefore, the area size was determined on each slice for the infarct area, the total 

brain area and the ipsilateral hemisphere. Then for each slice, the area of the con-

tralateral side was divided by the area of the ipsilateral side and then multiplied with 

the infarct area. Finally, the infarct area was summed up of all slices and multiplied 

with the slice thickness (2 mm) to calculate the edema-adjusted infarct volume 

(EAIV, see formula 1, adjusted from [181]). 

( 1 )     

aIF: area infarct volume 
atb: area total brain slice 
ai: area of ipsilateral hemisphere 
 

2.6. Tissue preparation 

After slices were photographed, tissue samples were collected by micro-punching 

with a biopsy extractor (2 mm in diameter). The tissue biopsies were pooled sepa-

rately for the ipsi- and contralateral side and immediately shock frozen in liquid ni-

trogen. For longer storage, samples were frozen at -80 °C. For RNA isolation, the 

phenol-chloroform extraction method was used. Samples were transferred into ho-

mogenization tubes containing homogenization beats (0.5 mm diameter, PeqLab, 

VWR, Germany) and 1 mL of peqGOLD RNA TriFast kit (PeqLab, VWR, Germany) 

was added. Samples were homogenized for 15 s at 5.000 rpm using the Precellys 

24 homogenizer (PeqLab, VWR, Germany). Finally, 500 µL of the homogenate was 

transferred to a fresh 1.5 mL reaction tube (Sarstedt AG, Germany) and refilled with 

fresh TriFast to 1 mL. Samples were then placed on ice to proceed with total RNA-

extraction (see section 2.11.1). The remaining 500 mL were frozen at -80 °C. 
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For protein isolation, 300 µL of radio immune precipitation assay (RIPA) buffer con-

taining protease inhibitors (Roche, Switzerland) were added to tissue samples and 

homogenized following the same protocol described above (1 x 15 s at 5.000 rpm). 

After homogenization, samples were placed on ice for 30 min to reduce the foam, 

after that transferred into fresh 1.5 mL reaction tube and centrifuged for 30 min at 

4 °C and 16.000 g to pelletize the cell debris. Then, the supernatant was transferred 

to a new tube and stored at -80 °C until further processing.  

2.7. Cell culture cultivation 

2.7.1. Primary astroglia cell cultures 

Cerebral cortices were prepared from neonatal 1 to 2 day old mouse pups. The head 

was decapitated, the brain carefully removed and placed into preparation buffer to 

isolate both cortical hemispheres. All other parts of the brain as well as the meninges 

were removed. Then, cortices were minced and dispersed in Dulbecco’s PBS 

(Gibco, USA) containing 1 % trypsin and 0.02 % EDTA (Gibco, USA) for 10 min. 

Afterwards, tissues were transferred into new tubes (Greiner Bio-One, Austria) con-

taining Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10 % 

heat-inactivated fetal calf (FCS) serum (Gibco, USA), and streptomycin/penicillin 

(PS, 0.5 %, Invitrogen, Germany) and minced by pipetting several times up and 

down in sequence with a 10 mL serological pipette followed by a 5 mL pipette and 

an attached 1 mL tip on the 5 mL pipette. Finally, the cell suspension was filtered 

through a 40 µm nylon mesh and centrifuged at 400 g for 5 min. After discarding the 

supernatant, the cell pellet was re-suspended in culture medium and seeded on 

75 cm2 culture flasks coated with poly-L-ornithine (Sigma Aldrich, Germany) at a 

density of two mouse brains per flask. The cultures were grown at 37 °C in a humid-

ified incubator with 5 % CO2. After 3 to 4 days, the first medium change was per-

formed and then every 3 days the procedure was repeated until the growth area 

was covered with a sealed cell layer. Then, cultures were splitted 1:3 after short 

incubation in 0.1 % trypsin and followed by a centrifugation step at 400 g for 5 min 

and growth again until the cell layer was confluent again. To split up astrocytes from 

other cell types, culture flasks were first shaken on a rotary shaker at 37 °C and 

130 rpm for 120 min to detach microglia cells. After the microglia suspension was 

discarded, new culture medium was added and the culture flasks were shaken over 

night at 37 °C and 230 rpm to remove oligodendrocyte progenitor cells and other 
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debris. Finally, cells were seeded in the following cell densities. For gene expression 

250.000 cells/well on 12 well culture plates and for immunocytochemistry (ICC) 

studies 50.000 cells/well on cover slips in 24 well culture plates and for FAM-FLICA 

Casp-1 activation 50.000 cells/well on 48 well culture plates were seeded. The final 

astroglia culture was characterized by >95 % homogeneity of glial fibrillary acidic 

protein (GFAP)-positive cells as it was routinely performed in our lab and has been 

described several times [182,183]. 

2.7.2. BV-2 cells 

The BV-2 cell line, originally generated by Blasi and colleagues [184] by retroviral 

raf/myc-immortalization of neonatal murine microglia, was purchased from Banca 

biologica e cell factory (Centro di Risorse Biologiche, IRCCS Azienda Ospedaliera 

Universitaria, Genova, Italy). In previous work, we could show that this cell line is 

suitable for in vitro experiments and shows a similar reaction to hypoxic conditions 

like primary rat microglia cells [126,185].  

BV-2 cells were maintained in a humidified environment at 37 °C and 5 % CO2 and 

cultured in culture medium (see section 2.7.1, DMEM 10 % FCS 0.5 % PS). Due to 

the high proliferation rate of the cells, they were sub-cultured at the level of approx. 

80-90 % confluence every other day. The supernatant was collected and the cell 

layer was washed once with PBS/EDTA buffer to remove all residues. Then, the cell 

layer was detached with 0.1 % trypsin and centrifuged at 400 g for 5 min. The cell 

pellet was re-suspended in culture medium and then re-seeded. For experiments, 

the cell pellet was re-suspended in Roswell Park Memorial Institute (RPMI, glutathi-

one 0.001 mg/mL, l-glutamine 0.3 mg/mL, sodium bicarbonate 2.0 mg/mL, vitamins, 

amino acids, HEPES) medium 1640 without phenol red (Gibco, USA) adjusted to 

1 mg/mL glucose and supplemented with 5 % hormone-free charcoal-stripped FCS 

(CSFCS, Gibco, USA) and 0.5 % PS. Finally, cells were seeded in the following cell 

densities. For gene expression and protein studies, 400.000 cells/well on 12 well 

culture plates and for ICC studies 50.000 cells/well on cover slips in 24 well culture 

plates were seeded. For FAM-FLICA Casp1 activity, 50.000 cells/well were seeded 

on a 48 well culture plate. 

2.8. Steroid hormone treatment 

One day before starting hypoxia, the culture medium was changed to the starving 

medium RPMI 1640 with decreased glucose containing 5 % CSFCS and 0.5 % PS 
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for both, astroglia and BV-2 cells. This nutrient-deprived exposure abated cell-spe-

cific basic mRNA expression stress- and immune-related parameters [118,185]. 

Therefore, gradually decreasing of glucose and FCS represents a prerequisite to 

configure a basal threshold to investigate potential up- or down-regulation of hy-

poxia-inducible factors. Note, that for steroid hormone treatment, FCS was ex-

changed to steroid-free charcoal-stripped fetal bovine serum during pre- and hor-

mone treatment. For hormone treatment, water-soluble and cell culture tested E2 

and P (both Sigma Aldrich, Germany) were initially diluted in pro analysis ethanol to 

yield a concentration of 10-2 M. Then they were further diluted in the treatment me-

dium (RPMI 1640 1 % CSFCS 0.5 % PS) to a concentration of 10-4 M. In the last 

step, these pre-dilutions of E2 or P were diluted again in treatment medium to their 

final concentration of 10-7 M that corresponds to 27.24 ng/mL (E2) and 31.45 ng/mL 

(P). Controls were treated with the same concentration of ethanol in the treatment 

medium.  

2.9. Hypoxic stimulation 

Hypoxic conditions were set up in a cube-shaped hypoxia chamber that was flooded 

with inert nitrogen gas to replace the oxygen 15 min prior the experiment. Oxygen 

levels were continuously monitored using an oxygen detector (GOX 100T, 

Greisinger Electronic GmbH, Germany). The chamber was covered with a separate 

water jacket warmed up to 42 °C above an external water bath to maintain 37 °C 

within the chamber. This experimental set up was successfully used to create hy-

poxia and mimic ischemic conditions [185–187]. Additionally, minor modifications 

were made to the set up. First, the nitrogen gas was warmed up prior flooding the 

chamber by a respiflo (Covidien, Germany) placed in the water bath to compensate 

temperature fluctuations due to the nitrogen gas tanks were kept outside the build-

ing. Second, a further oxygen and temperature probe (FireStingO2, PyroScience, 

Germany) was placed inside the chamber to measure the inner oxygen and temper-

ature levels (see Figure 5 for detailed experimental set-up). Cells were exposed to 
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hypoxia for 3 h with or without hormone supplementation. After that, samples were 

subsequently processed for gene expression or protein analysis.  

2.10. Sample preparation 

After hypoxia experiments, astroglia and BV-2 cells were processed as follows. For 

gene expression studies, the supernatant was discarded and 333 µL of PeqGOLD 

TriFast was added per well on ice. After a short incubation time, three wells per 

group were pooled into a fresh tube and frozen at -80 °C for later RNA isolation. For 

Figure 5: Experimental set-up of the hypoxic chamber used for in vitro experi-

ments 

(A) The chamber was tempered at 37 °C by using a water bath. The oxygen concen-

tration was measured within the chamber and in the exhaust gas. All data were elec-

tronically monitored during the experiment. (B) Trial procedure for in vitro hypoxia ex-

periments in astrocytes and BV-2 cells. To prevent cell proliferation, BV-2 cells were 

seeded in RPMI1640 5 % CSFBS, whereas astrocytes were maintained in culture me-

dium until a sealed monolayer stopped cell proliferation. Then, astrocytes received 

RPMI1640 5 % CSFBS for 24 h. Prior hypoxia, cells received new RPMI1640 1 % 

CSFBS medium containing E2 or P. After 3 h hypoxia or the corresponding normoxia, 

controls samples were processed accordingly. 
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Table 2: List of rat primers 

AT, annealing temperature; bp, base pair length 

Primer Sequence bp AT 

AIM2 
 

186 62 °C 

s TGCTACGGAGCTGGTGTTTT   

as ACTCCGTCCTGTCTGCAATG   

CycloA  196 65 °C 

s GGCAAATGCTGGACCAAACAC   

as TTAGAGTTGTCCACAGTCGGAGATG   

GAPDH  196 60 °C 

s AACCCATCACCATCTTCCAG   

as GTGGTTCACACCCATCACAA   

IL1b  170 62 °C 

s TGGCAACTGTCCCTGAACTC   

as GTCGAGATGCTGCTGTGAGA   

IL18  152 61 °C 

s GGACTGGCTGTGACCCTATC   

as TGTCCTGGCACACGTTTCTG   

NLRC4  98 60 °C 

s GGCTGAGGCCCACGTATAAA   

as CTCCTCTGGCTCTCTGGACT   

NLRP1b  102 60 °C 

s GGGGCAGCCAAATCAAGTTC   

as TGAGCGGTCATTGCAACTCT   

NLRP3  314 65 °C 

s TCTGTTCATTGGCTGCGGAT   

as GCCTTTTTCGAACTTGCCGT   

Pycard (ASC)  80 64 °C 

s GCTGCAGATGGACCCCATAG   

as ACATTGTGAGCTCCAAGCCA   

TNFα  168 64 °C 

s GGAGGGAGAACAGCAACTCC   

as TCTGCCAGTTCCACATCTCG   
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immunocytochemistry, the supernatant was discarded and cells were fixed with 

3.7 % formaldehyde solution in PBS for 20 min at room temperature. Then, cells 

were washed three times with PBS for 5 min at room temperature and finally placed 

in PBS at 4 °C for later processing.  

2.11. Gene expression 

2.11.1. Total RNA extraction 

Total RNA was extracted from tissue or cell culture samples following the manufac-

tures protocol. Briefly, samples incubated for 5 min at room temperature to achieve 

complete dissociation of nucleotide complexes. Then, samples were transferred on 

ice and 200 µL of chloroform was added to the samples. After samples were ho-

mogenized for 5 to 10 s, they were incubated for 10 min on ice for phase separation. 

Note that after incubation the clear aqueous phase should be the upper face. Oth-

erwise, samples had to be homogenized and incubated again for 10 min on ice. To 

enhance this effect, samples were centrifuged at 4 °C and 12.000 g for 10 min. Next, 

the upper phase was transferred into a new tube and 500 µL of isopropyl alcohol 

was added to each sample followed by homogenizing. To achieve higher RNA pre-

cipitation, samples were stored at -20 °C overnight. Next day, samples were centri-

fuged at 4 °C at 16.000 g for 60 min to pelletize the RNA. The RNA pellet was 

washed twice with 75 % (v/v) ethanol by discarding the supernatant and adding 

fresh ethanol and centrifugation at 4 °C for 12.000 g for 10 min. After that, the su-

pernatant was discarded and the pellet was air dried for 10 to 30 min. Finally, the 

RNA pellet was dissolved in 12 µL RNAase/DNAase-free ultrapure water (UP, 

Gibco, USA) and incubated on a thermal shaker (Eppendorf, Germany) at 55 °C 

and 800 rpm. RNA purity and concentration were measured with a NanoDrop 1000 

device (PeqLab, VWR, Germany). RNA was clarified as pure when the ratio 

260/280 nm was above 1.9 and the ratio 260/230 nm above 2.0. The extracted RNA 

could be stored for longer time at -80 °C.  

2.11.2. cDNA synthesis and PCR  

Complementary DNA (cDNA) was synthesized using the M-MLV reverse transcrip-

tion (RT)-kit. One µg of total RNA was diluted with UP to a final volume of 11 µL and 

incubated in a thermal cycler (Eppendorf, Germany) at 95 °C for 5 min followed by 
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an incubation step on ice for 5 min. Then, 8.1 µL of a master mix (MM) which con-

tained 5x first strand buffer, 100 mM DTT, 10 mM dNTPs (Bioline. Germany), ran-

dom hexanucleotide primers and M-MLV reverse transcriptase (all Invitrogen, Ger-

many) were added per sample. After gentle mixing, the reaction was started in a 

thermal cycler at 37 °C for 50 min followed by an inactivation step at 70 °C for 

Table 3: List of mouse primers  

AT: annealing temperature; bp: base pair length 

Primer Sequence bp AT 

AIM2 
 

229 60 °C 

s CGACGTGGCAGATAGGACAG   

as GGCAGCAGAGCAGTTTTCAG   

HPRT  249 62 °C 

s GCTGGTGAAAAGGACCTCT   

as CACAGGACTAGAACACCTGC   

IL1β  229 61 °C 

s GCCCATCCTCTGTGACTCAT   

as AGGCCACAGGTATTTTGTCG   

IL18  122 62 °C 

s GCCTGTGTTCGAGGATATGACT   

as CCTTCACAGAGAGGGTCACAG   

NLRC4  86 64 °C 

s ATCGTCATCACCGTGTGGAG   

as GCCAGACTCGCCTTCAATCA   

NLRP1b  94 64 °C 

s AGTAATCTGGAGGGGTTGGAC   

as GTTGGCAGCCAGGGTATATCA   

NLRP3  113 65 °C 

s CCTGGGGGACTTTGGAATCAG   

as GATCCTGACAACACGCGGA   

Pycard (ASC)  229 60 °C 

s GTGGGTGGCTTTCCTTGATT   

as TTGTCTTGGCTGGTGGTCTCT   
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15 min. For checking successful cDNA synthesis, a PCR was performed with hypo-

xanthine-guanine phosphoribosyltransferase (HPRT) for in vitro samples or cyclo-

philin (CycloA) for in vivo samples as control genes. Therefore, a master mix was 

prepared containing 9.3 µL UP, 1.25 µL 10x NH4 reaction buffer, 0.38 µL MgCl2 

(50 mM), 0.25 µL dNTPs (10 mM), 0.08 µL Taq-polymerase (all Bioline, Germany) 

and the respective sense and anti-sense primers (0.25 µL each, see Table 2 and 

Table 3). Then, 1 µL of sample was added to the MM (11.5 µL), and the PCR reac-

tion was conducted using a thermal cycler (Eppendorf, Germany) starting at 95 °C 

for 3 min, followed by 40 cycles of DNA amplification (30 s at 95 °C, 30 s at 62 

(HPRT) or 65 °C (CycloA), and 45 s at 72 °C) with final extension at 72 °C for 5 min 

and hold at 4 °C. Primers were designed with Primer-BLAST1. PCR products were 

separated by electrophoresis using 2 % (w/v) agarose gels containing ethidium bro-

mide (Roth, Germany) and running at constant 140 V for 25 min. Every PCR exper-

iment included negative (UP) and positive controls. For visualization of lanes, a UV 

transluminator chamber E-Box VX2 (PeqLab, Germany) was used. When only one 

lane appeared at the appropriate size, it was assumed that no DNA contamination 

was present in the samples.  

2.11.3. MicroRNA/cDNA synthesis 

Complementary DNA of total RNA was synthesized using the Qiagen miScript II RT 

kit following a slightly modified manufacture protocol. Briefly, one µg of total RNA 

was diluted with UP to a final volume of 6 µL. After addition of the MM containing 

2 µL 5x miScript HiSpec Buffer, 1 µL 10x miScript Nucleotide Mix and 1 µL miScript 

Reverse Transcriptase Mix for each sample, the reaction mix was incubated in a 

thermal cycler at 37 °C for 60 min. Then, the RT was inactivated by incubating the 

samples at 95 °C for 5 min. Finally, samples were diluted with UP 1:20 and a check 

PCR with miRNA U6 was performed to check successful transcription of mature 

miRNAs. A MM was prepared according to section 2.11.2 with slight modifications. 

The MM contained 1.5 µL less of UP water and therefore, 0.5 µL of each primer 

(forward and reverse) and 2 µL of sample were added instead of 1 µL. The PCR 

reaction was conducted using a thermal cycler starting at 95 °C for 3 min, followed 

by 40 cycles of DNA amplification (40 s at 95 °C, 30 s at 55, and 30 s at 72 °C) with 

final extension at 72 °C for 1 min and hold at 4 °C. All primers for miRNA-PCR and 

                                            
1 http://www.ncbi.nlm.nih.gov/tools/primer-blast/ 
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miRNA-semi-quantitative real time PCR (miRqrtPCR) were designed using the 

freely available software miRprimer developed by Peter Busk (Busk, 2014). Sepa-

ration and visualization of PCR products was performed as described in section 

2.11.2.  

2.11.4. Semi-quantitative real time PCR 

Gene expression studies were solely performed with tissues corresponding to the 

penumbra or isolated and transcribed cDNA from primary mouse astrocytes or BV-2 

cells. For semi-quantitative real time PCR (qrtPCR) an external standard was gen-

erated by 7 time repeated 2-fold dilution of total sample pooling. Note, that each 

sample was diluted 10-fold to adjust concentration within the range of the external 

standard. Measurement of expression levels of target genes was performed with a 

mixture consisting of 2 μL reversed-transcribed cDNA, 2 μL UP, 5 μL 2x SensiMix 

plus SYBR & Fluorescein (Bioline, Germany), and 0.5 μL primers (10 pmol/μL) us-

ing the MyIQ RT-qrtPCR detection system (Bio-Rad, Germany) in special 96-well 

plates (BIOPlastics, Netherlands) under following conditions: 10 min enzyme acti-

vation at 95 °C, 15 s denaturation at 95 °C, 40 cycles of 30 s at primer-specific an-

Table 4: List of miRNA primers  

AT: annealing temperature; S: species; m: mouse; r: rat 

Primer Sequence S AT 

miR-103-3p 
 

m+r 58 °C 

s GCAGAGCAGCATTGTACAG   

as GGTCCAGTTTTTTTTTTTTTTTCATAG   

miR-107-3p  m+r 56 °C 

s GCAGAGCAGCATTGTACAG   

as GGTCCAGTTTTTTTTTTTTTTTGATAG   

mmu-miR-223-3p  m 57 °C 

s CGCAGTGTCAGTTTGTCA   

as CCAGTTTTTTTTTTTTTTTGGGGTA   

rno-miR-223-3p  r 56 °C 

s GCGTGTATTTGACAAGCTGAG   

as GGTCCAGTTTTTTTTTTTTTTTCAAC   
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nealing temperatures, 30 s amplification at 72 °C, and 5 s fluorescence measure-

ment at 72 °C. The target and the housekeeping genes (see Table 2 and Table 3) 

were measured at cycle threshold (Ct-values) by qrtPCR. Relative quantification 

was calculated by the ΔΔCt-method using the qbase+ software (Biogazelle, Bel-

gium). Data were expressed as relative amount of the target to the housekeepers. 

Up- or down-regulation of genes of interest after stroke were graphical illustrated by 

fold change subjected to sham animals, and hypoxia was illustrated by fold change 

subjected to normoxia, respectively. Note that sham and normoxia were set to 1.  

2.11.5. MicroRNA semi-quantitative real time PCR 

For miRqrtPCR, each sample was diluted 20-fold. Measurement of expression lev-

els of target miRNA genes was performed with a mixture consisting of 2 μL re-

versed-transcribed cDNA, 1 μL UP, 5 μL 2x SensiMix plus SYBR & Fluorescein (Bi-

oline, Germany), and 1 μL primers (10 pmol/μL) using the CFXconnect RT-qrtPCR 

detection system (Bio-Rad, Germany) in special 96-well plates (BIOPlastics, Neth-

erlands). The following conditions were chosen: 10 min enzyme activation at 95 °C, 

15 s denaturation at 95 °C, 40 to 50 cycles of 15 s at primer-specific annealing tem-

peratures, 10 s amplification at 72 °C with fluorescence measurement. The target 

and the housekeeping genes (Table 4) were measured at cycle threshold (Ct-val-

ues) by qrtPCR. Relative quantification was calculated by the ΔΔCt-method using 

the qbase+ software (Biogazelle, Belgium). Data were expressed as relative amount 

of the target to the housekeepers. Graphical illustration was done as described un-

der 2.11.4. 

2.12. Western blotting 

For Western Blot (WB) analysis of in vivo samples, protein concentration was de-

termined using the Pierce BCA protein assay kit (ThermoFisher Scientific, USA) fol-

lowing the manufactures protocol. Briefly, 10 µL of sample or standard were meas-

ured as duplicate by adding of 200 µL BCA solution to the samples and after incu-

bation at 60°C for 10 min in a thermal incubator, the extinction was measured using 

a Tecan infinite M200 microplate reader (Tecan, Switzerland).  

Protein samples were separated by 8 % SDS-PAGE (NLRP1, NLRP3) and 14 % 

SDS-PAGE (ASC, IL1β, Casp1). Samples were diluted with 6-fold Laemmli and 
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RIPA+ buffer to a concentration of 20-50 µg per lane and incubated at 95 °C for 

5 min. Then, samples and a protein ladder (Life Technologies, USA) were loaded 

onto a 4 % stacking gel. Samples were separated initially by constant 80 V for 

10 min followed by 140 V for 50-60 min. Then, samples were transferred on a meth-

anol-activated PVDF membrane (Roche, Germany) either with a semi-dry transblot 

chamber (transfer buffer 1, 25 V const. for 50 min) or a wet/tank blot transfer system 

(transfer buffer 2, 80 V const. for 2 h) (both Bio-Rad, Germany) depending on the 

protein size of the target. After blotting, the blotting efficiency was checked by plac-

ing the membrane in methanol followed by incubation in 0.1 % Ponceau solution for 

30 s. Then, the Ponceau solution was discarded and the membrane was washed 

twice in distilled water followed by washing two times in TBS–Tween 0.01 % (TBST) 

for 5 min until the red staining disappeared. Afterwards, the membrane was placed 

in methanol and dried at room temperature for 1 h. Before blocking with either 5 % 

or 1 % (only Casp1) dry milk for 60 min, the membrane was reactivated by placing 

in it methanol for a short period followed by a washing step in TBST. Finally, the 

primary antibody diluted in the blocking solution placed on the membrane and incu-

bated over night at 4 °C. A list of used antibodies and dilutions is given in Table 5.  

Next day, after washing and incubating with horseradish peroxidase-conjugated 

secondary antibodies for 1 h, labeled proteins were visualized using ECL™ Plus kit 

Table 5: Used antibodies  

WB, Western Blot; IHC, immunohistochemistry; IF, immunofluorescence 

antibody company WB IHC IF 

β-actin Sigma Aldrich, USA 1:5,000   

ASC Santa Cruz, USA 1:1,000 1:500 1:250 

Casp1 Santa Cruz, USA 1:1,000   

GFAP Santa Cruz, USA   1:300 

Iba1 Abcam plc, UK    1:300 

IL1β Abcam plc, UK 1:500   

NeuN Cell Signaling, USA   1:500 

NLRP1b Cell Signaling, USA 1:500   

NLRP3 Bioss, USA 1:1,000 1:750 1:300 
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(Pierce, USA). β-actin served as a loading control marker. For control, spinal cord 

tissue from wild type (wt) and NLRP3-/- mice (strain B6.129S6-Nlrp3tm1Bhk/J, Jackson 

Lab., USA, a kind gift by Prof. Dr. Trautwein, Clinic for Internal Medicine, RWTH 

Aachen, Germany) was used. The WB bands were densitometrically evaluated with 

the program Quantity One (Bio-Rad, Germany). Bands were adjusted with their re-

spective β-actin-bands. Subsequently, the values were referred to control (=1). 

2.13. Immunofluorescence staining 

2.13.1. In vivo tissue staining 

For immunofluorescence double-labeling, formalin-fixed and paraffin-embedded 

sections (5 m) were used. After rehydration through a descending alcohol concen-

tration, slices were heat-unmasked by Tris/EDTA pH 9.0 buffer for 10 min. Then, 

slices were washed three times in PBS for 5 min and blocked in PBS containing 2 % 

FCS and 1 % BSA (IFF buffer) for 1 h followed by primary antibody incubation in 

blocking solution over night at 4 °C. A list of the used antibodies is given in Table 5. 

The following antibodies, anti-GFAP, anti-neuronal nuclear antigen (NeuN) and ion-

ized calcium-binding adapter molecule 1 (Iba1) were either combined with ASC or 

NLRP3. Next day, slices were washed three times with PBS, and the secondary 

antibodies fluorescent anti-rabbit antibody (1:500; Alexa Fluor 488, Invitrogen, Ger-

many) and anti-mouse/anti-goat antibody (1:500; Alexa Fluor 598, Invitrogen, Ger-

many) were applied for 2 h at room temperature. After a washing step, Hoechst 

33342 (Invitrogen, Germany, diluted 1:10,000 in PBS) was used to counterstain the 

nuclei for 10 min. Finally, slices were mounted using ImmuMount (ThermoFisher 

Scientific, USA). Fluorescence images for qualitative expression analysis were ac-

quired with a Leica DMI 6000 B, whereas the co-localization study was performed 

with a Zeiss LSM 7 DUO confocal fluorescence microscope.  

2.13.2. Immunocytochemistry  

After hypoxia, cover slips were washed once with PBS and afterwards the cells were 

fixed with 3.7 % paraformaldehyde (PFA) in PBS for 20 min at room temperature. 

Then, cover slips were washed three times with PBS to remove the PFA. Subse-

quently, cells were permeabilized by an incubation with 0.2 % Triton-X for 15 min at 

room temperature and then washed and blocked in IFF buffer for another 15 min 

followed by primary antibody incubation in blocking solution over night at 4 °C. A list 
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of the used antibodies is given in Table 5. The following antibodies GFAP and Iba1 

were combined with ASC and NLRP3 or Casp1. Next day, the primary antibody 

solution was discarded and the cover slips were washed with PBS followed by sub-

sequent incubation with the secondary antibodies fluorescent anti-rabbit antibody 

(1:500; Alexa Fluor 488) and anti-mouse/anti-goat antibody (1:500; Alexa Fluor 598) 

for 2 h at room temperature. After a washing step, Hoechst 33342 diluted 1:10,000 

in PBS was used for counterstaining the nuclei for 10 min. Finally, cover slips were 

mounted using ImmuMount. Fluorescence images were acquired with a Leica DMI 

6000 B fluorescence microscope. 

2.13.3. FAM-FLICA Casp1 staining 

For determination of Casp1 activation after hypoxia the FAM-FLICA in vitro Casp1 

kit (ImmunoChemistry Technologies, USA) was used. After hypoxia, the superna-

tant was discarded and the FAM-FLICA dye diluted 1:150 in treatment medium 

(RPMI 1640, 1 % CSFCS, 0.5 % PS) was placed for 1 h at 37 °C in the dark. Then, 

the FAM-FLICA reagent was discarded and cells were washed with the washing 

buffer diluted in PBS twice. Immediately after washing, fluorescence images were 

acquired with the Leica DMI 6000 B fluorescence microscope.  

2.14. Data analysis 

Values were analyzed for normal distribution using the Shapiro-Wilk normality test 

putting all values in one group. When the normality test was significant, values were 

BOX-COX-transformed after calculation of the optimal lambda using the trial version 

of NCSS 10 Statistical Software (2015). NCSS, LLC. Kaysville, Utah, USA, 

(ncss.com/software/ncss) and used for statistical analysis according to the Hand-

book of Biological Statistics (McDonald, 2014). Note that no optimal lambda was 

found for NLRP3 expression data collected in astrocyte cells passing the Shapiro-

Wilk normality test. Therefore, these data were analyzed with the non-parametric 

Friedman’s test followed by Tukey’s post-hoc test. Intergroup differences were 

tested by two-tailed unpaired t-test (Casp1 expression in BV-2 cells), ANOVA two-

way or ANOVA one-way followed by Tukey post-hoc test (multiple groups). All sta-

tistical tests were performed using NCSS 10 or GraphPad Prism 5 (GraphPad Soft-

ware Inc., USA). Data are given as arithmetic means ± SEM. The p-values are given 

as p≤0.05, p≤0.01, and p≤0.001. Asterisks indicating sham vs. tMCAO ± treatment 
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or normoxia control vs. hypoxia control/E2/P, letters indicating tMCAO or hypoxia 

control vs. treatment.   
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 Results 

3.1. Progression of the infarct zone after stroke and the effect of 

steroid hormones 

In the first set of experiments, the progression of the infarct zone was determined at 

various time points after stroke using TTC-stained coronal sections. As shown in 

representative images in the upper panel of Figure 6A, the infarct zone was mainly 

 

Figure 6: The effect of tMCAO and E2 or P treatment on the infarct volume in 

male rats 

(A) Shows a series of TTC-stained 2 mm coronal sections at different post-hypoxic 

intervals taken at bregma +0.25 mm. Note the time-dependent spreading of the pale 

infarct zone and the reduced infarct area after E2 or P administration compared to 

untreated animals corresponding to 24 h post-stroke. Black and white circles indicate 

the micro-punched ipsilateral (peri-infarct area) and contralateral cortex areas, re-

spectively, taken for molecular and biochemical analysis. These areas shifted accord-

ing to the reduced infarct area after E2 or P administration. (B) Quantitative determi-

nation of the infarct volume and representative TTC-stained slices. E2 and P substi-

tution significantly reduced the infarct volume mainly in the Cx. *p≤0.05, ***p≤0.001; 

E2 or P-24 h vs. NaCl-24 h. Data represent the means ± SEM. Abbreviations: Cx: 

cerebral cortex; Bg: basal ganglia. Modified from Lammerding et al. (2015) [188]. 
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Figure 7: Time-course of cytokine (a), inflammasome (b, c) component gene and 

miRNA miR-223-3p (d) expression in the peri-infarct zone after tMCAO  

(A) Quantitative qrtPCR revealed that IL1β and TNFα mRNA levels rapidly rose within 

6-12 h after stroke, whereas IL18 mRNA levels increased between 12 and 24 h. 

NLRP3 (B), AIM2 and NLRC4 (C) showed a moderate but continuous rise after stroke. 

ASC (B) rapidly increased between 6 and 12 h and then remained at that level. 

NLRP1b (C) massively rose after 12 h and beyond. (D) Quantitative qrtPCR revealed 

that miR-223 levels were rapidly and steady increased during 12 to 72 h after stroke. 

Data represent the means ± SEM. Modified from Lammerding et al. (2015) [188]. 

extending to the basal ganglia (Bg) and the cortex (Cx). Only minor infarct signs 

were detectable in the Bg and Cx regions after 6 h of reperfusion. It then stepwise 

increased until 72 h post-stroke including large parts of the Bg and Cx, finally cov-

ering almost the whole cortex and resulting in a total infarct volume of approx. 

300 mm³. The application of E2 or P 1 h and 13 h after stroke onset significantly 

reduced the infarct volume by 50 to 60 % compared to the 24 h vehicle as shown in 
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the lower panel. The corresponding quantitative evaluation of infarct progression 

and steroid-dependent tissue protection are presented in Figure 6B. 

3.2. Post-stroke expression of cytokines and inflammasome 

genes and miR-223 in the peri-infarct zone 

In the next step, I examined the ipsilateral expression levels of inflammation related 

cytokines and inflammasome genes as well as miR-223 expression in the peri-in-

farct zone in a time-dependent manner. I aimed at directly comparing expression 

profiles and deriving from these data a better assignment of inflammatory pro-

 

Figure 8: Western Blot analysis of IL1β, ASC, NLRP1 and NLRP3 levels in the 

peri-infarct zone during the first 72 h after stroke 

(A) IL1β temporarily increased at 12 and 24 h. ASC protein levels were low until 24 h 

and thereafter massively increased at 72 h. NLRP1b augmented stepwise, but only 

the 70-kDa sized band was visible, whereas the band at approximately 165 kDa was 

absent at the investigated time points (the extract on the right view shows a compar-

ison between sham and 12 h samples after tMCAO with spinal cord tissue samples 

where the full sized 165 kDa band was detectable). (B) Interestingly, NLRP3 was al-

ready found under sham control conditions in both hemispheres. It completely disap-

peared at 12 and 24 h and then returned to initial values. Tissues from NLRP3-/- and 

wild type (wt) mouse spinal cord were used as a negative and positive control, re-

spectively. Modified from Lammerding et al. (2015) [188]. 
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Figure 9: Regulation of gene expression of IL1β (A), IL18 (B) and TNFα (C) 24 h 

after stroke by gonadal steroids 

All three cytokines were massively increased on the ipsilateral side after tMCAO. E2 

and P significantly repressed the rise of IL18 and TNFα, whereas IL1β was reduced 

by approx. 50 % not reaching a significant level. a: p ≤ 0.05, **: p ≤ 0.01, ***/aaa: p ≤ 

0.001, the asterisks indicate comparison of groups with ipsilateral sham, letters indi-

cate E2 or P vs. tMCAO ipsilateral Data represent the means ± SEM. Modified from 

Lammerding et al. (2015) [188]. 

cesses to cellular and cell type-specific responses and, in case of testing neuropro-

tective factors, to therapeutic strategies. Figure 7A summarizes the time course of 

cytokine expression. I found a massive up-regulation of IL1β and TNFα during the 

first 12 h after stroke onset and persisting level until 72 h. In contrast, IL18 showed 

a delayed and milder up-regulation after 24 h with a peak at 72 h. The expression 

profiles of inflammasome components varied to that of cytokines and showed an 

initial lag followed by a moderate and selective increase between 12 and 24 h (see 

Figure 7B and C). AIM2 showed a fluctuation with a peak at 6 and 72 h and de-

creased levels reaching almost basal level at 12 h (Figure 7C). In contrast, all other 

inflammasome components, such as NLRP3, NLRP1b, NLRC4 and Pycard (ASC),  
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Figure 10: Regulation of gene expression of NLRP3 (A), NLRP1b (B), NLRC4 (C), 

AIM2 (D), Pycard (ASC) (E) and miR-223-3p (F) 24 h after stroke by gonadal ster-

oids  

Besides AIM2 (D), all inflammasomes significantly increased on the ipsilateral side 

after tMCAO. E2 and P significantly abolished the induction of NLRC4 (C) and Pycard 

(ASC) (E), whereas only E2 effectively reduced NLRP1b (B). NLRP3 (A) was appar-

ently reduced after E2 and P but failed to reach a significant level. A massive increase 

of miRNA-223 (F) on the ipsilateral side was measured using the qrtPCR approach. 

This effect was attenuated only by E2, but not P, administration significantly. ns: not 

significant, a: p ≤ 0.05, **/aa: p ≤ 0.01, *** p ≤ 0.001, the asterisks indicate comparison 

of groups with ipsilateral sham, letters indicate E2 or P vs. tMCAO ipsilateral. Data 

represent the means ± SEM. Modified from Lammerding et al. (2015) [188]. 

were up-regulated after 12 h of reperfusion. NLRP1b expression reached highest 

values compared to the others at 24 and 72 h (Figure 7C). The expression of the 

Pycard (ASC) inflammasome adapter fits right in the other inflammasome expres-

sion patterns with a stepwise increase until 72 h. The expression pattern analysis of 

miR-223-3p revealed that this particular miRNA steadily increased during the initial 

72 h post-stroke (Figure 7D). 

3.3. Post-stroke expression of IL1β and inflammasome proteins 

in the peri-infarct zone 

In order to further characterize inflammatory processes within the peri-infarct zone, 

I have examined protein levels of IL1β, ASC and NLRP1b (Figure 8A) or NLRP3  
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Figure 11: Effect of E2 and P treatment on protein expression levels of IL1β (A) 

after 24 h, ASC (B) after 72 h, NLRP1b (C) and NLRP3 (D) both after 24 h in the 

peri-infarct zone of the cortex 

WB lanes represent two representative protein examples per group, whereas all sam-

ples of animals per treatment were used for the quantitative assessment. (A) IL1β 

protein levels were highly elevated after 24 h post tMCAO induction. Both steroid hor-

mones inhibited this effect significantly. (B) tMCAO boosted ASC levels not until 72 h, 

where both hormones impeded these effect. Note, that E2 restored ASC levels almost 

to the sham level, whereas P administration showed lower capabilities to hamper ASC 

levels. (C) NLRP1b protein levels were slightly increased 24 h after tMCAO. NLRP1b 

was further significantly boosted by P administration, as well as E2, but not reaching 

a significant level. (D) The NLRP3 protein uniquely disappeared after tMCAO com-

pared to the other components. E2 inhibited this effect significantly, whereas P ad-

ministration slightly elevated the rare NLRP3 levels (not significant). ns: not signifi-

cant, *: p ≤ 0.05, **/aa: p ≤ 0.01, ***/aaa: p ≤ 0.001, the asterisks indicate comparison 

of groups with ipsilateral sham; letters indicate E2 or P vs. tMCAO ipsilateral. Data 

represent the means ± SEM. Modified from Lammerding et al. (2015) [188]. 
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(Figure 8B) by using a WB approach The IL1β protein was detectable after 12 and 

24 h and disappeared after 72 h. During the first 24 h, ASC levels were similar to 

sham levels and massively increased after 72 h of reperfusion time. The NLRP1 

inflammasome protein was weakly expressed in sham animals. Then it increased 

during the time course with a peak at 24 h. Noteworthy, the inactive form with ap-

prox. 70 to 75 kDa but not the full complex with a size of approx. 165 kDa was de-

tectable. In contrast, by using spinal cord tissue as a reference, we observed that in 

the spinal cord, the full complex consisting of NLRP1 and ASC was detected at 

approx. 165 kDa compared to the inactive form at approx. 70 kDa. With respect to 

NLRP3, high levels of this protein were detected on both, the ipsi- and contralateral 

site. After stroke, NLPR3 protein disappeared during the initial 12 to 24 h and reap-

peared at 72 h after reperfusion (Figure 8B). In order to validate the specificity of the  

 

Figure 12: Western Blot analysis of Casp1 levels in the peri-infarct zone during 

the first 72 h after stroke (A) and 24 h after stroke with hormone treatment (B) 

Representative WB lanes of pro-Casp1 (45 kDa) and the active form P10 of Casp1 

(10 kDa) normalized to β-actin are demonstrated in the upper panels. (A) Protein lev-

els of the active Casp1 form P10 decreased significantly during extended reperfusion 

time of 24 and 72 h post stroke. (B) Reduction of Casp1 P10 levels was hampered by 

E2 and P administration compared to tMCAO levels after 24 h of reperfusion. */a: p ≤ 

0.05, aa: p ≤ 0.01, the asterisk indicates comparison of groups with ipsilateral sham, 

letters indicate E2 or P vs. tMCAO ipsilateral. Data represent the means ± SEM. Mod-

ified from Lammerding et al. (2015) [188]. 
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Figure 13: Immunofluorescence double staining of NLRP3 with NeuN (neurons), 

GFAP (astroglia) and Iba1 (microglia) 

(A) In the upper panel, time-dependent expression of NLRP3 is demonstrated. In con-

trol animals (sham), NLRP3 was strongly expressed in the cerebral cortex and mainly 

co-labeled with NeuN+ neurons (a, d). After tMCAO and 24 h reperfusion, NLRP3 

almost completely disappeared (b, e) and reappeared during the prolonged reperfu-

sion time of 72 h (c, f). In the lower panel, representative confocal images are pre-

sented. (B) At a closer look, only few GFAP+ astrocytes co-labeled with NLRP3 (k, 

m), whereas NLRP3 was not found in Iba1+ microglial cells (l, n). Scale bars represent 

30 μm (a-f and k-l) and 15 μm (g-j and m–n). Modified from Lammerding et al. (2015) 

[188]. 

used antiserum, samples from wild type (wt) and NLRP3-/- knockdown mice were 

used as controls. No immune-reactive band was detectable at the indicated size of 

115 kDa in the knockdown mice compared to the wt littermate. 

3.4. Effect of steroid hormones on gene expression of cytokine 

and inflammasome components and miR-223 expression in 

the peri-infarct zone 

Since the steroid hormones E2 and P were found in previous studies to be neuro-

protective in the tMCAO stroke model, I aimed at investigating the molecular mech-

anisms of protective steroid action. Therefore, I investigated the effect of both hor-

mones on the expression levels of cytokines and inflammasome components genes  
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Figure 14: Immunofluorescence double staining of ASC with Iba1 (microglia), 

GFAP (astroglia) and NeuN (neurons)  

(A) In the upper panel, time dependent expression of ASC is shown. In control animals 

(sham, a, d) and 24 h after tMCAO (b, e), ASC was weakly expressed. Higher ASC 

levels were seen at 72 h after tMCAO (c, f). Thereby, ASC mainly co-labeled with 

Iba1+ microglia. In the lower panel, representative confocal images are presented. 

(B) Beside microglia, ASC occasionally co-labeled with GFAP+ (k) or NeuN+ (l) cells 

(white arrows in m and n). Scale bars represent 30 μm (a–f and k-l), 10 μm (g-j) and 

20 μm (m-n). Modified from Lammerding et al. (2015) [188]. 

as well as miR-223. I have selectively chosen the time point of 24 h after stroke 

onset, since most of the studied genes revealed then a maximum expression level. 

As demonstrated in Figure 9A, IL1β expression was significantly elevated after 

stroke. Both hormones slightly but not significantly inhibited this effect. In the case 

of IL18 and TNFα, which were both induced after stroke, both E2 and P significantly, 

reduced the up-regulation of these cytokines to a similar extent (Figure 9B-C).  

All inflammasome complexes with the exception of AIM2 were significantly elevated 

in the ipsilateral cerebral cortex 24 h after stroke. Whereas the administration of 

both hormones could inhibit the up-regulation of NLRP3, values did not reach sig-

nificant levels (p=0.1 for E2 and p=0.07 for P, Figure 10A). With NLRP1b, only E2 

significantly antagonized the up-regulation of this inflammasome (Figure 10B). In 

contrast, both steroid hormones E2 and P significantly reduced NLRC4 and Pycard  
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Figure 15 Immunofluorescence double staining of NLRP3 with NeuN (neurons, 

panel A) and ASC with Iba1 (microglia, panel B) following steroid hormone treat-

ment 

(A) In sham animals (a, e), NLRP3 was mainly expressed in NeuN+ neurons and 

disappeared in the peri-infarct zone following stroke (b, f). E2 administration partially 

restored NLRP3+ signals in (c, g), whereas P treatment showed no effect (d, h). (B) 

tMCAO boosted ASC expression 72 h after onset of ischemia (k, o) compared to sham 

animals (j, n). This effect was mainly inhibited by E2 administration (l, p). P treatment 

showed almost no impact on ASC protein levels (m, q). Scale bars represent 30 μm. 

Modified from Lammerding et al. (2015) [188]. 

(ASC) expression compared to the vehicle group (Figure 10C and E). I have addi-

tionally studied the influence of stroke and steroid hormone substitution on miR-223 

expression (Figure 10F). Under stroke conditions, miR-223 levels were significantly 

elevated after 24 h post stroke. E2 application reduced miR-223 mRNA levels in a 

statistical significant way, whereas P showed no influence on miR-223 expression.  



Results 

47 

3.5. Effect of steroid hormones on protein levels of IL1β, inflam-

masome components and Casp1  

I used a WB approach to test the impact of E2 and P on the protein level of IL1β, 

inflammasomes and to demonstrate Casp1 in its active form. As shown in Figure 

11A, IL1β protein levels were extremely boosted after tMCAO. This effect was al-

most completely inhibited by E2 and P administration. A similar picture was found 

for ASC (Figure 11B) with a massive up-regulation after tMCAO and a strong and 

significant prevention of this effect by E2 and to a lower extent by P. Both hormone 

effects were significantly different from each other. On the translational level, I could 

only detect the “inactive” form of NLRP1b at approx. 70 kDa as already shown in 

Figure 8A. Here, E2 and P appeared to increase the levels of the small-sized 

NLRP1b further compared to tMCAO, whereas only P administration reached a sig-

nificant level (Figure 11C). NLRP3 was expressed under control conditions at high 

levels and disappeared almost completely after tMCAO (Figure 11D). Hormone ad-

ministration partly restored NLRP3 levels by E2 but not by P. As a marker for active 

inflammasome complexes leading to Casp1 processing, the pro-active (pro-Casp1) 

and active (Casp1 P10) forms were analyzed during prolonged reperfusion time 

(Figure 12A) and after steroid hormone application (Figure 12B). The pro-active 

form was high at beginning, then completely disappeared and slightly returned to 

half-maximal levels. The active 10 kDa form decreased and revealed lowest levels 

Figure 16: Regulation of gene expression of IL1β (A) and IL18 (B) after hypoxia 

in BV-2 cells 

(A) Hypoxic conditions yielded an up-regulation of IL1β in BV-2 cells that was altered 

by both steroid hormones. (B) In contrast, IL18 significantly dropped. No effects of E2 

or P were observed on IL18 levels after hypoxia. *: p ≤ 0.05, aa: p ≤ 0.01, ***/aaa: p 

≤ 0.001, the asterisks indicate comparison of groups with normoxia control, letters 

indicate E2 or P vs. hypoxia control. Data represent the means ± SEM. 
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at 24 h post stroke. Both steroid hormones prevented this decline of Casp1 p10 

levels.  

3.6. Immunofluorescence double-labeling of inflammasomes in 

neural cells in the peri-infarct zone 

In order to attribute the different inflammasome components to cell types within the 

penumbra, I have performed double-immunofluorescence staining with GFAP, Iba1 

and NeuN as astroglial, microglial and neuronal marker, respectively and co-labeled 

with NLRP3 or ASC antibodies. As demonstrated in Figure 13d-f, the NLRP3 protein 

was highly expressed in sham animals under control conditions. Then, NLRP3 dis-

appeared at 24 h after tMCAO and appeared again at 72 h (Figure 13g-j and m-n 

representative confocal images are shown). These findings are in good agreement 

with previous WB data. Co-labeling revealed that mainly neurons also express 

Figure 17: Regulation of gene expression of NLRP3 (A), NLRP1b (B), NLRC4 (C), 

AIM2 (D), Pycard (ASC) (E) and miR-223-3p (F) after hypoxia in BV-2 cells 

Hypoxic conditions regulated all inflammasome components in BV-2 cells revealing 

either an increase (NLRP3, Pycard (ASC)) or decrease (NLRP1b, AIM2, NLRC4). E2 

administration boosted NLRP3 expression. This effect did not reach a significant level. 

Only P selectively reduced AIM2 further. Both steroid hormones dampened ASC ex-

pression. Neither hypoxia nor steroid hormone treatment showed any effect on miR-

223 expression in BV-2 cells. *: p ≤ 0.05, **/aa: p ≤ 0.01, ***/aaa: p ≤ 0.001, the as-

terisks indicate comparison of groups with normoxia control, letters indicate E2 or P 

vs. hypoxia control. Data represent the means ± SEM. 
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NLRP3 (Figure 13a-c), whereas NLRP3 was hardly detectable in Iba1+ microglia 

cells (Figure 13l and n) and only in some cases in GFAP+ astrocytes (Figure 13k 

and m). ASC protein was expressed at low levels in sham animals. After tMCAO, 

ASC was increased at 24 h and further after 72 h (Figure 14d-f and g-j). These 

findings coincide well with WB data. Whereas only few Iba1+ microglial cells were 

double-labeled with ASC in sham animals and 24 h post stroke, most Iba1+ micro-

glia co-expressed ASC (Figure 14a-c). Further, ASC was sporadically co-expressed 

in neurons (Figure 14n) and astroglia (Figure 14m). We have also analyzed the ef-

fect of E2 and P on co-localization of NLRP3 and ASC in neurons and microglia, 

Figure 18: Immunofluorescence double staining of NLRP3 with Iba1 in BV-2 cells 

In BV-2 cells, brighter fluorescence signals were measured after hypoxia (b, f) com-

pared to normoxia conditions (a, e). Both, E2 (c, g) and P (d, h), attenuated this effect. 

The lower panel shows the quantification of the mean fluorescence values with regard 

to Iba1+ cells. */a: p ≤ 0.05, the asterisk indicates comparison of groups with normoxia 

control, letters indicate E2 or P vs. hypoxia control. Scale bars represent 30 μm (A–

H). Data represent the means ± SEM. 
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since these cell types were shown to be the main sources of the respective inflam-

masome components in the used animal model. These data are summarized in Fig-

ure 15. As shown in panels a-h, E2 but not P restored NLRP3 expression in neurons 

which was absent after tMCAO. Further, increased ASC levels occurring after 

tMCAO were diminished by E2 administration, whereas P showed only minor effects 

on ASC levels (Figure 15j-q).   

3.7. Cytokine and inflammasome component gene- and miR-223-

expression in the microglia cell line BV-2 after hypoxia 

To investigate the impact of hypoxia on inflammasome components, an in vitro hy-

poxia approach was used. For hypoxia experiments, I used the murine microglia-

like cell line BV-2 which has been previously shown to share many functional and 

Figure 19: Immunofluorescence double staining of ASC with Iba1 in BV-2 cells 

ASC protein levels were selectively increased after hypoxia (b, f) compared to 

normoxia controls (a, e) but did not reach significant levels (lower panel). Steroid hor-

mone application showed no effect on ASC levels (c, g and d, h). Scale bars represent 

30 μm (A–H). Data represent the means ± SEM. 
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morphological similarities to primary murine microglia cells [126,185,187]. The ex-

perimental procedure for in vitro experiments is summarized in Figure 5B. In the first 

step, the expression profiles of the cytokines IL1β (Figure 16A) and IL18 (Figure 

16B) with and without hormone supplementation were determined. Hypoxia for 3 h 

caused a massive up-regulation of IL1β. This effect was significantly dampened by 

both steroid hormones. In contrast, hypoxia evoked a significant down-regulation of 

IL18 and no effect of E2 or P was observed.  

Hypoxia affected all measured inflammasome component genes which were either 

significantly up-regulated (NLRP3, Pycard/ASC) or down-regulated (AIM2, NLRP1b 

and NLRC4, see Figure 17A-E). Interestingly, E2 supplementation further boosted 

NLRP3 expression, whereas P showed no effect on NLRP3 expression. In addition, 

both steroid hormones significantly reduced the level of Pycard (ASC) or selectively 

Figure 20: Casp1 expression and activity after hypoxia in BV-2 cells 

In panel (A), Casp1 expression is shown. Similar levels were found under normoxia 

(C, E) and hypoxia (D, F). The right panel gives the quantitative results. In panel (B), 

Casp1-activity is demonstrated by green fluorescence. Under normoxia, few cells are 

positive, whereas positive labeled numbers were increased after hypoxia. No clear 

effect of hormonal treatment was observed. Scale bars represent 30 µm (a-d) or 

60 µm (e-m). *: p ≤ 0.05, the asterisk indicates comparison of groups with normoxia 

control. Data represent the means ± SEM. N: cell number. 
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for P further decreased AIM2 levels following hypoxia. On the other hand, E2 and P 

administration showed no effect on reduced mRNA levels of NLRP1b and NLRC4 

following hypoxia.  

By investigating miR-223 expression in BV-2 cells, we found that the hypoxic stim-

ulus caused no obvious changes in miRNA levels. Treatment with both steroid hor-

mones did not change these levels (Figure 17F).  

3.8. Immunofluorescence double-labeling of NLRP3 and ASC in 

BV-2 cells after hypoxia 

In a next step, I have examined the expression pattern of NLRP3 and ASC and their 

co-expression with Iba1 after 3 h hypoxia using immunofluorescence double-label-

ing (Figure 18 and Figure 19). As demonstrated in Figure 18a-h, NLRP3 expression 

was moderate under normoxia conditions and increased after hypoxia. E2 and P 

treatment diminished the up-regulation resulting in weaker fluorescence signals. De-

termination of the mean fluorescence intensity revealed a significant increase of 

NLRP3 levels and a reduction by both steroid hormones back to basic levels. 

In contrast, ASC protein levels were slightly increased after hypoxia indicated by a 

higher fluorescence signal as demonstrated in panels a-h of Figure 19. The fluores-

cence signal appeared weaker as compared to hypoxia after steroid hormone sup-

plementation.  

Figure 21: Regulation of gene expression of IL1β (A) and IL18 (B) after hypoxia 

in astroglia cells 

(A) Hypoxic conditions led to an up-regulation of IL1β expression in astroglia cells. 

This effect was not inhibited by steroid hormone application. (B) IL18 expression was 

not affected by hypoxia or by the treatment with E2 or P. *: p ≤ 0.05, the asterisk 

indicates comparison of groups with normoxia control. Data represent the means ± 

SEM. 
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3.9. Casp1 activation after hypoxia and effect of steroid hormone 

supplementation in BV-2 cells 

The final step in the intracellular inflammasome cascade is the activation of Casp1 

and, in consequence, the synthesis and release of mainly IL1β. Therefore, I have 

investigated the protein expression of active Casp1 in BV-2 cells under hypoxia and 

after hormone supplementation. As demonstrated in Figure 20A, hypoxic conditions 

showed per se no clear effect on Casp1 protein levels. On the other hand, hypoxia 

led to significant more green-labeled cells compared to normoxia conditions indicat-

ing higher Casp1 activity (Figure 20B). None of these effects was altered by E2 or 

P administration.  

Figure 22: Regulation of gene expression of NLRP3 (A), NLRP1b (B), NLRC4 

(C), AIM2 (D), Pycard (ASC) (E) and miR-223-3p after hypoxia in astrocytes 

Except of NLRP1b and NLRC4, the other inflammasome components genes, namely 

NLRP3, AIM2 and Pycard (ASC), were boosted after hypoxia. E2 or P administration 

selectively dampened these effect significantly for Pycard (ASC) (+E2, E), both E2 

and P for AIM2 (D) or not reaching a significant level for NLRP3 (A). Further, no effect 

was detected on NLRP1b (B) or NLRC4 (C) expression. Neither hypoxia nor steroid 

hormone treatment showed any effect on miR-223 expression in astrocytes. */a: 

p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001, the asterisks indicate comparison of groups with 

normoxia control, letters indicate E2 or P vs. hypoxia control. Data represent the 

means ± SEM. 
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3.10. Expression of cytokine and inflammasome component genes 

and miR-223 in murine primary astrocytes 

Besides brain-intrinsic microglia, local astrocytes in the hypoxia-damaged brain re-

gion are important regulators of tissue degradation and neuronal death. Therefore, 

I have further analyzed the capacity of astrocytes either to synthesize cytokines and 

inflammasome components as well as miR-223 and the efficacy of steroid hormones 

to regulate these inflammatory processes. First, I have addressed the expression of 

Figure 23: Immunofluorescence double staining of NLRP3 with GFAP in astro-

cyte after hypoxia 

After hypoxia, higher numbers of NLRP3 (green) fluorescence labeled signals were 

found in GFAP+ astrocytes (b, f) as compared to normoxia controls (a, e). After E2 (c, 

g) or P (d, h) administration, lower signals were found. These effects did not reach a 

significant level. **: p ≤ 0.05, the asterisks indicate comparison of groups with 

normoxia control. Scale bars represent 30 μm (a–h). Data represent the means ± 

SEM. 
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the cytokines IL1β and IL18 after a hypoxia. IL1β was significantly up-regulated 

(Figure 21A), and E2 and P supplementation showed no effect on IL1β expression. 

There was no detectable impact of hypoxia and hormone application on IL18 gene 

expression (Figure 21B).  

With the exception of NLRP1b and NLRC4, hypoxia induced a significant up-regu-

lation of NLRP3, AIM2 and Pycard (ASC) (Figure 22A-E). Whereas E2 or P selec-

tively dampened the effect on Pycard (ASC, +E2) expression followed hypoxia, both 

hormones significantly reduced expression levels of AIM2. NLRP3 expression was 

slightly attenuated but did not reach a significant level. With regard to miR-223 lev-

els, hypoxic conditions did not show any impact on the expression pattern. Steroid 

hormones did not show any effects, too (Figure 22F). 

Figure 24: Immunofluorescence double staining of ASC with GFAP in astrocytes 

after hypoxia 

After hypoxic conditions, more ASC (green) fluorescence signals were found in 

GFAP+ astrocytes (b, f) as compared with normoxia controls (a, e). After E2 (c, g) or 

P (d, h) administration, lower signals were found. These effects did not reach a signif-

icant level. **: p ≤ 0.05, the asterisks indicate comparison of groups with normoxia 

control. Scale bars represent 30 μm (A–H). Data represent the means ± SEM. 
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3.11. Immunofluorescence double-labeling of NLRP3 and ASC in 

astrocytes after hypoxia 

Further, I have evaluated the immunofluorescence labeling index of NLRP3 (Fig-

ure 23) and ASC (Figure 24) in astroglia after hypoxia and the effect of steroid hor-

mone supplementation. As shown in the Figure 23a-h, NLRP3 expression was low 

under normoxia and increased after hypoxia. E2 and P treatment diminished the up-

regulation resulting in weaker fluorescence signals. Determination of the mean flu-

orescence revealed a significant increase of NLRP3 levels and a slight but not sta-

tistically significant reduction achieved by both steroid hormones. 

ASC data showed a similar trend with increased fluorescence signals after hypoxia 

and a reduction after steroid hormone supplementation (Figure 24a-h).  

3.12. Casp1 activation after hypoxia and regulation by steroid hor-

mones in astrocytes  

Finally, I have examined the influence of hypoxia and steroid hormone supplemen-

tation on Casp1 expression and activity in astrocytes (Figure 25). As demonstrated 

in Figure 25a-h, Casp1 fluorescence signals increased after hypoxia in GFAP+ as-

trocytes. Neither E2 nor P administration dampened the fluorescence intensity. 

These findings were confirmed by mean value determination of the fluorescence 

signal. Measurement of Casp1 activity in astrocytes (Figure 25B) revealed that un-

der hypoxic conditions a comparable number of cells were Casp1+ in comparison 

with normoxia conditions. Only P was able to decrease Casp1 activity (Figure 25B). 
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Figure 25: Casp1 expression and activity after hypoxia in astrocytes 

 (A) Expression of Casp1 was measured by fluorescence double-staining of green-

labeled Casp1 with red-labeled GFAP. Stimulated by hypoxic conditions, selectively 

more Casp1 signals were found in GFAP+ astrocytes (b, f) as compared with 

normoxia controls (a, e). However, this effect was not significant. E2 (c, g) or P (d, h) 

administration did not affect Casp1 levels after hypoxia. (B) Measurement of Casp1 

activity. Note that P treatment reduced Casp1 activity. Counting of Casp1+ cells re-

vealed high numbers under normoxia, whereas hypoxia caused a decrease. Selec-

tive P administration diminished Casp1+ cell numbers. Scale bars represent 30 µm 

(a-h) or 100 µm (j-s). *: p ≤ 0.05, the asterisks indicate comparison of groups with 

normoxia. Data represent the means ± SEM. 
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 Discussion 

4.1. General 

Transient MCAO in rats is a valid an well-accepted experimental model for studying 

ischemia-related neuropathological processes including neuronal death, cerebral in-

flammation, and BBB damage in the affected brain area [189]. In a first setting, I 

attempted to reassure whether this animal and stroke model is also suited for inves-

tigating inflammasomes. I slightly modified our tMCAO model by replacing the prior 

used tip of a human heart catheter by silicone rubber-coated monofilaments. This 

intraluminal suture method is characterized by its high reproducibility when an ap-

propriate suture size according to the animal weight is selected [190,191]. In this 

study, I used a size of 0.41 mm diameter, which resulted in a low animal number, 

which had to be excluded throughout this study. I used Wistar rats to be able to 

compare previous data with the present and because this strain shows a very low 

variability of infarct sizes [192]. Three animals of totally 54 rats had to be excluded 

from the study because the animals did not survive the next 72 h after stroke onset. 

All other animals developed typical ischemic brain pathologies including ipsilateral 

hemisphere tissue death and related neurobehavioral deficits. Neuroprotective ef-

fects of E2 and P in the experimental stroke models such as tMCAO are well-docu-

mented by several other studies [117,118,148,150,193]. Neuroprotection is dose- 

and time dependent [194]. An early application and appropriate concentrations 

(25 mg/kg for E2 and 10 mg/kg for P) are needed to dampen stroke pathophysio-

logical and other side effects like increased survival rates after tMCAO 

[117,194,195].  

Irrespective of the particular brain disorder, i.e. ischemia, acute brain trauma, neu-

rodegeneration, there are common mechanisms discussed by which gonadal ster-

oids might execute their neuroprotective role. Brain-derived neurotrophic factor 

(BDNF) is involved in neuronal survival, synaptic plasticity, learning and memory, 

and neuroplasticity. Exogenous application of BDNF promoted improvement of mo-

tor skills in a rat stroke model [196]. An important mechanism by which E2 and P 

affect neuronal survival in the CNS is the increase of endogenous BDNF protein 

levels [197]. Excitotoxicity is another mechanism mediating neuronal cell loss 

through an excess of extracellular glutamate after an ischemic insult. The damaging 
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effects result in the activation of downstream intracellular signaling pathways includ-

ing the influx of calcium ions into neuronal cells, which finally orchestrate pro-apop-

totic cascades [198]. One possibility of E2 action to attenuate glutamate-induced 

neurotoxicity might be to increase glutamate transporters activity/expression in as-

trocytes [183,199,200]. In contrast, the neuroprotective potential of P and its metab-

olites could be related to a direct blocking of calcium entry through voltage-gated 

calcium channels into neurons [201]. The apoptotic activity in cells finally can be 

suppressed by E2 through activation of the transcription factor signal transducer and 

activator of transcription 3 (STAT3) and inhibition of Akt phosphorylation by P 

[202,203]. Another decisive pathological process after stroke is mitochondrial im-

pairment which results in ROS release [204]. It has been shown that E2 and P di-

rectly improve mitochondrial function and diminish ROS release in neurons, acti-

vated primary rat microglia, microglia cell lines and astrocytes [166,186,205–207]. 

Mitochondria-released ROS represents an important trigger for the expression of a 

number of pro-inflammatory genes such as NF-κB, Hif1, TNFα or IL1β [21,22]. TNFα 

and IL1β are pro-inflammatory cytokines that contribute to stroke pathology. A par-

ticular anti-inflammatory action of both steroids has also been shown in vivo and in 

vitro and could be confirmed as part of this work [117,152,182,205,208]. Generally, 

the reduction of inflammatory processes is mainly responsible for dampening the 

devastating non-physiological post-stroke scenario and finally protects cells.  

4.2. Inflammasome components and miR-223 in vivo after tMCAO 

and steroid hormone treatment 

4.2.1. Impact of steroid hormones on cytokines after tMCAO 

After stroke, the expression pattern of cytokines, inflammasome components and 

miR-223 reveal a robust time-dependent profile. Cytokines showed a fast reaction 

with highest levels appearing at 12 to 24 h post ischemia, and inflammasomes 

showed a peak expression at 72 h. The application of E2 or P ameliorate the ex-

pression of stroke-induced IL18 and TNFα. IL1β expression was also reduced by 

E2 (~70 %) and P (~77 %) but did not reach a significant level, whereas IL1β protein 

was ameliorated completely by both steroid hormones. Both steroids also regulated 

NRLC4, ASC at the mRNA level, and E2 selectively NLRP1b and miR-223. Casp1 

was regulated by both steroids and other components were selectively modified by 

E2 (ASC and NLRP3) or P (NLRP1).  
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Exemplarily, WB analysis partially confirmed the qrtPCR data. Due to the limitations 

of antibody specificity, only the mature IL1ß protein could be confidently evaluated. 

Since the pro-forms of IL1β and IL18 are cleaved by the same enzyme [209], there-

fore a similar maturation process for IL18 might be expected. IL1β maturation shows 

the same processing mechanism as described for NLRP3 activation. The regulatory 

scenario of inflammasome activation requires a first stimulus which primes the sys-

tem and induces mRNA expression of distinct target genes (i.e. pro-IL1β) and the 

maturation of the translated pro-IL1β into its mature form. Afterwards, this cytokine 

is secreted by the cell to act as a signal for neighboring cells [210]. During the mat-

uration of IL1β and IL18, additional factors are necessary which carry the CARD 

domain, the specific interaction side with caspases [40]. It is unclear whether IL-18 

plays an important role for neuropathological changes in the early phase of stroke. 

IL-18-silencing in mice had no effect on the infarct volume and improvement of neu-

rological scoring after tMCAO [211,212]. On the other hand, Hedtjarn et al. and col-

leagues demonstrated in postnatal rats at P7 and mice at P9 using a gas supply 

hypoxia system with reduced oxygen concentrations that the infarct size and the 

behavioral scoring were significantly lower in IL-18 knockout animals compared to 

wt littermates [213]. The contribution of IL18 to ischemic pathology in the immature 

brain was allocated to microglia cells. Hypothermia decreased IL18 expression and 

suppressed microglia activation [214]. At later stages in life, IL18 might lose its sig-

nificance in the acute phase of stroke and might gain other functions such as its 

participation in the prediction of the development of post-stroke depression [215]. 

4.2.2. Regulation of NLRP1 by steroid hormones after tMCAO 

NLRP1b is an inflammasome member with a CARD domain and, in contrast to other 

inflammasomes, interacts directly with caspases without the adaptor ASC [70]. The 

protein size of NLRP1 is considered as approx. 165 kDa with five known isoforms 

which lack several amino acids in the LRR domain and result in smaller sized 

NLRP1 isoforms of approx. 150 kDa [216]. I was only able to detect the 70 kDa 

isoform in the cerebral cortex penumbra. This small form of NLRP1 completely lacks 

the LRR domain and has already been described in the thymus and Jurkat T cell 

line [217,218]. Since the short NLRP1b isoform is also detectable in sham animals, 

I assume that under non pathological conditions low numbers of T cells could be 

present. This is supported by a recent work, where regulatory T cells were found in 

healthy rat brains and participating in the suppression of inflammation [219]. In 
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stroke pathogenesis, leukocytes pass through the disturbed BBB and infiltrate the 

brain parenchyma. Beside neutrophils, T cells enter the CNS with inflammatory and 

protective roles in the acute phase [220]. This might be an explanation of increased 

70 kDa-NLRP1b protein in the penumbra after ischemia. As the amount of this small 

isoform of NLRP1b was further increased after E2 (not significant) and P, it might 

represent an additional aspect how these steroid hormones could support hampered 

tissue by recruiting a supportive T cell subpopulation. T cell recruitment seems to 

be a fast responses after ischemia, where different immune cell populations are 

seen 3 to 24 h after stroke onset [220]. Information relating to the impact of E2 

and/or P impact on T cell recruitment is sparse. The action of NLRP1b on the mi-

gration/function of different T cell subpopulations might give new insights into stroke 

pathology and steroid hormone-dependent neuroprotective abilities. Another possi-

ble theory is a switching of NLRP1b between an active or inactive form. The 70 kDa 

isoform may be considered as an inactive form. Through conformational changes, 

it might be transformed into the active form. This concept however seems less likely, 

since after tMCAO two bands of NLRP1b should be detectable or at least a shift 

from the 70 kDa to the approx. 165 kDa lane should occur. The presence of in-

creased levels of this small isoform after E2 and P application could support this 

theory. The possibility of a complex consisting of NLRP1 and ASC at approx. 

165 kDa is also doubtful. Non-covalent protein interactions are split by the denatur-

ing conditions of the WB approach and there is no evidence so far about ASC fusion 

with NLRP1. This is emphasized by the detection of only one ASC lane at approx. 

24 kDa. In general, the suppression of NLRP1b appears to be beneficial in stroke 

and other models [60,71,221]. Thus, the anti-inflammatory action of E2 and P might 

be linked with pathways involving NLRP1b signaling.  

4.2.3. Impact of steroid hormones on NLRC4 and AIM2 after tMCAO 

Casp1 can directly interact with inflammasome components containing a CARD do-

main and omit the ASC adaptor, so that other inflammasome components increas-

ingly move to the fore [40]. The same research group also found smaller infarct sizes 

and an improved neurological score in NLRC4-/-- and AIM2-/--knockout mice but not 

in NLRP3-/- animals [70]. In contrast to AIM2, NLRC4 can interact with Casp1 with 

or without needing to interfere with the ASC adaptor, both leading to cell death [40]. 

They proposed a contribution of NLRC4 and AIM2 independently of NLRP3 in stroke 
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pathology. NLRC4 expression was boosted after tMCAO, which indicates the in-

volvement of NLRC4 in this model. Both hormones attenuated the mRNA expres-

sion of NLRC4 in vivo. However, due to the fact, that appropriate antisera for NLRC4 

were not available at the time, I performed these experiments, I cannot provide in-

formation about the respective protein values. The analysis of newly synthetized 

NLRC4 or AIM2 protein after ischemia could help us to draw a more precise picture 

of NLRC4 and AIM2 contention in stroke pathology.  

4.2.4. Impact of steroid hormones on NLRP3 and miR223 after tMCAO 

Interestingly, NLRP3 protein was already present at high amounts in both the ipsi- 

and contralateral hemispheres in sham animals and almost disappeared during the 

early phase after stroke although gene expression was still elevated and only re-

turned to basal levels at 72 h. E2 but not P administration inhibited the drop in protein 

levels after tMCAO. These data are somehow contradict to other findings, where 

Fann et al. attributed NLRP3 a predominant role in stroke-induced cell death [60]. 

The FDA approved immunoglobulins (IVIg), through suppressing NLRP3 activity, 

rescued cortical neurons from cell death in a murine tMCAO model [60]. However, 

other reports show that tMCAO-related effects in NLRP3-/- knockout mice were not 

different from wt controls [70]. Since NLRP3 was predominantly expressed by neu-

rons, we speculate that neurons are equipped with NLRP3 for fast reactions in re-

sponse to vulnerable conditions. The influence of E2 by restoring the drop of NLRP3 

after tMCAO is correlated positively with an up-regulation of miR-223 under steroid 

hormone therapy. MiR-223 is evidently a strong suppressor of NLRP3 [102,222]. In 

human and mice studies, circulating miR-223 in the blood and brain were elevated 

in human stroke patients and tMCAO mice [223]. In these studies, elevated miR-223 

correlated with smaller infarct sizes and lower NIHSS scores (lower scores mean 

smaller infarcts). The neuroprotective potency of miR-223 is further highlighted by 

increasing the infarct volume in miR-223 knockout mice and decreasing after the 

application of a miR-223 mimic [103]. In my study, I observed that 24 h post reper-

fusion, levels of NLRP3 and miR-223 mRNAs were increased but NLRP3 protein 

was absent. Therefore, miR-223 might inhibit the translation of NLRP3 leading to a 

stepwise reduction of NLRP3 protein which results in a complete absence at 24 h 

post tMCAO. After prolonged survival, miR-223 expression might further increase, 

whereas NLRP3 protein returned to sham levels. NLRP3 is not the only target of 

miR-223. Recently, Turner et al. demonstrated additional targets of miR-223, such 
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as the glutamate receptor subunits GluR2 and NR2B [103]. They showed that pro-

tein levels of both subunits were elevated after a bilateral common carotid artery 

occlusion in miR-223 knockout mice. This implicates that miR-223 affects different 

target genes in a randomly manner or in a still unknown process only selectively. 

Therefore, a yet unknown regulatory mechanism could sense protein levels of the 

specifically regulated miRNA target genes to guide the miRNA to its specific targets. 

This seems quite unusual and would need many sensors. So far, no further infor-

mation regarding such regulatory mechanism is available. A novel miRNA, 

miR-BART15 derived from Epstein-Barr Virus, was recently shown to target the 

same 3’-UTR side as miR-223 does [224]. Even when this specific miRNA not nat-

urally occurs in mammalians, it shows that other miRNAs might also regulate 

NLRP3. Supplementary, using an in situ hybridization approach could help us to 

verify the dominant neural cell types which express miR-223 after tMCAO. Overall, 

I have to note that miR-223 expression and NLRP3 protein levels were opposed. 

This underlines our hypothesis about E2-mediated action through miR-223 on 

NLRP3. I would expect higher NLRP3 protein and lower or unchanged miR-223 

expression post tMCAO and vice versa lower NLRP3 and induced miR-223 expres-

sion following E2 administration. Nevertheless, my data indicate that NLRP3 is reg-

ulated by E2 through miR-223 in neurons.  

4.2.5. Impact of steroid hormones on ASC after tMCAO 

It is thought that under normal conditions, the CNS is fully supplied with all inflam-

masome components to assure that inflammasomes can easily assemble and 

cleave the pro-forms of IL1β and IL18 under pathological conditions. The transcrip-

tion of the Pycard gene and translation into ASC adaptor protein appears to be de-

layed in our experimental model. Highest protein amounts were found at 72 h post 

stroke and Pycard expression peaked at 12 h and at 72 h. This delay might be due 

to a regulatory mechanism, such as miRNA regulation/inhibition. Taking the effects 

of steroid hormone treatment in consideration, different pathways might be involved 

in ASC up-regulation. P dampened ASC at mRNA but not protein level. A prolonged 

pathophysiological condition might overcome initial P action at later reperfusion 

stage in comparison to E2. Beyond this, a possible switch in ASC expression in 

different neural cells could be a reason. It is imaginable that P attenuates mRNA 

levels in cell type A, whereas expression of the ASC gene is elevated in cell type B, 

which is not influenced by P. As an argument against such an idea, PR are widely 
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expressed in the CNS with no restriction to specific cell types [145,146]. A research 

group recently assigned ASC a dominant role during tMCAO. They indicated that 

ASC-/--knockout mice show a significant reduction in infarct volume and a better 

neurological outcome after ischemia [70]. It is however questionable whether a com-

plete missing of ASC in the CNS is generally neuroprotective or reduced cytokine 

secretion from glial cells is the impetus to neuroprotection due to inhibited inflam-

masome assembly. My data indicate that at least E2 potentially execute neuropro-

tection by dampening ASC.  

4.2.6. Impact of steroid hormones on Casp1 after tMCAO 

A surprising finding in my study was the diminution of the cleaved 10 kDa active 

Casp1 form. E2 and P diminished the decrease after tMCAO. Casp1 is cleaved from 

its pro-form into 10 and 20 kDa subunits. Active Casp1 includes two heterodimers 

and interacts with its CARD domain to form the inflammasome [209]. Increased IL1β 

levels lead to the assumption of higher amounts of the active Casp1 subunit, which 

is assembled by other components resulting in inflammasome activation. This pro-

cess did not occur in our model. The amount of Casp1 P10 decreased at 24 h and 

72 h post ischemia in comparison to sham animals. In contrast, the pro-form almost 

completely disappeared at 12 h and returned to the initial values at 24 h and 72 h 

post tMCAO. Since this issue can be explained by a rapid cleavage of the pro-Casp1 

into the active subunits followed by expression and translation of new pro-Casp1, 

the withdrawal of P10 leaves room for speculations. I would expect an increase of 

the active P10 isoform following cerebral ischemia as demonstrated in in vitro OGD 

and in vivo tMCAO experiments [60]. However, reduced P10 levels correlate with 

decreased NLRP3 following tMCAO and selectively increased post E2 or P admin-

istration. I assume that Casp1 P10 mainly restricts to neurons. To support this, IL1β 

maturation can take place in the cytosol or in lysosomal exocytotic vesicles. A part 

of Casp1 is released and due to its short half-life finally degraded [225,226]. It was 

demonstrated that apoptosis occurs after an ischemic insult predominantly in the 

hypoxic penumbra, whereas the ischemic core is characterized by necrotic cell 

death due to complete lack of oxygen and nutrients [227]. It is generally accepted 

that endogenous Casp1 is not involved in apoptosis [228,229] but rather inducing 

pyroptotic cell death [228]. Therefore, lower Casp1 protein levels could be the result 

of reduced cell numbers in the penumbra due to apoptotic cells and Casp1 con-
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sumption after IL1β maturation. On the other hand, the peri-infarct zone is charac-

terized by microgliosis, which might be the main source of IL1β release [117]. A 

more detailed investigation of Casp1 expression and allocation to intrinsic brain cell 

types might contribute to a better understanding of Casp1 regulation and activity in 

the peri-infarct zone. Another model to explain the ambiguity of Casp1 function 

might evolve from the fact that Casp1 has a low substrate specificity at high con-

centrations which was changed by lowering Casp1 concentrations [225]. This is 

supported by other studies which show the dependency of the transcription factors 

sterol regulatory element binding proteins (SREBPs) of active Casp1 and the in-

volvement in N-methyl-D-aspartate receptor (NMDAR)-mediated excitotoxic neu-

ronal death in in vivo and in vitro models of hypoxia [229–232]. This attributes Casp1 

a role in the control of neuronal survival. On the contrary, IL1β maturation might be 

Casp1 independent as IL1β levels raise in parallel by an elevation of gelatinolytic 

activity in a rat tMCAO model [233]. Since in stroke manifold stimuli are present in 

the extra as well as in the stressed intracellular compartment, it seems plausible that 

more signaling pathways contribute to IL1ß processing and activation. At the end, I 

suggest that predominant amounts of NLRP3, miR-223 and Casp1 are allocated to 

neurons and these are involved in neuronal loss. How astrocytes and BV-2 cells 

react to in vitro hypoxia and how these components are involved will be discussed 

in the next section. 

4.3. Inflammasome components and miR-223 in astrocytes and 

BV-2 cells after in vitro hypoxia and steroid hormone treatment 

Next, the impact of ex vivo-hypoxia on glial cells with or without steroid hormone 

supplementation will be discussed. Neuronal cell death in stroke is mainly im-

pressed by oxidative stress (ROS) and excitotoxicity [234], principally when cerebral 

blood flow is temporarily occluded [37]. Further, inflammation triggered by activated 

microglia cells strongly contributes to the aggravation of hypoxic cell death [235]. To 

generate hypoxic conditions, a self-constructed cube-shaped hypoxia chamber was 

flooded with nitrogen gas to mimic hypoxic conditions in vitro comparable to the in 

vivo situation. Our hypoxia model mimics hypoxic conditions for a short period, so 

that cell death is limited but cellular processes mediated by hypoxic factors are trig-

gered [185–187]. I used primary murine astrocytes and a murine microglia-like cell 
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line BV-2, due to the limited amount of primary microglia cells. In response to hy-

poxia, BV-2 cells show similar morphological changes and expression profiles when 

comparted to primary microglia cells [126]. 

4.3.1. Impact of steroid hormones on cytokine expression in glial cells after 

hypoxia 

Hypoxia induced a similar cytokine expression profile in both BV-2 cells and astro-

cytes. IL1β was elevated, whereas IL18 dropped (BV-2) or remained unmodified 

(astrocytes). E2 and P substitution altered only IL1β in BV-2 cells. E2 and P supple-

mentation failed to inhibit hypoxia-induced IL1β secretion in BV-2 cells similar to 

previously reported data [185].  

Since IL18 and IL1β have similar schematic profiles of inflammasome activation, the 

discrepancy between both cytokine expressions are an unexpected finding. 

Hanamsager et al. and colleagues presented similar data and independent behav-

ioral reactions of IL1β from IL18 [47]. Depletion of NLRP3 and ASC attenuated IL1β 

secretion, whereas IL18 secretion was not affected. They discussed the existence 

of NLRP3 independent pathways contributing to IL18 processing and secretion. 

Other inflammasomes could also take part in IL18 processing. A possible candidate 

is NLRC4. But besides NLRC4, further stimuli are required for IL18 processing. As 

shown for IL1β secretion, different pathways play a role in monocytes and macro-

phages [236]. Casp1 is constitutively active in monocytes and a single stimulation 

with a TLR ligand leads to the release of the active IL1β form. In contrast, macro-

phages need two signals for IL1β secretion: (i), TLR-ligands induce IL1β transcrip-

tion; (ii) a separate signal that provokes inflammasome activation. Similar distinctive 

pathways for IL18 processing are imaginable. My data indicate no clear-cut role for 

IL18 in our acute model. This supports the idea of the participation of IL18 at a later 

stage after stroke, thereby contributing to the development of depression.  

Taking together, it can be safely concluded that microglial cells are a considerable 

source of IL1ß as an acute response to brain injury [185,187]. Using BV-2 cells, we 

have shown that this cell line closely resembles the in vivo microglia phenotype in 

many functional and pathophysiological responses. These cells secrete a large por-

tion of cytokines into the supernatant. Notwithstanding the value of IL1ß for neuroin-

flammatory processes in the CNS, it needs to be mentioned that microglial cells and 

BV-2 cells also secrete a variety of other cytokines after stimulation such as TNFα, 

CCL5, or IL10 [185]. In contrary to in vivo, the administration of E2 or P did not 
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reduce IL1β amounts in the supernatant of hypoxic BV-2 cells or gene expression 

in astrocytes. This is surprising and unexpected. From previous studies, I know that 

both, BV-2 cells and astrocytes, are fully equipped with the necessary ERs and PRs 

[185,186]. Further, non-classical steroid receptors, which play also a role in the 

physiological and pathophysiological activation of cells, are also expressed under 

normoxia conditions. One idea of the lack of effects is that E2 and P influence the 

up-stream maturation cascade but not the final steps of IL1β processing. On the 

other hand, synthesis, processing and release of mature IL1β is tightly regulated as 

shown in monocytes and macrophages [237]. Pro-IL1β was generally not detectable 

in unstimulated monocytes and only stimuli lead to its expression. In that case, E2 

and P have the potential to diminish IL1β expression [238]. Even other signaling 

pathways have taken into consideration as shown in human trophoblasts, where 

IL1β secretion was induced without the participation of NLRP3 and ASC [239]. Here, 

NOD1 was the driving factor for IL1β maturation besides Casp1.  

4.3.2. Impact of steroid hormones on NLRP1, NLRC4 and AIM2 in glial cells 

after hypoxia 

Hypoxia resulted in the down-regulation of NLRP1b, NLRC4 and AIM2 mRNA levels 

in BV-2 cells, whereas only AIM2 was up-regulated astrocytes. Treatment with E2 

and P did not considerably affect these expression patterns in BV-2 cells and only 

reduced AIM2 in astroglia. These results clearly demonstrate different reactions of 

glial subtypes to hypoxia. I assume (and have preliminary evidence) that all CNS 

cells are fully equipped with inflammasome components to be assembled after a 

toxic/hypoxic stimulus [40]. Thus, reduced mRNA levels do not affect acute inflam-

masome assembly or function. This suggests that these inflammasome components 

do not necessarily participate in BV-2 cell-mediated inflammation. On the other 

hand, my data suggest that astrocytes are a major source of NLRC4 and AIM2 after 

cerebral ischemia. This is supported by findings which show that NLRC4, AIM2 and 

IL1β protein do not co-localize in microglia cells [70].  

4.3.3. Impact of steroid hormones on NLRP3 and miR-223 in glial cells after 

hypoxia 

NLRP3 expression at the gene and protein level was elevated following hypoxia in 

BV-2 cells and astrocytes. E2 and P selectively regulated these accretions. E2 

boosted and P did not affect NLRP3 at the mRNA level in BV-2 cells but NLRP3 
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protein levels were reduced by E2 and P in both cell types. MiR-223 expression was 

not affected by hypoxia or steroid hormone supplementation. This implies that 

miR-223 has not a decisive impact as NLRP3 suppressor in both glial cells. Despite, 

other miR-223 targets could be regulated which were not in the focus of this study 

(see section 4.2.4). In our focus, ROS might be a key player for NLRP3 stimulation. 

Previously, we have shown that ROS production is increased in vitro by hypoxia and 

inhibited by both steroid hormones [185,186]. It is still under debate whether ROS 

is a common and pivotal effector in NLRP3 regulation [170]. At least in our chosen 

experimental in vitro model, this seems to be true. Thus, protective E2 and P action 

could be in part transmitted via an inhibition of ROS synthesis and thereby affecting 

NLRP3.The discrepancy between E2 and P effects in vivo (only E2 effective on 

NLRP3 protein) vs. in vitro (both E2 and P effective) might be explained by the ab-

sence of any cell-cell communication in culture. Future experiments using ROS in-

hibitors might answer this issue.  

4.3.4. Impact of steroid hormones on ASC in glial cells after hypoxia 

The ASC protein is required for interactions between inflammasomes and Casp1, 

with the exception of NLRC4 which interacts directly with Casp1-domain [40]. E2 

and P have a regulatory effect on ASC expression in vitro (E2 attenuated ASC 

mRNA expression and both steroids decreased ASC protein in astrocytes and ASC 

mRNA expression in BV-2 cells). In vivo, ASC only significantly increased after 72 h 

in vivo and mainly co-localized with Iba1-positive cells. This indicates that micro-

glia/macrophages are the main source of ASC which was also proposed by others 

[218]. BV-2 cells are furnished with sufficient amounts of ASC to build inflam-

masome complexes and initiate Casp1-mediated cytokine maturation. A prolonged 

hypoxia period or reperfusion duration might lead to significantly elevated ASC pro-

tein levels in BV-2 cells. On the other hand, the discrepancy between mRNA and 

the protein level might indicate an additional and unknown regulatory mechanism 

for ASC translation or differences in RNA/protein stability and/or turnover. The de-

layed massive increase suggest a switch of microglia cell function to an apoptotic or 

pyroptotic pathway mediated via ASC [240]. Co-localization studies of ASC with pro-

apoptotic or pro-pyroptotic markers would be helpful to understand this dual reaction 

of microglia. In my in vitro hypoxia experiments, BV-2 and astrocytes were stressed 

but still not forced to enter cell death cascades [185–187]. The importance of ASC 
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in triggering inflammasome action was shown recently. An ASC knockdown im-

proved neurological scores and reduced the  infarct size in a mouse tMCAO model 

[70]. Therefore, I suggest that E2 regulatory effects on inflammasome involve ASC. 

P seems not to arbitrate its neuroprotective effects by this adaptor protein.  

4.3.5. Impact of steroid hormones on Casp1 in glial cells after hypoxia 

Finally, the role of Casp1 in glial cells following hypoxia and its possible regulation 

by E2 and P will be in the focus. Casp1 protein was neither after hypoxia nor by E2 

or P regulated in BV-2 cells and astrocytes. Casp1 activity was elevated after hy-

poxia in BV-2. Steroid supplementation failed to regulate this activity. Surprisingly, 

Casp1 activity was higher in astrocytes and not influenced by hypoxia. P administra-

tion lowered Casp1 activity after hypoxia in astrocytes. Here, I have to consider that 

by using ICC, we are not able to discriminate between active Casp1 P10 and the 

inactive-forms. Therefore, I have used another experimental approach to determine 

the activity of Casp1, i.e. binding of active Casp1 to a green fluorescence labeled 

Casp1 inhibitor. Hypoxia led to a higher Casp1 activity. I further determined higher 

numbers of positive Casp1 signals in BV-2 cell cultures. E2 and P substitution did 

not reduce Casp1 activity. These results are in accordance with data from earlier 

measured IL1β concentrations in hypoxia-stimulated BV-2 cells. It underlines our 

hypothesis that E2 and P influence IL1β processing at an earlier stage but not the 

final maturation and release. In another study, Li et al. showed in primary mixed glia 

cultures and BV-2 cells in separate experiments that mimicking hypoxia with cobalt 

chloride (CoCl2) or OGD failed to activate Casp1 [241]. On the contrary, OGD/CoCl2-

induced hypoxia led to activated Casp1 in bone marrow-derived macrophages. In 

primary mouse microglia cells, NLRP3 but not AIM2 activity was inhibited by 

OGD/CoCl2-induced hypoxia. Increased Casp1 indicates an upstream mechanism 

that is responsible for Casp1 cleavage; AIM2 could be such a possible candidate. 

Further, information about AIM2 protein levels and its co-localization are needed to 

determine which components interact with Casp1. In astrocytes, neither Casp1 pro-

tein levels were increased nor Casp1 activity significantly changed. This indicates 

that even under conditions with elevated NLRP3 and ASC levels, Casp1 activity has 

not been boosted further by hypoxia. Co-localization studies might help to investi-

gate sufficient inflammasome assembly after hypoxia and function of inflam-

masomes. Overall, I have shown that under normoxia the number of Casp1-positive 

astrocytes cells was significantly higher than for BV2 cells. Three hours hypoxia did 
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not affect the LDH release (marker for pyroptosis) [186]. It is known from other stud-

ies that LDH release requires a much longer hypoxic conditions [242]. Therefore, 

the analysis of Casp1 activity and LDH release after prolonged hypoxia or reperfu-

sion might better indicate whether pyroptosis takes place at these later stages.  

4.4. Translation 

An important point to be addressed when working with animal models is that there 

are several differences between human and rodent stroke pathology. Gonadal ster-

oid hormones showed neuroprotection in different experimental stroke studies [117–

119]. The benefit of these steroids in human clinical trials are critically discussed 

[16]. First off all, anatomical structures of the CNS and brain blood supply in rodents 

differ from humans. Thus, the primary ischemic core after tMCAO may recover and 

a secondary delayed injury may evolve after a free interval of up to 12 h, which is 

not seen in human [190]. In experimental studies, most therapeutic drugs are ap-

plied directly after removal of the occluding filament or after tMCAO operation, which 

are most effective at this time point to protect the undersupplied penumbra region. 

Another issue occurs due to temperature management of the operated animals. For 

instance, hypothalamic ischemia develops always in rats following a 60 min period 

of tMCAO [243], whereas hypothalamic involvement rarely occurs in human stroke. 

The involvement of the hypothalamus in rat tMCAO models results from a hypother-

mic response, which persist for at least one day and may affect further analysis 

[243]. Mice also reveal hypothalamic involvement but due to the smaller surface/vol-

ume ratio of the mouse, temperature loss in the postoperative period leads to higher 

death rates. This implies to keep operated mice after tMCAO under a heating lamp 

to improve their survival [244]. Interactions between these CNS regions might influ-

ence each other, so that all other analyses may be affected. 

Many different processes and factors hamper translation from animal science to hu-

man pathology. Since stroke mostly occurs in elderly patients who often show 

comorbidity, other pathophysiological processes can influence neuroprotective 

properties of tested drugs. Further, human samples are typically taken post mortem, 

were pathophysiological processes may be progressed and not reflecting initial cell 

damage and physiology.  
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4.5. Conclusion 

In the present study, I could demonstrate novel aspects of neuroinflammatory pro-

cesses after ischemia using a stroke animal model. In particular, I have profiled the 

activation and expression pattern of different inflammasomes and their allocation to 

specific cell types. Furthermore, I have demonstrated that sex steroids such as E2 

and P are capable of modulating/dampening neuroinflammation in that way that tis-

sue damage has reduced.  

Beside neurons, I could clearly verify that inflammasome components are release 

by microglia and astroglial cells. This indicates the interaction of both cell types for 

the initiation and perpetuation of the neuroinflammatory cascade after stroke. The 

positive impact of steroid hormones on neuroinflammation appears selective by only 

regulating distinct inflammasome components and even the downstream regulatory 

role of miR-223 which is particularly important for NLRP3 activation. I conclude that 

my data contribute to a better understanding of pathophysiological processes in the 

brain after an ischemic insult and will help to design and test novel drugs for that 

devastating disease.  
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 Appendix 

6.1. Behavioral testing 

To evaluate neurological deficits after post-ischemic tMCAO, I assessed a motor 

and sensory behavioral test with minor modifications as described by Garcia et al. 

[245]. The six tests were performed by two blinded readers 15 min prior to sacrificing 

the animals for tissue preparation at the indicated time points (6, 12, 24 or 72 h after 

tMCAO). Individual scores of all tests were summed and overall a minimum of 3 and 

a maximum of 18 points were achievable. Spontaneous activity was tested in an 

unfamiliar environment. Therefore, the rat was placed into a cage with a size: of 

35 x 55 cm and it was observed for 3 min. For forepaw outstretching, the rat was 

elevated at the tail and the ability for out stretching the forepaw was evaluated. Next, 

the climbing ability was tested by placing the rat on the call of a wire cage. Normally, 

they use all four limbs to climb the wall. Then, the body proprioception was tested 

by touching the side with a blunt stick on each side to induce a reaction. The as-

sessment of spontaneous walking ability was finally followed by testing the sensory 

function. Here, the vibrissae were brushed and the reaction to the stimulus was 

evaluated. The test protocol is summarized in Table 6.  
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Table 6: Detailed description of behavioral scoring 

SA: spontaneous activity; FO: forepaw outstretching; CA: climbing ability; BP: body propri-

oception; SW: spontaneous walking; SF: sensory function 

test score description 

SA 

 

0 

1 

2 

 

3 

rat not moving 

severely affected, bare movement  

slightly affected, rat moving around in the cage but not ap-

proaching the walls and hesitating to move further 

rat moving around, exploring the environment, approaching at 

least 3 walls of the cage 

FO 3 

2 

 

1 

0 

symmetrical outstretch of both forelimbs 

ability to move right forelimb, less outstretching on the right than 

on the left side 

slight movement of the right forelimb 

no moving of the right forelimb 

CA 3 

2 

 

1 

easy climbing and tight wire gripping 

right side impaired or gripping the wire on the tight side less tight  

failing to climb or circling instead of climbing 

BP 3 

 

2 

1 

rat turning the head and reacts equally to the stimulus on both 

sides 

slower reaction to the stimulus on the right side 

no reaction to the stimulus on the right side  

SW 3 

2 

1 

0 

straight ahead walking 

right circling 

tendency to walk toward the right side 

no movement 

SF 3 

2 

1 

head turns to the stimulus side 

slow reaction to the stimulus on the right side 

no reaction to the stimulus on the right side 
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6.2. Buffer solutions 

Table 7: List of used buffers 

(All chemicals were purchased from Carl Roth, Germany) 

 name ingrediants  

 transfer buffer 1 
(100 mL) 

0.58 g Tris base (Carl Roth, Germany) 
0.29 g glycine (Carl Roth, Germany) 
+ 90 mL purified water 
+ 10 mL methanol 
+ 0.1 – 0.2 µL 10 % (w/v) SDS solution 

 

 transfer buffer 2 
(100 mL) 

0.303 g Tris base 
1.441 g glycine 
+ 90 mL purified water 
+ 10 mL methanol 
+ 0.1 – 0.2 µL 10 % (w/v) SDS solution 

 

 preparation buffer 
(200 mL) 

188.2 mL 0.9 % NaCl solution (BBraun, Germany) 
60 mg KCl (Carl Roth, Germany) 
0.476 g HEPES (Carl Roth, Germany) 
0.45 g glucose (Carl Roth, Germany) 
0.2 g BSA (Carl Roth, Germany) 

check pH 7.4 

 

    
 

 

 


