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1 Introduction 
 
1.1 The microtubule-associated protein tau (MAPT) 
 
1.1.1 The physiological role of microtubule-associated protein tau (MAPT) 
From birth to adulthood, the development of the CNS heavily depends on the neuronal 

cytoskeleton (Lasser et al., 2018). The neuronal cytoskeleton consists of dense bundles 

in axons, also known as microtubules (MT), that have the ability to polymerize (grow) or 

depolymerize (shrink). This allows the neurons to rapidly reorganize and adapt spatially 

and temporally depending on the microenvironment. One of the major proteins involved 

in microtubule assembly, organization and stabilization is the microtubule-associated 

protein tau (MAPT), which is highly abundant in the axonal compartment of neurons and 

to a lesser extent present in the cell soma (Bachmann et al., 2021; Barbier et al., 2019). 

The human MAPT gene is located on chromosome 17q21, which is predominantly 

expressed in the brain and alternative splicing of the mRNA at exons 2, 3 and 10 results 

in 6 tau isoforms. The composition of the six isoforms is dependent on the presence of 

none (0N), one (1N) or two (2N) N-terminal acidic inserts and three (3R) or four (4R) C-

terminal repeat domains (Goedert, 2004; Avila et al., 2004). Although the isoforms are 

differentially expressed during development, the 3R and 4R tau isoforms are equally 

expressed in the cerebral cortex of the healthy adult brain (Goedert et al., 1989). In the 

adult mouse brain, however, the 4R isoforms are exclusively expressed (Kosik et al., 

1989).  

 

1.1.2 The pathophysiological role of MAPT 
Tau is considered a natively unfolded soluble protein (Jeganathan et al., 2006). However, 

complex posttranslational modifications like phosphorylation, acetylation, oxidation, 

deamidation, nitration, sumoylation and ubiquitylation, affect its biochemical properties 

and interaction with microtubules (Avila et al., 2004; Didonna, 2020). To some degree, 

posttranslational modifications are necessary for regulating the physiological function of 

tau. However, abnormal posttranslational modifications,  like hyperphosphorylation,  have 

been shown to weaken the affinity of tau to microtubules, resulting in disassembled 

microtubules and self-aggregation of tau (Gong and Iqbal, 2008; Gao et al., 2018), a 
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phenomenon that has been observed in many neurological diseases, including 

tauopathies (Avila et al., 2004; Didonna, 2020; Guo et al., 2017). To be more specific, 

hyperphosphorylation of tau results in the dissociation of tau from microtubules, disrupting 

microtubule function and stability (Qiang et al., 2018). The dissociated form of tau is prone 

to seeding, meaning that it is able to serve as templates to recruit native tau into growing 

assemblies (e.g., self-replicate) and misfold, resulting in the formation of tau oligomers 

(Congdon et al., 2008; DeVos et al., 2018; Friedhoff et al., 1998; Lathuiliere and Hyman, 

2021; Mirbaha et al., 2018). Tau oligomers are aggregation- competent and eventually 

form into fibrils and then into neurofibrillary tangles (NFTs) (Fig. 1) (Avila et al., 2006; 

Maeda et al., 2006). 

 

1.1.3 Tauopathies 
The term “tauopathies” represents an umbrella term for a group of heterogenous 

neurodegenerative diseases that are clinically and pathologically characterized by the 

abnormal accumulation and deposition of tau in the brain (Kovacs, 2017) (Fig. 1). There 

are over 20 forms of tauopathies, each presenting with a unique clinical phenotype ranging 

from cognitive and behavioral deficits, including memory loss and apathy, to motor deficits 

like postural instability and asymmetrical limb apraxia (Zhang et al., 2022). Tauopathies 

are subdivided in primary and secondary tauopathies. Primary tauopathies, like 

Progressive Supranuclear Palsy (PSP), Corticobasal Degeneration (CBD), and certain 

forms of Frontotemporal Dementia (FTD) are predominantly characterized by the 

abnormal deposition of tau. Secondary tauopathies, on the other hand, involve a shared 

co-pathology such as the formation of amyloid beta (Aβ) plaques in Alzheimer’s Disease 

(AD) (Kovacs, 2017; Olfati et al., 2022; Saha and Sen, 2019). Both classifications are 

characterized by abnormal hyperphosphorylation of tau, resulting in its intracellular 

deposition and aggregation into neurofibrillary tangles (NFTs) (Lee et al., 2001; Avila et 

al., 2004; Kovacs, 2017). This results in axonal transport deficits, disruption in neuronal 

communication and subsequently neurodegeneration (Wang and Mandelkow, 2016). 
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Fig. 1: The pathological deposition of tau protein during tauopathies.The tau protein is 
essential for the stabilization, spatial organization and assembly of neuronal microtubules. 
In pathological conditions, however, various post-translational modifications result in the 
detachment of tau monomers from microtubules. This marks the beginning of pathology, 
where seed-competent monomeric tau transforms into  aggregation-competent tau 
oligomers, fibrils and eventually neurofibrillary tangles. This cascade contributes to 
disintegrating microtubules and eventually leads to a diseased neuron (e.g., neuronal 
death). Created with BioRender.com. 
 
 
1.2 Immunity and Inflammation in the Central Nervous System (CNS) 
 
1.2.1 Immune system in the CNS 
The immune system is comprised of specialized cells that serve to protect our body from 

hostile environments induced by microbes, viruses, toxins and other pathogens (Mapunda 

et al., 2022; Marshall et al., 2018). The central nervous system (CNS) is characterized by 

its own unique immune system that is separated from the periphery (Norris and Kipnis, 

2018). For example, the CNS lacks traditional lymphatics and major histocompatibility 

complex (MHC) class II-expressing antigen-presenting cells (APCs) (Forrester et al., 
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2018). However, the CNS is comprised of its own lymphatic-like structure, the so called 

glymphatic system which serves as a waste clearance system (Jessen et al., 2015). In 

addition, the CNS comprises several barriers that allow segregation between the CNS 

parenchyma and periphery such as the blood-brain-barrier to prevent the spread of 

pathogens into the brain (Ampie and McGavern, 2022; Forrester et al., 2018).  

 

In vertebrates, the immune system is subdivided into the innate and adaptive immune 

systems (Waisman et al., 2015). In response to any threat that disrupts CNS homeostasis, 

the first line of defence comes from the innate immune system which primarily consists of 

brain-resident macrophages, called microglia, that become activated and trigger an 

inflammatory response in the brain, known as neuroinflammation (Ransohoff and Brown, 

2012; Waisman et al., 2015). On the contrary, and only in few cases, the adaptive immune 

system consisting of T cells and B cells might infiltrate into the CNS parenchyma where it 

might potentialy result in brain inflammation contributing to autoimmune diseases (Norris 

and Kipnis, 2018).  

 

1.2.2 Microglia: guardians of the CNS 
Microglia were first discovered by Santiago Ramón y Cajal (Río-Hortega, 1939), account 

for 10 % of the cells in the entire brain and are derived from embryonic hematopoietic 

precursors, the yolk sac (YS) macrophages (Augusto-Oliveira et al., 2019; Ginhoux and 

Prinz, 2015; Li and Barres, 2018). Nowadays, it has become clear that microglia 

significantly contribute to the development of a healthy brain and maintenance of tissue 

integrity through tissue repair, modulation and shaping of neuronal synapses and 

maintenance of CNS homeostasis through phagocytosis (Colonna and Butovsky, 2017; 

Frost and Schafer, 2016; Galloway et al., 2019). Phagocytosis is the clearance process 

that eliminates microbes, protein aggregates, cellular debris, dead cells and other 

pathogens that endanger the CNS (Colonna and Butovsky, 2017; Galloway et al., 2019).  

 

Microglia detect various danger signals through pattern recognition receptors (PRRs) 

(Janeway, 1992). As the name indicates, PRRs detect patterns and structures on the 

surface of potential pathogens (e.g., bacteria, fungi and viruses) or danger signals (e.g., 

infection or tissue damage signals), called pathogen associated molecular patterns 
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(PAMPs) and danger-associated molecular patterns (DAMPs) (Gong et al., 2020; Li and 

Wu, 2021). The PRR family consists of Toll-like receptors (TLRs), Nod-like receptors 

(NLRs), C-type lectin receptors (CLRs),  RIG-like receptors (RLRs) and aim-like receptors 

(ALRs) that all can contribute to an inflammatory response (Augusto-Oliveira et al., 2019; 

Kigerl et al., 2014). 

 

1.2.3 The NLRP3 inflammasome 
Inflammasomes were discovered in 2002 as intracellular multiprotein complexes 

(Martinon et al., 2002) present in macrophages, dendritic cells and non-immune cells 

(Erlich et al., 2019; Schroder and Tschopp, 2010). Inflammasome complexes are made 

up of sensors and effectors linked by an optional adaptors and they detect and respond 

to PAMPs and DAMPs by stimulating the release of IL-1β and IL-18 as a consequence of 

caspase-1 activation (de Zoete et al., 2014). The four key inflammasome sensors include 

the nucleotide-binding oligomerization domain (NOD) and leucine-rich repeat (LRR)-

containing proteins (NLR) family members NLRP1, NLRP3, and NLRC4, as well as 

absent-in-melanoma 2 (AIM2) (Kelley et al., 2019; Pretre et al., 2022). Among these, the 

NLRP3 inflammasome has received most attention due to its role in various diseases, 

including cancer (Pretre et al., 2022), metabolic syndromes (Jiang et al., 2018; Wani et 

al., 2021), liver diseases (Csak et al., 2011; Zhu et al., 2011), cardiovascular diseases 

(Elhage et al., 2003; Sandanger et al., 2013) and neurodegenerative diseases (Codolo et 

al., 2013; Halle et al., 2008; Ising et al., 2019; Yan et al., 2015; Heneka et al., 2013, 2014). 

 

The NLRP3 inflammasome is composed of a sensor (NLRP3), adaptor (apoptosis-

associated speck-like protein; ASC) and effector (caspase-1) protein (Swanson et al., 

2019). Activation of the NLRP3 inflammasome is a two-step process (Fig. 2). First, a 

priming signal is required, where the recognition of PAMPs and DAMPs induces nuclear 

factor kappa-light-chain-enhancer of activated B cells (NF-κB)-mediated transcription of 

NLRP3 pathway components, such as the genes coding for NLRP3, pro-IL-1β and pro-

IL-18. A second intra- or extracellular stressor such as ionic flux (K+/Cl- efflux and Ca2+ 

flux), toxins, bacteria, extracellular adenosine triphosphate (ATP), reactive oxygen 

species (ROS), viruses and pathological protein aggregates (e.g., amyloid-beta (Aβ) and 

tau) mediate the assembly and activation of the NLRP3-inflammasome (Duez and 
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Pourcet, 2021; Ising et al., 2019; Jung et al., 2022; McKee and Coll, 2020; Pike et al., 

2021; Stancu et al., 2019; Trudler et al., 2021). Activation of the NLRP3 inflammasome 

induces cleavage of gasdermin D (GSDMD), which creates pores in the plasma 

membrane, resulting in the release of caspase-1-cleaved, mature IL-1β and IL-18 (Liu et 

al., 2016; Shi et al., 2015). 

 
Fig. 2: NLRP3 inflammasome assembly and activation. Priming of the NLRP3 
inflammasome is induced by the binding of PAMPs and DAMPs to PPRs, subsequently 
resulting in NF-kB-dependent transcriptional upregulation of NLRP3, pro-IL-1β and pro-
IL-18 (Step 1). Secondary intra- and extracellular stressors, including ion flux (e.g., K+ and 
Ca2+), reactive oxygen species (ROS), ATP, toxins (e.g., nigericin), pathological proteins 
(e.g., tau) and viruses are necessary to induce full formation and activation of the NLRP3 
inflammasome, which results in the release of mature IL-1β and IL-18 (Step 2). Created 
with BioRender.com. 
 

1.2.4 The role of microglia in the pathophysiology of tauopathies 
As described earlier, microglia represent the innate immune cells of the CNS that survey 

the microenvironment and remove harmful proteins, bacteria, cells and pathogens that 

endanger the CNS. The first evidence for the involvement of microglia in tauopathies was 

demonstrated as a result of the interaction between microglia and NFTs (Cras et al., 
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1991). Later, it was demonstrated that microglial activation occurred simultaneously with 

hippocampal synaptic pathology and astrogliosis and preceded the formation of NFTs in 

a mouse model of tauopathy expressing human tau with a P301S mutation (PS19 mice) 

(Yoshiyama et al., 2007). Strikingly, immunosuppressant treatment with FK506 

(Tacrolimus) inhibited microglial activation and ameliorated tau pathology in these mice, 

suggesting that early microglial activation drives tau pathology (Yoshiyama et al., 2007). 

This raises questions about the driving factor of early microglial activation. As such, it 

became clear that neuronal phosphorylated tau (pTau) aggregation in early stages of 

disease onset contribute to microglia activation (van Olst et al., 2020). In addition, it was 

demonstrated that microglia are able to phagocytose tau aggregates and facilitate the 

spreading of tau from neuron to neuron (= cell to cell), a process called propagation, via 

phagocytosis and exocytosis (Asai et al., 2015). In line with this, it was reported that 

microglia internalize insoluble tau (derived from human AD brain) in vitro as well as in vivo 

(Bolós et al., 2016). Lastly, it was observed that cultured adult isolated microglia from 

rTg4510 mice contained more seed-capable tau aggregates and released significantly 

more tau seeds in the conditioned medium compared to adult isolated microglia from WT 

mice (Hopp et al., 2018).  

 

Interestingly, genome-wide association studies (GWAS) have identified various risk 

variants present in microglia that contribute to the development of AD including triggering 

receptor expressed on myeloid cells 2 (TREM2) and cluster of differentiation 33 (CD33) 

(McQuade and Blurton-Jones, 2019). TREM2 is a transmembrane glycoprotein expressed 

on myeloid cells (e.g., microglia), which is known to be involved in immune modulation 

(Colonna, 2003). Interestingly, PS19 mice being deficient in Trem2 (PS19/Trem2-/-) 

showed a significant reduction in microglial-mediated inflammation and 

neurodegeneration (Leyns et al., 2017). Moreover, mutations in CD33, another 

transmembrane receptor on myeloid cells, have been widely associated with the 

development of AD (Hollingworth et al., 2011; Jiang et al., 2014). Interestingly, AD patients 

show increased expression of CD33 which correlates with disease progression and 

amyloid plaque deposition in the brain (Linnartz and Neumann, 2013). Moreover, mouse 

models of AD lacking CD33 expression showed an increased ability in Aβ phagocytosis 

and less amyloid plaque burden (Griciuc et al., 2013). However, the contribution of CD33 
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to the spreading of tau remains elusive. Another genetic risk factor highly involved in the 

development of late-onset AD is apolipoprotein E (APOE) (Corder et al., 1993), which is 

known to be an immune modulator as well (Krasemann et al., 2017; Zhu et al., 2012). As 

such, it was demonstrated that APOE regulates microglia-mediated tau pathology and 

neurodegeneration in PS19 mice (Shi et al., 2019). In addition to genetic risk factors, 

recent studies have revealed an important contribution of other components present in 

microglia, in particular the NLRP3 inflammasome, to inflammation-mediated tau 

phosphorylation and aggregation in neurons and subsequent cognitive decline in various 

models of tauopathies (Ising et al., 2019; Stancu et al., 2019).  

 

1.3 Cellular Senescence 
 

1.3.1 Overview of cellular senescence and aging 
Cellular senescence was discovered by Hayflick and Moorhead (Hayflick and Moorhead, 

1961) and imposes a permanent state of cell cycle arrest as a consequence of progressive 

aging (Hayflick and Moorhead, 1961; Hernandez-Segura et al., 2018; Van Deursen, 

2014). Despite its association with aging, senescence has become a field of interest in 

cancer biology as it can provide an opportunity to prevent cancer growth by limiting the 

replication of tumor cells through cell cycle arrest (Herranz and Gil, 2018). Additionally, 

cellular senescence has been regarded as beneficial in various biological processes, 

ranging from tissue repair and wound healing after injury to embryonic development (Van 

Deursen, 2014). For instance, senescent hepatic stellate cells were shown to accumulate 

in fibrotic tissue in a mouse model of liver fibrosis (Krizhanovsky et al., 2008). Strikingly, 

mice being deficient in p16INK4A, a protein involved in cell cycle arrest in senescence, 

showed increased liver fibrosis, indicating that the accumulation of senescent cells in 

fibrotic tissue is a protective mechanism to halt liver fibrosis (Krizhanovsky et al., 2008). 

In addition, a study investigating cellular senescence in chick and mouse embryo’s 

showed that the occurrence of senescent cells in particular regions, such as the neural 

tube and limbs, contributes to the development of these areas (Storer et al., 2013). 

Furthermore, senescent cells were shown to assist placental, fetal and fetal membrane 

development during reproduction (Velarde and Menon, 2016). Despite its beneficial role 

in many physiological processes, cellular senescence can also have adverse 
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consequences by contributing to age-related pathologies, including atherosclerosis, 

osteoarthritis, diabetis and neurodegenerative diseases like Alzheimer’s Disease (AD) 

(Childs et al., 2015; He and Sharpless, 2017; Kritsilis et al., 2018; Bussian et al., 2018). 

 

1.3.2 The induction of cellular senescence 
Senescence can be categorized into replicative senescence (RS), stress-induced 

premature senescence (SIPS) and oncogene-induced senescence (OIS) (Kuilman et al., 

2010). RS occurs in response to shortening of telomeres after a finite number of cell 

divisions over time (Hayflick and Moorhead, 1961; Kritsilis et al., 2018). In contrast to RS, 

SISP occurs in response to chemical or physical cellular insult, such as oxidative stress 

(ROS), DNA damage, ultraviolet radiation (UV), chemotherapeutic agents (e.g., bleomycin 

or doxorubicin) and hydrogen peroxide (Chen et al., 1995; Suzuki and Boothman, 2008). 

OIS, a hallmark of cell transformation and cancer, is induced upon abnormal oncogenic 

signaling, such as activation of an oncogene (e.g., BRAF, AKT, E2F1 and cyclin E) or 

inactivation of a tumor-suppressor gene (e.g., PTEN and NF1) (Chen et al., 1995; Liu et 

al., 2018). More recently, studies have identified other ‘subtypes’ of senescence, including 

mitochondrial dysfunction-associated senescence (MiDAS), epigenetically induced 

senescence and paracrine senescence (Hernandez-Segura et al., 2018). Despite the 

various subtypes, a persistent DNA damage response (DDR) is triggered in any senescent 

cell irrespective of the initiating factor (Herranz and Gil, 2018).  

 

Upon initiation of a DDR, several DNA damage kinases, including ataxia-telangiectasia 

mutated (ATM) and Rad3-related (ATR) are recruited to the site of insult. This leads to the 

phosphorylation of the histone variant H2AX as a result of DNA double-stranded breaks 

(DSBs) (Ben-Porath and Weinberg, 2005; Campisi and Di Fagagna, 2007). As a 

consequence, cell cycle arrest is mediated via activation of the cyclin-dependent kinase 

inhibitor (CDKI) pathways p53/p21WAF1 and/or p16INK4a (Ben-Porath and Weinberg, 2005; 

Childs et al., 2015; Herranz and Gil, 2018; Muñoz-Espín and Serrano, 2014) (Fig. 3).  

 

Despite the contribution of p53/p21WAF1 and p16INK4a to cell cycle arrest, it is noteworthy 

to state that cell cycle arrest is not equal to senescence . For example, quiescence, which 

is known as a stable, yet temporary state of cell cycle arrest, is also p21WAF1 (Overton et 
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al., 2014; Perucca et al., 2009) and p16INK4a dependent (Agarwal et al., 2013, 2018). 

Quiescence is likely the result of exposure to short-term stress from which the cells are 

likely to recover. However, upon continuous exposure to stress, quiescence can passage 

to senescence (Alessio et al., 2021). This is in line with the observation that chronic 

exposure to various stressors induces a continuous DNA-damage response (DDR), 

subsequently inducing a senescent state (Garwood et al., 2014; Giunta et al., 2008; 

Rodier et al., 2009). 

 

 
 
Fig. 3: Molecular pathways regulating cell cycle arrest: a path to cellular senescence. 
Intra- and extracellular stressors can activate the two most important signaling pathways 
involved in cellular senescence. Upon exposure to stressors, double-stranded breaks 
trigger a DNA damage response is triggered, resulting in the activation of DDR kinases 
ataxia-telangiectasia mutated (ATM) and Rad3-related (ATR). This eventually results in 
the phosphorylation of the histone variant H2AX, causing transcription of the cyclin-
dependent kinase inhibitors (CDKIs) p21WAF1 and p16INK4a. As a consequence, inhibition 
of CDK2 and CDK4/6 causes hypophosphorylation of Retinoblastoma (Rb), inducing cell 
cycle arrest. In addition to DNA damage and cell cycle arrest, senescent cells present with 
loss of heterochromatin H3K9me3 and lamin B1, increase in lysosomal content of 
senescence-associated β-Galactosidase (SA-β-Gal) and lipofuscin, mitochondrial 
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dysfunction and release of a senescence-associated secretory phenotype (SASP). 
Created with BioRender.com. 
 

1.3.3 The Senescent Phenotype 
Senescent cells present with a unique phenotype, including a senescence-associated 

secretory phenotype (SASP) (Fig. 3). The SASP is a proinflammatory secretome 

consisting of various signaling factors (e.g. cytokines, chemokines and growth factors), 

proteases (e.g. matrix metalloproteinases -MMPs), lipids and extracellular matrix (ECM) 

components (Chinta et al., 2015; Coppé et al., 2010; Lopes-Paciencia et al., 2019). The 

main proinflammatory factors upregulated during senescence are IL-1α, IL-1β, IL-6 and 

IL-8 (Kiecolt-Glaser et al., 2003), whereas anti-inflammatory cytokines like IL-2, IL-4, IL-

11 and IL-18 remain unaffected (Coppé et al., 2010). The existence of distinct SASP 

profiles is recognized and depends on the origin of the tissue, the mechanism behind 

senescence induction and the biophysical properties (Schafer et al., 2020). As an 

illustration, irradiated human senescent epithelial cells and myoblasts express a different 

SASP in comparison to irradiated preadipocytes, endothelial cells and fibroblasts 

(Kyjacova et al., 2021; Saker et al., 2016). 

 

Not only the origin of the cell but also the type of senescent inducer determines the 

expression of the SASP. It was reported that the SASP of primary human lung fibroblasts 

and renal cortical epithelial cells after X-irradiation (IR), inducible RAS overexpression 

(RAS) and atazanavir (ATV) treatment was different. For example, Cxcl1 and Hmgb1 gene 

expression levels were upregulated in IR-induced senescent fibroblasts, but 

downregulated or even absent in IR-induced senescent epithelial cells (Basisty et al., 

2020). In addition, mice lung fibroblasts that were exposed to stress-induced premature 

senescence (SIPS), replicative senescence (RS) or proteasome inhibition-induced 

premature senescence (PIIPS) all expressed several of the most commonly reported 

SASP components, including IL-6, IL-10, IL-12, MIP-2 and IFN-y (Maciel-Barón et al., 

2016). However, despite similarities in their SASP expression, the magnitude of release 

significantly depends on the senescent stimulus. For instance, IL-10, IL-12 and MIP-2 

secretion was significantly higher during RS compared to SISP and PIIPS, whereas IL-6 

secretion was higher in PIIPS compared to RS and SISP (Maciel-Barón et al., 2016).  
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Next to alterations of their secretory phenotype, senescent cells show differences in 

morphology, lysosomal content, mitochondrial function and nuclear structure (Herranz 

and Gil, 2018; Kritsilis et al., 2018). Senescent cells present with a larger, flatter, 

vacuolized and irregular shape compared to non-senescent cells (Herranz and Gil, 2018; 

Kritsilis et al., 2018). In addition, increased activity of the enzyme senescence-associated 

beta-galactosidase (SA-β-gal) is often used to detect increased lysosomal content in 

senescent cells (Hernandez-Segura et al., 2018; Kritsilis et al., 2018). However, 

contradictory results in the specificity of this assay suggests it should not be used as the 

only method to detect senescence. In fact, it has been shown that SA-β-gal activity is not 

only specific to senescent cells but is also detectable in non cell-aging conditions and 

quiescent cells (Terzi et al., 2016; Yang and Hu, 2005). Next, senescent cells are 

characterized by alterations in mitochondrial function, including imbalanced NAD+/NADH 

ratios, electron transport chain (ETC) disruptions, mitochondrial calcium (Ca2+) overload, 

impaired mitophagy and increased mitochondrial mass (Chapman et al., 2019; Dodig et 

al., 2019; Kritsilis et al., 2018; Miwa et al., 2022). Dysfunctional mitochondria are 

associated with the release of various DAMPs like cardiolipin, mitochondrial DNA 

(mtDNA), extracellular ATP and reactive oxygen species (ROS) (Chu et al., 2013; Dela et 

al., 2018; Nakahira et al., 2015), which could contribute to DNA damage (Chapman et al., 

2019; Nadalutti et al., 2020; Srinivas et al., 2019). In the context of senescence, 

mitochondrial-derived DAMPs can leak into the cytoplasm and act on various innate 

immune signaling pathways, such as the NLRP3 inflammasome (Pereira et al., 2019; 

Rimessi et al., 2015; Zhou et al., 2011). Depletion of mitochondria is known to suppress 

the pro-inflammatory and pro-oxidant phenotype of senescent cells in vivo (Correia-Melo 

et al., 2016).  

 

Next to mitochondrial alterations, senescent cells present with irregular changes in the 

nuclear envelope and chromosome distribution. Nuclear lamina type B1 (lamin B1) is 

involved in many nuclear functions, including nuclear stabilization and chromatin 

organization (Saito et al., 2019). Loss of lamin B1 is a common characteristic of senescent 

cells (Hernandez-Segura et al., 2018) and has been observed in mouse and human cells 

undergoing senescence (Chapman et al., 2019). Reduction of lamin B1 is accompanied 

by changes in the senescence-associated heterochromatin foci (SAHFs) which are 



 22 

responsible for nuclear stabilization and chromatin organization (Hernandez-Segura et al., 

2018). Accompanied is also a loss of lysine 9 dimethylation on histone 3 (H3K9me3), a 

heterochromatin that has been associated with cellular senescence  (Sidler et al., 2017; 

Tsurumi and Li, 2012; Zhang et al., 2021). Lastly, phosphorylation of histone variant H2AX 

as a consequence of the DDR leads to alterations in gene expression levels of p53, 

p16INK4A and p21WAF1 in senescent cells and is therefore another widely accepted marker 

for the detection of senescence (Chinta et al., 2015; Muñoz-Espín and Serrano, 2014). 

 

1.3.4 Cellular Senescence in Tauopathies    
Aging represents the greatest risk factor for dementia, in particular AD, which is the most 

prevalent form tauopathy, as well as other neurodegenerative disorders (Muñoz-Espín 

and Serrano, 2014). The cellular and molecular hallmarks underlying the gradual loss of 

function during aging remain poorly understood. Research on cellular senescence has 

helped to conceptualize the mechanisms behind aging (Hayflick and Moorhead, 1961; 

McHugh and Gil, 2018; Muñoz-Espín and Serrano, 2014). Although senescence is an 

essential process during development, tissue repair and wound healing (Hayflick and 

Moorhead, 1961; van Deursen, 2014), it has also been implicated in tau pathophysiology 

and neurodegeneration (Bussian et al., 2018; Martínez-Cué and Rueda, 2020; 

Mendelsohn and Larrick 2018; Musi et al., 2018). 

 

1.3.4.1  The SASP 
During ageing, the brain suffers from a low-grade chronic inflammation, also known as 

inflammaging (Bauer et al., 1991; Kiecolt-Glaser et al., 2003), which is mainly the result 

of IL-1α, IL-1β, IL-6, IL-8, interferon gamma (IFN-y) and tumor necrosis factor α (TNF-α) 

signaling. These signaling molecules have been associated with the SASP during 

senescence (Coppé et al., 2010; Kiecolt-Glaser et al., 2003; Lasry and Ben-Neriah 2015; 

von Bernhardi et al., 2015) and are mainly regulated by the transcription factors nuclear 

factor-κB (NF-κB) (Chien et al., 2011; Mongi-Bragato et al., 2020; Salminen et al., 2012), 

CCAAT/enhancer binding protein β (C/EBPβ) (Kuilman et al., 2008; Salotti and Johnson, 

2019) and the janus kinase 2 (JAK2) / signal transducer and activator of transcription 3 

(STAT3) pathway (Bai et al., 2020; Toso et al., 2014; Wu et al., 2020). A SASP has also 

been detected during neurodegenerative conditions. For instance, research on post-
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mortem brains, cerebrospinal fluid (CSF) and serum of AD patients revealed increased 

levels of IL-1β, IL-6 and TNF-α (Lai et al., 2017; Rea et al., 2018; Streit, 2006; Wood et 

al., 1993). Furthermore, the expression of IL-1α, IL-1β, IL-6 and TNF-α was positively 

correlated with the phosphorylation of tau (Griffin et al., 2006; Ising et al., 2019). In line 

with this, gene expression analysis of human and mouse NFT-bearing neurons indicated 

an upregulation of the SASP, in particular IL-1β and TNF-α, which correlated with NFT 

formation and density (Musi et al., 2018). Genetic ablation of endogenous murine tau from 

human mutated tau-expressing mice reduced NFT formation and was accompanied by a 

significant reduction in the gene expression levels of the SASP (Musi et al., 2018). In 

addition, elevated levels of mature IL-1β in cortex samples of patients with frontotemporal 

dementia (FTD) were found (Ising et al., 2019). 

 

1.3.4.2 Nuclear and gene expression changes 
Senescent cells show increased DNA damage, increased expression of cell cycle arrest 

markers (Ben-Porath and Weinberg, 2005; Campisi and Di Fagagna, 2007), loss of 

H3K9me3 (Lee et al., 2020; Paluvai et al., 2020) and lamin B1 (Freund et al., 2012; Saito 

et al., 2019) and increased formation of yH2AX foci (Campisi and Di Fagagna, 2007). 

These features have also been demonstrated during the pathogenesis of 

neurodegenerative disorders belonging to the spectrum of tauopathies. For instance, 

astrocytes and lymphocytes in hippocampal sections of human AD patients showed signs 

of DNA damage. Moreover, astrocytes (Baker and Petersen, 2018; Bhat et al., 2012), 

hippocampal neurons (McShea et al., 1997) and microglia (Hu et al., 2021) in the brains 

of AD patients expressed increased levels of p16INK4a and p21WAF1. Furthermore, the rapid 

proliferation and activation of microglia prior to the development of pathological conditions 

in AD promotes replicative microglial senescence, characterized by increased levels of 

p16INK4a, p21WAF1 and SA-β-gal staining (Hu et al., 2021). 
 

Not only humans, but also mice overexpressing mutated human tau (rTg(tauP301L)4510 

transgenic mice) presented with increased gene expression levels of Cdkn1a (Protein 

name: p21WAF1)  and Cdkn2a (Protein name: p16INK4a) and showed increased formation 

of yH2AX foci, which correlated with brain atrophy and NFT formation  (Musi et al., 2018). 

In the same study, deletion of the endogenous tau gene in tau-transgenic mice, resulting 
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in reduced NFT pathology as mentioned already before, led to more than 50% reduction 

of Cdkn2a gene expression levels, suggesting that the formation of NFTs is associated 

with cell cycle arrest (Musi et al., 2018). To confirm the association between senescence 

and tau pathology in humans, the same study showed that Cdkn2a gene expression levels 

were increased in post-mortem brains of PSP patients in comparison to age-matched 

controls (Musi et al., 2018).  

 

Shortly after, another study reported increased gene expression levels of Cdkn1a and 

Cdkn2a in the hippocampus and cortex of another mouse model of tauopathy expressing 

human tau with a P301S mutation, namely PS19 (Bussian et al., 2018). Interestingly, 

increased Cdkn2a gene expression levels were observed at 4 months of age, whereas 

cognitive impairments are noticeable at 6 months of age (Gosselin & Rivest, 2018). More 

importantly, crossing of PS19 mice with the so-called INK-ATTAC transgene (hereafter 

called PS19/ATTAC), was used to investigate the contribution of senescent cells to the 

progression of tau pathology (Bussian et al., 2018). The INK-ATTAC model was designed 

by Darren Baker (Baker et al., 2011) to investigate the mechanism(s) underlying age-

related dysfunction by elimination of p16INK4a-expressing cells. Weekly administration of 

AP20187, a compound specifically targeting the p16INK4a-expressing cells in PS19/ATTAC 

mice, has been proven to normalize p16INK4a and p21WAF1 levels (Bussian et al., 2018). 

Remarkably, genetic and pharmacological deletion of p16INK4a-expressing cells 

attenuated tau hyperphosphorylation, ameliorated neurodegeneration and improved 

cognitive function (Bussian et al., 2018).  

 

Lastly, neurons in a Drosophila model of tauopathy are characterized by loss of 

heterochromatin as a result of tau-mediated neurodegeneration (Frost et al., 2014). In 

addition, their study showed that DNA damage, as a consequence of increased oxidative 

stress, is involved in heterochromatin relaxation (Frost et al., 2014). Later, the authors 

reported that loss of lamin B1 preceded heterochromatin relaxation, DNA damage and 

cell cycle arrest in neurons which subsequently resulted in neuronal death in tau-

transgenic Drosophila (Frostet et al., 2016). In line with this, disortions as well as loss of  

neuronal lamin B1 levels were observed in post-mortem human brain tissue of AD (Frost 

et al., 2016) as well as FTD patients (Paonessa et al., 2019). 
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In light of these observations, it could be hypothesized that the formation and 

accumulation of senescent cells potentially contribute to neuronal tau pathologies and that 

elimination of these cells could present a promising therapeutic approach for tauopathies 

(Gosselin and Rivest, 2018). 

 

1.4 Linking NLRP3 inflammasome activation to senescence in tauopathies 
Aging is accompanied by a decline in immune efficacy, contributing to age-related 

inflammatory diseases (Aiello et al., 2019). The term inflammaging has been previously 

described and is closely linked to immunosenescence, a phenomenon that describes the 

progressive deterioration of the immune system with age (Aiello et al., 2019; Aw et al., 

2007; Sebastian-Valverde and Pasinetti, 2020). Microglia are susceptible to a senescent 

state during aging and neuropathological conditions, such as AD (Streit, 2006). For 

instance, aged microglia display features that resemble the SASP, including elevated 

secretion of IL-1β, IL-6 and TNF-α (Norden and Godbout, 2013; Greenwood and Brown, 

2021). The release of these proinflammatory molecules has been shown to induce 

paracrine senescence (Beyne-Rauzy et al., 2004; Kojima et al., 2013; Shang et al., 2020). 

As an illustration, exposure to IL-1β has been shown to be sufficient to drive cellular 

senescence in rat astrocytes (Shang et al., 2020), vascular smooth muscle cells (VSMC) 

(Han et al., 2020; Zhao et al., 2021) and chondrocytes (Huang et al., 2021). 

 

Since activation of the NLRP3 inflammasome mediates the release of IL-1β and 

contributes to tau mediated neurodegeneration (Heneka et al., 2013; Ising et al., 2019; 

Mangan et al., 2018), it could be speculated that the NLRP3 inflammasome acts as an 

essential component in the mediation of the SASP (Bussian et al., 2018; Maphis et al., 

2015). Indeed, it was elegantly proven that activation of the NLRP3 inflammasome 

controls the SASP in vitro as well as in mouse models of OIS in vivo (Acosta et al., 2013). 

Later studies aiming to decipher the link between aging and immunosenescence confirm 

activation of the NLRP3 inflammasome as a potential mediator (Sebastian-Valverde and 

Pasinetti, 2020; Spadaro et al., 2016). More specifically, these studies reported that 

NLRP3 inflammasome activation resulted in telomere shortening in mouse 

cardiomyocytes (Marín-Aguilar et al., 2020), modulated the SASP in human IRM-90 cells 
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(Wiggins and Clarke, 2019) and induced premature senescence in aortic endothelial cells 

(MAECs) and VSMCs in a mouse model of diabetic vasculopathy (Tai et al., 2022). Since 

activation of the NLRP3 inflammasome significantly contributed to tau pathology and 

cognitive deficits in tau transgenic mice (Ising et al., 2019), it could be speculated that the 

NLRP3 inflammasome plays an important role in microglial senescence and potentially 

underlies inflammation-mediated tau pathology (Heneka et al., 2013, 2015; Ising et al., 

2019). 

 

1.5 Aim(s) of the Study 
Worldwide, more than 50 million people suffer from dementia and by 2050, approximately 

140 million people will be affected (Xu et al., 2014). Clinically, tauopathy patients may 

present with cognitive dysfunction, behavioral symptoms like aggression and apathy and 

disturbance of movement and language (Höglinger et al., 2018). Aging represents the 

greatest risk factor for dementia, in particular AD, which is the most prevalent form of 

tauopathies (Zhang et al., 2022). In addition, other forms of tauopathies, including primary 

tauopathies such as FTD, account for 2.6% of all forms of dementia and the incidence is 

known to peak in elderly around the age of 70 (Zhang et al., 2022). Given this, it might be 

speculated that ageing is potentially associated with the development of primary 

tauopathies as well. Therefore, a better understanding of the contribution of aging to the 

pathophysiology of tauopathies is essential. Cellular senescence is a hallmark of aging. 

Interestingly, senescent microglia have been identified in the brains of tauopathy patients 

as well as animal models of tauopathy. However, the contribution of the NLRP3 

inflammasome to microglial senescence in the context of tauopathies and the role of tau 

on the induction of microglial senescence remains unclear. Therefore, the aims of this 

study are as follows:  

 

1. To identify microglial senescence in a mouse model of tauopathy. 

2. To decipher the contribution of the NLRP3 inflammasome to the development of 

microglial senescence in this model.  

3. To explore the effect of monomeric tau on the induction of microglial senescence in a 

primary microglia culture, focusing on the contribution of the NLRP3 inflammasome to the 

induction of microglial senescence. 
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2 Material and Methods 
 
2.1 Material 
 
2.1.1 Instruments 

Equipment Supplier 

Eppendorf ThermoMixer® Eppendorf 

Trans-Blot® Turbo™ Transfer System Bio-Rad 

Trans-Blot® Turbo™ Cassette Bio-Rad 

Power Supply EV3020 Carl Roth 

Eppendorf™ Mastercycler X50s 96-Well Silver Block 

Thermal Cycler 

Thermo Fisher Scientific 

RT-PCR System StepOnePlus™ Thermo Fisher Scientific 

Leica CM3050 S Research Cryostat Leica 

Zeiss Laser Scanning Microscope 900 (LSM900) Zeiss 

LI-COR ODYSSEY® CLx LI-COR® Biosciences 

gentleMACSTM Octo Dissociator  Milteny Biotec 

Infinite® M200 PRO Tecan 

Nanodrop 2000c Thermo Fisher Scientific 

Bandelin Sonorex Bandelin 

Meso quickplex sq 120 Meso Scale Discovery 

OctoMACSTM Separator Milteny Biotec 

Nikon ECLIPSE Ti Nikon 

FACSCanto II Becton Dickinson 

Speedvac Thermo Fisher Scientific 

 

2.1.2 Software 

Software  Supplier 
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ImageStudioTM software version 5.2.5 LI-COR® Biosciences 

ImageJ/Fiji software version 2.0 ImageJ 

FACSCantoTM II and FACSDivaTM software Becton Dickinson 

FlowJoTM (v3.05470) Ashland 

Graph Pad Prism version 8.0 GraphPad 

CellProfiler software version v3.1.8 Broad Institute of Harvard and MIT 

StepOne™ software Applied Biosystems™ 

 

2.1.3 General lab equipment 

Name Supplier Cat # 

15 ml tubes CELLSTAR® 188261-N  

50 ml tubes CELLSTAR® 227261 

6-well plates CELLSTAR® 657160  

12-well plates CELLSTAR® 665180 

24-well plates CELLSTAR® 662160 

Eppendorf Tubes® 1.5 ml Gibco™ 0030121872 

Eppendorf Tubes® 2.0 ml Gibco™ 0030120094 

Eppendorf Tubes® 5.0 ml Sigma-Aldrich® 0030119401 

Pipette tip 2.5 µl Sarstedt 703010365 

Pipette tip 10 µl Sarstedt 703010100 

Pipette tip 200 µl Sarstedt 703030100 

Pipette tip 1000 µl Sarstedt 703050100 

Aspiration pipet (2 ml) Sarstedt 861252011 

Serological pipet with tip (5 ml) Sarstedt 861253025 

Serological pipet with tip (10 ml) Sarstedt 861254025 

https://www.eppendorf.com/de-de/eShop-Produkte/Spitzen-Reaktionsgef%C3%A4%C3%9Fe-und-Platten/Reaktionsgef%C3%A4%C3%9Fe/EppendorfTubes-50mL-p-0030119401
https://www.eppendorf.com/de-de/eShop-Produkte/Spitzen-Reaktionsgef%C3%A4%C3%9Fe-und-Platten/Reaktionsgef%C3%A4%C3%9Fe/EppendorfTubes-50mL-p-0030119401
https://www.eppendorf.com/de-de/eShop-Produkte/Spitzen-Reaktionsgef%C3%A4%C3%9Fe-und-Platten/Reaktionsgef%C3%A4%C3%9Fe/EppendorfTubes-50mL-p-0030119401


 29 

Serological pipet with tip (25 ml) Sarstedt 861685020 

Eppendorf Research® Plus pipet 

(0.5 – 10 µl) 

Eppendorf 3123000020 

 

Eppendorf Research® Plus pipet 

(2 – 20 µl) 

Eppendorf 3123000098 

Eppendorf Research® Plus pipet 

(20 – 200 µl) 

Eppendorf 3123000055 

Eppendorf Research® Plus pipet 

(100 – 1000 µl) 

Eppendorf 3123000063 

 

2.1.4 Kits, substances and chemicals for tissue processing, 
immunohistochemistry and immunocytochemistry 

Name Composition Supplier Cat # 

Dulbecco’s PBS (10x) - Applichem 2004367 

Cryoprotectant solution 1x PBS Applichem 2004367 

30% (w/v) sucrose Sigma-Aldrich® 57-50-1 

30 % (v/v) 

Ethylenglycol 

Sigma-Aldrich® 324558 

Paraformaldehyde (PFA, 4%) - Merck Millipore P6148  

PBS-T (pH = 7.4) 

  

  

1x Dulbecco’s PBS  Applichem 2004367 

0.1% Triton® X-100 

(v/v) 

Carl Roth 3051.3 

Citrate Buffer (pH 6.0) 0.1 M Carl Roth 3580.3  

ProLongTM Gold with DAPI - InvitrogenTM P36931 

DAPI (0.1 μg/mL) - Thermo Fisher 

Scientific 

62247 

SuperFrost® microscope slides - Thermo Fisher 

Scientific 

12372098 

Sucrose Solution 30% (w/v) sucrose Sigma-Aldrich® 57-50-1 
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1x PBS Applichem 2004367 

Immuno-Mount mounting 

medium 

- Thermo Fisher 

Scientific 

9990402 

Coverslips (24 x 60 mm) - Menzel-Gläser  15628 

Coverslips (13 mm2) - Paul Marienfeld 0111530 

Counting chamber - Paul Marienfeld 0642110 

Normal Goat Serum (NGS) - Abcam Ab7481  

Bovine Serum Albumin (BSA) - Rockland BSA-1000 

 

Primary Antibodies 

Antigen Host Dilution Supplier Cat # RRID 

Lamin B1 Mouse 1:500 Proteintech 66095-1-

Ig 

AB_11232208 

Caspase-1 Mouse 1:1000 Adipogen AG-20B-

0042-

C100 

AB_2755041 

p21 Rabbit 1:1000 Abcam 218311 AB_2890611 

p16 Rabbit 1:1000 Abcam 211542 AB_2891084 

Total STAT3 Mouse 1:1000 Abcam 119352 AB_10901752 

p-STAT3 Rabbit 1:1000 Abcam 76315 AB_1658549 

Parkin Mouse 1:500 BioLegend 808501 AB_2564744 

GAPDH Rabbit 1:5000 Sigma-

Aldrich® 

G9594 AB_796208 

IBA1 Rabbit 1:1000 FUJIFILM 

Wako 

019-

19741 

AB_839504 

yH2AX Mouse 1:100 Merck 

Millipore 

05-636 AB_309864 

H3K9me3 Rabbit 1:200 Abcam 8898 AB_306848 

CD11b Rat 1:250 Bio-Rad MCA711 AB_321292 

      



 31 

Secondary antibodies 

Antigen Host Dilution Supplier Cat # RRID 

AlexaFluor488 

Mouse 

Goat 1:500 InvitrogenTM A-11001 AB_2534069 

AlexaFluor594 

Rabbit 

Goat 1:500 InvitrogenTM A-11012 AB_2534079 

AlexaFluor594 

Rat 

Goat 1:500 InvitrogenTM A-11007 AB_10561522 

IRDye® 800CW 

Goat anti-Rabbit 

IgG (H + L) 

Goat 1:20,000 LI-COR® 

Biosciences 

926-

32211 

  

IRDye® 800CW 

Goat anti-Mouse 

IgG (H + L) 

Goat 1:20,000 LI-COR® 

Biosciences 

926-

32210 

  

IRDye® 680CW 

Goat anti-Rabbit 

IgG (H + L) 

Goat 1:20,000 LI-COR® 

Biosciences 

926-

68071 

  

IRDye® 680CW 

Goat anti-Mouse 

IgG (H + L) 

Goat 1:20,000 LI-COR® 

Biosciences 

926-

68070 

  

 

2.1.5 Kits, substances and chemicals for Primary Microglia Culture 

Name Supplier Cat # 

DPBS Gibco™ 14190169 

DMEM Gibco™ 31966047 

Fetal Calf Serum (FCS)  Gibco™ 26140079 

DNase I Roche 11284932001 

Trypsin Life Technologies 15400054 

HBSS Gibco™ 24020091 

penicillin–streptomycin Gibco™ 15070063 
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L929 cell line Sigma-Aldrich® 85011425 

N-2 supplement (100x) Gibco™ 17502048 

poly-L-lysine (PLL) Merck Millipore P1524 

T75 flasks Greiner 658175 

 

Pharmacological compound Supplier Cat # 

CRID3 sodium salt Tocris 5479 

Selective STAT3 inhibitor (Stattic) Tocris 2798 

phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich® 16561-29-8 

 

2.1.6 Kits, substances and chemicals for Western Blotting 

Name  Supplier Cat# 

BCA Protein Assay Kit Thermo Fisher 

Scientific 

23225 

4-12% NuPAGE™ Novex gel (10 wells) Thermo Fisher 

Scientific 

NP0321BOX 

4-12% NuPAGE™ Novex gel (15 wells) Thermo Fisher 

Scientific 

NP0323BOX 

4-12% NuPAGE™ Novex gel (20 wells) Thermo Fisher 

Scientific 

WG1402BOX 

Protease and Phosphatase Inhibitor Cocktail 

(100X) 

Thermo Fisher 

Scientific 

78441 

Bovine Serum Albumin (BSA)  Rockland BSA-1000 

PageRuler™ Prestained Protein Ladder Thermo 

Scientific 

26616 

Trans-Blot® Turbo™ mini 0.2 μm nitrocellulose 

transfer packs  

Bio-Rad 170-4158  

  

Trans-Blot® Turbo™ midi 0.2 μm nitrocellulose 

transfer packs  

Bio-Rad 170-4159  
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Name Composition Supplier Cat# 

TBS-T (pH 8.0) 150 mM NaCl Applichem 7647-14-5 

10 mM Tris-HCL Carl Roth 77-86-1 

0.05% Tween 20 Carl Roth 9005-64-5 

RIPA buffer 

  

Triton® X-100 (1%) Carl Roth 9036-19-5 

50 mM Tris-HCl Sigma-Aldrich® 1185-53-1 

Sodium deoxycholate 

(0.5 %) 

Sigma-Aldrich® 145224-92-6 

Sodium dodecyl sulfate 

(SDS) (0.1%) 

Carl Roth 151-2-3 

NuPAGE™ MES SDS 

running buffer 

  InvitrogenTM NP0002  

Selfmade (4x) LDS 

Sample Buffer 

 

Based on the NuPAGE™ 

LDS Sample Buffer 

(Thermo Fisher 

Scientific, Cat # R1381) 

Tris-HCl (0.666 g) Sigma-Aldrich® 1185-53-1 

Tris Base (0.682 g)   

SDS (0.800 g) Carl Roth 151-2-3 

EDTA (0.006 g) Carl Roth 6381-92-6 

Glycerol (4 g) Applichem 56-81-5 

DTT (555.3 g) Carl Roth 3483-12-3 

Ultrapure water (10 ml) - - 

Orange G (final 

concentration 0.2%) 

Sigma-Aldrich® 03756-25G 

 

2.1.7 Kits, substances and chemicals for ELISA and Mesoscale  

Name  Supplier Cat# 

Mouse IL-1 beta/IL-1F2 DuoSet 

ELISA 

R&D Systems DY401 

Mouse IL-6 DuoSet ELISA R&D Systems DY406 

Mouse TNF-α DuoSet ELISA R&D Systems DY410 
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V-PLEX Plus Proinflammatory Panel 1 

Mouse Kit 

Meso Scale Diagnostics K15048G-1 

V-PLEX Cytokine Panel 1 Mouse Kit Meso Scale Diagnostics K15245D 

V-PLEX Mouse Cytokine 19-Plex Kit Meso Scale Diagnostics K15255D-1 

 

Name Composition Supplier Cat# 

PBS-T  PBS Dulbecco Applichem A0965 and A0750 

1% Tween 20 Carl Roth 9005-64-5 

 

2.1.8 Kits, substances and chemicals for qRT-PCR 

Name  Supplier Cat # 

Triton® X-100 Carl Roth 9036-19-5 

QIAzol™ Lysis Reagent Qiagen 79306 

miRNeasy Micro Kit Qiagen 217084 

High-Capacity cDNA Reverse Transcription 

Kit 

Applied 

Biosystems™ 

4368814 

TaqMan™ gene expression master mix Applied 

Biosystems™ 

4369016 

Chloroform Carl Roth 3313.1 

cyclin-dependent kinase inhibitor 1A 

(Cdkn1a) TaqMan™ assay 

Applied 

Biosystems™ 

Mm00432448_m1 

cyclin-dependent kinase inhibitor 2A 

(Cdkn2a) TaqMan™ assay 

Applied 

Biosystems™ 

Mm00494449_m1 

lamin B1 (Lmnb1) TaqMan™ assay Applied 

Biosystems™ 

Mm00521949_m1 

18S rRNA TaqMan™ assay Applied 

Biosystems™ 

4319413E 

Interleukin-6 (Il-6) TaqMan™ assay Applied 

Biosystems™ 

Mm00446190_m1 

https://www.thermofisher.com/taqman-gene-expression/product/Mm00446190_m1?CID=&ICID=&subtype=
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Interleukin-1 beta (IL-1β) TaqMan™ assay Applied 

Biosystems™ 

Mm00434228_m1 

chemokine (C-X-C motif) ligand 1 (Cxcl1) 

TaqMan™ assay 

Applied 

Biosystems™ 

Mm04207460_m1 

 

2.1.9 Kits, substances and chemicals for Isolation of Adult Mouse Microglia 

Name Supplier Cat # 

gentleMACSTM C tubes Miltenyi Biotec 130-093-237 

Adult Brain Dissociation Kit Miltenyi Biotec 130-107-677 

gentleMACSTM Octo Dissociator Miltenyi Biotec 130-096-427 

MACS® SmartStrainer (70 μM) Miltenyi Biotec 130-098-462 

CD11b MicroBeads Miltenyi Biotec 130-126-725 

MACS® Separator with LS columns Miltenyi Biotec 130-042-401 

QIAzol™ Lysis Reagent Qiagen 79306 

 

2.1.10 Kits, substances and chemicals for the preparation of recombinant human 
tau 

Name Supplier Cat # 

BL21(DE3) E. coli Agilent 230245 

IPTG Merck Millipore I6758 

2-mercapthoethanol Sigma-Aldrich® M3148 

PMSF Merck Millipore 10837091001 

Sepharose fast flow beads Merck Millipore GE17-0729-01 

Amicon ultra centrifugal units Merck Millipore UFC9010 

Endotoxin quantification kit Thermo Fisher 

Scientific 

A39552S 

LB-agar plate Thermo Fisher 

Scientific 

J61525-EQF 

LB-medium Carl Roth X968.1 

https://www.thermofisher.com/taqman-gene-expression/product/Mm00434228_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Mm04207460_m1?CID=&ICID=&subtype=
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Ampicillin Thermo Fisher 

Scientific 

J60977.06 

SOC medium Thermo Fisher 

Scientific 

15544034 

   

Chemical Composition Supplier Ca t# 

BRB-8 (pH 6.8) 

  

80 mM PIPES Sigma-Aldrich® P6757 

1 mM magnesium sulfate Merck Millipore 7487-88-9  

1 mM EGTA Carl Roth 67-42-5 

 

2.1.11 Kits, substances and chemicals for fluorescent labeling of tau and tau 
clearance 

Name Supplier Cat # 

Alexa Fluor™ 405 NHS ester Thermo Fisher Scientific A30000 

Glycine Merck Millipore 104201 

PBS Applichem 2004367 

Slide-A-Lyzer™ dialysis cassette, 10 

K MWCO 

Thermo Fisher Scientific 66383 

Protein low-binding tubes Eppendorf™ 0030108116 

Trypsin Thermo Fisher Scientific 15400054 

PBS Gibco™ 2004367 

Fetal Bovine Serum  (FBS) Gibco™ 10500064 

Allophycocyanin anti-mouse/human 

CD11b 

BioLegend 101212 

   

Name  Composition  Supplier  Cat # 

FACS buffer 1x PBS Applichem 2004367 
 

2% FBS Gibco™ 10500064 
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2.1.12 Kits, substances and chemicals for Morphology Analysis 

Name Composition Supplier Cat # 

Paraformaldehyde (PFA, 4%) - Merck 

Millipore 

P6148  

PBS-T (pH = 7.4) 

  

  

1x Dulbecco’s PBS  Applichem 2004367 

0.1% Triton® X-100 

(v/v) 

Carl Roth 3051.3 

DAPI (0.1 μg/mL) - Thermo 

Fisher 

Scientific 

62247 

Alexa Fluor™ 647 Phalloidin - InvitrogenTM A22287 

SuperFrost®  microscope 

slides 

- Thermo 

Fisher 

Scientific 

12372098 

EprediaTM Immu-MountTM  - Thermo 

Fisher 

Scientific 

9990402 

Coverslips (13 mm2) - Paul 

Marienfeld 

0111530 

 

2.1.13 Kits, substances and chemicals for protein precipitation 

Name Supplier Cat # 

Methanol Merck Millipore 107018 

Chloroform Carl Roth 3313.1 

NuPAGE™ Sample Buffer (2x) Thermo Fisher Scientific R1381 

 

2.1.14 Kits, substances and chemicals for cytotoxicity measurements 

Name Supplier Cat # 

Cytotoxicity detection kit (LDH) Roche  11644793001 

HCl Carl Roth 9277.1 
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2.2 Methods 
 
2.2.1 Mouse strains and sample collection 
All mice were on a C57BL/6N genetic background. THY–Tau22 transgenic mice (named 

Tau22) express a four-repeat isoform of human tau (1N4R) with a G272V and P301S 

mutation under control of the Thy1.2 promoter (Schindowski et al., 2006a). These mice, 

together with Cias1-knockout mice (named Nlrp3−/−; Millennium Pharmaceuticals), were 

previously generated and characterized (Kanneganti et al., 2006). Crossing between 

Tau22 and Nlrp3-/- mice took place to generate Tau22/Nlrp3-/- mice. Non-tau-transgenic 

littermates were used as controls throughout the study. Mice were housed according to 

the standardized conditions in the University Hospital of Bonn animal facility. All mouse 

studies complied with relevant ethical regulations and were performed as approved by the 

local ethical committee (81-02.04.202.A104 and 81-02.04.202.A221). As no overt 

difference in tau pathology between aged male and female Tau22 mice is reported, mixed 

genders were used throughout the study. Mice were grouped according to genotype 

before random assignment to the experimental conduct. Researchers performing animal 

experiments were blinded to the genotype. 

 

2.2.2 Tissue processing and histology 
Aged animals (11 months old) were transcardially perfused with cold 1x phosphate-

buffered saline (1x PBS, Applichem, Cat #2004367). The brains were dissected and fixed 

in 4% paraformaldehyde (PFA, Merck Millipore, Cat #P6148) for 24 hours at 4 °C. 

Afterwards, brains were put in a 30% sucrose (Sigma-Aldrich®, Cat #57-50-1) solution 

until the brains sank. Mouse brains were cut into 40 µM thick sections using a Leica 

CM3050S Cryostat and emerged in a cryoprotectant solution before storage at -20 °C. 

Immunohistochemistry on three serial sections per anatomical region per mouse brain 

was performed using a free-floating technique. Prior to the incubation with primary 

antibodies, sections were washed for three times five minutes in 1x PBS (Applichem, Cat 

#2004367) to wash out the cryoprotective solution. Epitope retrieval was performed using 

10 mM citrate buffer (pH 6.0) (Carl Roth, Cat #3580.3) at 95 °C for 15 minutes without 

shaking. Sections were allowed to cool down at RT for 20 minutes before washing in PBS-
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T (0.1 % Triton® X-100/PBS) for three times five minutes at RT. Blocking and 

permeabilization was performed by incubation with a blocking solution (10 % goat serum 

(Abcam, Cat#7841) in PBS-T) for one hour at RT. Sections were then incubated in primary 

rabbit anti-Iba1 (FUJIFILM Wako Shibayagi Cat #019-19741, RRID:AB_839504) (1:1000), 

rat anti-yH2AX (Millipore Cat# 05-636, RRID:AB_309864) (1:100) and mouse anti-lamin 

B1 (Proteintech Cat # 66095-1-Ig, RRID:AB_11232208) (1:500) antibodies in blocking 

solution at 4 °C overnight (ON). Sections incubated in blocking solution without primary 

antibody were used as a negative control. After washing, incubation in secondary 

antibodies goat anti-mouse AlexaFluor-488 (Thermo Fisher Scientific Cat# A-11001, 

RRID:AB_2534069) (1:500) and goat anti-rabbit AlexaFluor-594 (Thermo Fisher Scientific 

Cat# A-11012, RRID:AB_2534079) (1:500) was done for 90 minutes at RT. After the final 

washing step, ProLong™ Gold with 4′,6-diamidino-2-phenylindole (DAPI) (Invitrogen™, 

Cat #P36931) or DAPI (0.1 μg/mL) (Thermo Scientific, Cat #62247) was used as a 

mounting medium on SuperFrost® microscope slides (Thermo Fisher Scientific, Cat 

#12372098) with coverslips (24 x 60 mm, Menzel-Gläser, Cat #15628). Images were 

acquired using a Zeiss LSM900 microscope with a 40x oil objective and analyzed with 

ImageJ software version 2.0. A manual threshold was set and applied to all images. The 

nucleus was set as a region of interest (ROI). Intensity of lamin B1 and yH2AX inside the 

nucleus (ROI) was calculated by area * IntDen. Three images per section were captured 

close to the CA1 region by going from the posterior side (dentate gyrus) towards the 

anterior side (CA3). No other inclusion or exclusion criteria were applied. 

 

2.2.3 Immunocytochemistry 
After senescence induction, cells were washed with 1x PBS once and subsequently fixed 

in 4 % paraformaldehyde (PFA, Merck Millipore , Cat #P6148) dissolved in 1x PBS (PBS, 

Applichem, Cat #2004367) for 10 minutes at RT. After fixation, cells were washed three 

times for five minutes each with 1x PBS, before permeabilization with 1x PBS containing 

0.1 % Triton® X-100 (Carl Roth, Cat #9036-19-5) (PBS-T) for 10 minutes at RT. Blocking 

was performed using PBS-T supplemented with 3 % bovine serum albumin (BSA, 

Rockland, Fraction V, Cat #BSA-1000) and 5 % goat serum (Abcam, Cat #ab7481) for 30 

minutes at RT. The cells were incubated in primary antibodies rabbit anti-IBA1 (FUJIFILM 

Wako Shibayagi, Cat #019-19741, RRID:AB_839504) (1:1000), rat anti-CD11b (Bio-Rad, 
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Cat #MCA711, RRID:AB_321292) (1:250), mouse anti-yH2AX (Millipore, Cat #05-636, 

RRID:AB_309864) (1:100), rabbit anti-H3K9me3 (Abcam, Cat #ab8898, 

RRID:AB_306848) (1:200) and mouse anti-Parkin (BioLegend Cat# 808501, 

RRID:AB_2564744) (1:500) dissolved in blocking solution overnight at 4 °C. The following 

day, cells were washed in 1x PBS for three times five minutes followed by incubation in 

secondary antibodies goat anti-rabbit-AlexaFluor594 (Invitrogen™, Cat #A-11012, 

RRID:AB_2534079) (1:500), goat anti-mouse-AlexaFluor488 (Invitrogen™, Cat #A-

11001, RRID:AB_2534069) (1:500) and goat anti-rat-AlexaFluor594 (Invitrogen™, Cat 

#A-11007, RRID:AB_10561522) (1:500) dissolved in blocking solution for one hour at RT.. 

After the last washing step (three times five minutes with 1x PBS), the cells were mounted 

using ProLong™ Gold with 4′,6-diamidino-2-phenylindole (DAPI) (Invitrogen™, Cat 

#P36931). A Zeiss Laser Scanning Microscope 900 (LSM 900) with a 40x oil objective 

was used to obtain Z-stack images. ImageJ/Fiji software version 2.0 was used to process 

acquired images. A manual threshold was set and applied to all images. Each complete 

nucleus within a field-of-view was defined as a region of interest (ROI). Intensity of yH2AX 

and H3K9me3 inside the nucleus (ROI) was calculated by area * IntDen. For 

measurements of Parkin intensity, the cell body as defined by a CD11b staining was set 

as ROI. Three to four images were captured in the mid-centre of the coverslip, which 

contained optimal cell density. No other inclusion or exclusion criteria were applied. 

 

2.2.4 Primary microglia culture 
Mixed glial cultures were prepared from the brains of P0-P3 wild-type (WT) and Nlrp3-

knockout (Nlrp3−/−) pups. Pups were sacrificed by decapitation before brains were taken 

out. After removing the meninges, the brains from the same genotypes were combined in 

a 50 ml tube and washed three times with Hanks' Balanced Salt Solution (HBSS; Gibco™, 

Cat #24020091) followed by incubation with 0.25 % trypsin (LIFE Technologies, Cat 

#15400054) for 10 minutes at 37 °C. After incubation, DNase I (Roche, Cat 

#11284932001) was added and a single cell suspension was generated by mechanical 

shearing using a 10 ml pipet before the cells were pelleted at 300 xg for five minutes. The 

supernatant was discarded and the cells were resuspended in an appropriate amount of 

Dulbecco’s Modified Eagle Medium (DMEM; Gibco™, Cat #31966047) with 10 % Fetal 

Bovine Serum (FBS, Gibco™, Cat #26140079) and 5 U/ml penicillin–streptomycin 
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(Gibco™, Cat #15070063) (5 ml per two brains). Cells were then added to pre-coated T75 

flasks containing 10 ml of DMEM with 10 % FBS and 5 U/ml penicillin-streptomycin per 

flask. Pre-coating of the T75 flasks was done using 8 ml of a 0.1% poly-L-lysine solution 

in 1x PBS (PLL, Merck Millipore, Cat #P1524) for at least 30 minutes at 37 °C to stimulate 

anchoring of cells in culture. The pre-coated T75 flasks were washed three times with 

Dulbecco‘s Phosphate-Buffered Saline (DPBS; Gibco™, Cat #14190169) before the cells 

were added to the flasks. The following day, the cells were gently washed with DPBS to 

get rid of cellular debris and supplemented with 10 ml DMEM containing 10 % FBS, 10 % 

L929 conditioned medium and 5 U/ml penicillin-streptomycin. Seven to ten days after 

cultivation, microglia were shaken at RT by tapping against the flasks multiple times by 

hand and confirming floating of the cells under the microscope, followed by counting and 

plating in DMEM (Gibco™, Cat #31966047) supplemented with 1x N2-Supplement 

(Gibco™, Cat #17502048) and 5 U/ml penicillin–streptomycin (Gibco™, Cat #15070063) 

overnight before treatment. Microglia were shaken off up to three times. 

 

2.2.5 Primary microglia treatment 
Plating of primary mouse microglia was done overnight in 6-well plates (1.3 x 106 

cells/well) for immunoblotting and collection of conditioned medium (CM), in 12-well plates 

(5 × 105 cells/well) for RNA isolation, in 24-well plates for phagocytosis (3.5 × 105 

cells/well) or migration assays (5 x 105 cells/well) and on 13 mm2 coverslips in 24-well 

plates (1-1.5 x 105 cells/well) for immunocytochemistry and morphology analysis. The next 

day, cells were gently washed with DPBS (Gibco™, Cat #14190169) and treated with 5 

or 15 nM of recombinant human wildtype (2N4R) tau for 18 hours. After treatment with 

tau, the cells were washed with DPBS again and cultured for another 48 hours in 500 μl 

(12- and 24-well plates) or 1 ml (6-well plates) of medium. As the dried tau proteins (see 

2.2.10 for tau preparation) were directly dissolved in medium, the control treatment was 

performed using only medium. Cells were treated for one hour with 1 μM of CRID3 sodium 

salt (Tocris, Cat #5479) and/or 1 μM of the selective STAT3 inhibitor stattic (Tocris, Cat 

#2798) prior to senescence induction to block NLRP3 inflammasome and STAT3 

activation. The cells received an additional stimulation with 1 μM CRID3 and/or stattic after 

withdrawal of tau (18 hours). Furthermore, a 72 hours treatment with 50 ng/ml of phorbol 

12-myristate 13-acetate (PMA; Sigma-Aldrich®, Cat #16561-29-8) (diluted from stock in 
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medium) was included as a positive control. Overnight plating and treatments were 

performed in DMEM (Gibco™, Cat #31966047) supplemented with 1x N2-Supplement 

(Gibco™, Cat #17502048) and 5 U/ml penicillin–streptomycin (Gibco™, Cat #15070063). 

For each experiment, three (n=3) to four (n=4) biologically independent experiments were 

performed using three to four independently prepared mixed glia cultures for shaking off 

microglia. Individual wells were assessed in each independent experiment. No samples 

were pooled. 

 

2.2.6 Western blotting 
At the end of the experimental procedure, the microglia were washed with ice cold 1x PBS 

and lysed in appropriate volumes of 1x Radio-Immunoprecipitation Assay Lysis Buffer 

(RIPA) buffer (50 mM Tris-HCl, 1% Triton® X-100, 0.5% sodium deoxycholate, 0.1% 

sodium dodecyl sulfate (SDS) with protease/phosphatase inhibitor (Thermo Scientific™, 

Cat #78441). Cells were scraped off and transferred to a 1.5 ml tube on ice for 30 minutes 

and vortexed a few times in between. Afterwards, samples were centrifuged at 20,000 xg 

for 15 minutes at 4 °C. Protein quantification was performed using a BCA Protein Assay 

Kit (Thermo Scientific™, Cat #23225) according to the manufacturer’s instructions on the 

supernatants containing the soluble proteins. For immunoblotting, samples were 

supplemented with a selfmade 1x LDS Sample Buffer (see section 2.1.6 for composition) 

that is based on the NuPAGE™ sample buffer (Thermo Scientific™, Cat #R1381) and 

heated for five minutes at 95 °C. A total of 25 µg protein per sample were loaded on 4–12 

% NuPAGE™ gels with ten wells (Thermo Scientific™, Cat # NP0321BOX), 15 wells 

(Thermo Scientific™, Cat #NP0323BOX) or 20 wells (Thermo Scientific™, Cat 

#WG1402BOX). Running of the gels was performed using 1x MES SDS running buffer 

(InvitrogenTM, Cat #NP0002) with 150V and 300 mA for 90 minutes using the Power 

Supply EV3020 (Carl Roth). Transfer of proteins was done using a Trans-Blot® Turbo™  

transfer pack (BIO-RAD, Cat #1704158 and Cat #1704159) according to the 

manufacturer’s instructions. After protein transfer, the membranes were blocked for one 

hour in 3 % Bovine Serum Albumin (BSA) (Rockland, Fraction V, Cat #BSA-1000) in Tris-

buffered saline supplemented with Tween-20 (TBS-T; 10 mM Tris-HCl, 150 mM NaCl, 

0.05 % Tween-20, pH 8.0), followed by incubation in primary antibodies rabbit anti-p21 

(Abcam, Cat #ab218311, RRID:AB_2890611) (1;1000), rabbit anti-p16 (Abcam, Cat 
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#ab211542, RRID:AB_2891084) (1:1000), mouse anti-lamin B1 (Proteintech, Cat 

#66095-1-Ig, RRID:AB_11232208) (1:1000), mouse anti-caspase-1 (AdipoGen Cat #AG-

20B-0042, RRID:AB_2490248), mouse anti-STAT3 (Abcam Cat #ab119352, 

RRID:AB_10901752) and rabbit anti-pSTAT3 (Abcam Cat #ab76315, 

RRID:AB_1658549) in blocking solution at 4 °C overnight. Incubation in primary rabbit 

anti-GAPDH antibody (Sigma-Aldrich®, Cat #G9545, RRID:AB_796208) (1:5000) was 

done in blocking solution for one hour at RT. After incubation in primary antibodies, the 

membranes were washed three times five minutes in TBS-T, before incubation in 

fluorescently-tagged secondary antibodies (LI-COR® Biosciences). Protein expression 

was visualized using a LI-COR ODYSSEY® CLx (LI-COR® Biosciences). ImageStudioTM 

software version 5.2.5 (LI-COR® Biosciences) was used to analyze the data. The intensity 

of GAPDH per condition per experiment was used as a reference to normalize the protein 

levels of the respective conditions. Next, the normalized protein value obtained per 

condition per experiment was then normalized to the averaged value obtained for control-

treated microglia or WT mice. PageRuler™ Prestained Protein Ladder (Thermo Fisher 

Scientific, Cat #26616) was used as a molecular weight marker.  

 

2.2.7 ELISA and mesoscale 
Conditioned medium (CM) was collected from the cells that were plated in 6-well plates 

and subsequently used for western blot analysis. The CM was centrifuged at 300 xg for 

five minutes at 4 °C to remove cellular debris. The undiluted CM was used to determine 

the concentration of pro-inflammatory factors using the Mouse IL-1 beta/IL-1F2 DuoSet 

ELISA (R&D Systems, Cat #DY401), Mouse IL-6 DuoSet ELISA (R&D Systems, Cat 

#DY406), V-PLEX Plus Proinflammatory Panel 1 Kit (Meso Scale Diagnostics, Cat 

#K15048G-1), V-PLEX Cytokine Panel 1 Mouse Kit (Meso Scale Diagnostics, Cat 

#K15245D-1) and V-PLEX Mouse Cytokine 19-Plex Kit (Meso Scale Diagnostics, Cat 

#K15255D-1) according to the manufacturer’s recommendations. CM of at least three 

(n=3) biologically independent experiments (e.g., at least three independent cell culture 

preparations were run on the same plate.  
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2.2.8 RNA isolation, cDNA synthesis and real time qRT-PCR 
To isolate RNA of primary cultured microglia, the conditioned medium (CM) was discarded 

and cells were washed with 1x PBS before adding 700 µl QIAzolTM Lysis Reagent 

(Qiagen, Cat# 79306) to the cells. Cells were scraped off and transferred to a 1.5 ml tube. 

The homogenate was incubated for five minutes at RT, followed by addition of 125 µl 

chloroform (Carl Roth, Cat #3313.1). Samples were shaken vigorously and centrifuged for 

15 minutes at 12,000 xg at 4 °C. The aqueous phase was collected for RNA isolation 

using a miRNeasy Micro Kit (Qiagen, Cat #217084) according to the manufacturer’s 

instructions. RNA concentration and purity were quantified spectrophotometrically using 

the Nanodrop 2000c (Thermo Fisher Scientific). 400 nanograms (ng) of total RNA were 

reverse transcribed in a total volume of 20 µl using the High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems™, Cat #4368814). The cDNA was amplified in 

TaqMan gene expression master mix (Applied Biosystems™, Cat #4369016) with 

predeveloped TaqMan assays and reagents in a 96-well plate according to the 

manufacturer’s instructions. Reactions were carried out using primer sets for Cdkn1a 

(Applied Biosystems™, Mm00432448_m1), Cdkn2a (Applied Biosystems™, 

Mm00494449_m1), Lmnb1 (Applied Biosystems™, Mm00521949_m1), Il-1b (Applied 

Biosystems™, Mm00434228_m1), Il-6 (Applied Biosystems™, Mm00446190_m1), Cxcl1 

(Applied Biosystems™, Mm04207460_m1) and 18S rRNA (Applied Biosystems™, Cat 

#4310893E), which was used as a loading control for all reactions. The qPCR run as well 

as the subsequent analyses were performed using the RT-PCR System StepOnePlus™ 

together with the StepOne™ software (both from Applied Biosystems™). Transcript levels 

were quantified by the comparative ΔΔCT method.   

 

2.2.9 Isolation of adult mouse microglia 
Adult mouse hippocampi were removed from transcardially perfused mice (see section 

3.2.2) and transferred to gentleMACS C tubes (Miltenyi Biotec, Cat #130-093-237) with 

enzymes supplied by the MACS Adult Brain Dissociation Kit (Miltenyi Biotec, Cat #130-

107-677). The gentleMACS C were attached to the gentleMACS Octo Dissociator 

(Miltenyi Biotec, Cat #130-096-427) for dissociation. Samples were applied to a MACS 

SmartStrainer (70 μM) (Miltenyi Biotec, Cat #130-098-462) to obtain uniform single-cell 

suspensions. Debris and Red Blood Cell Removal Solutions (supplied) were added to the 
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cell suspension and microglia were extracted using magnetically labeled CD11b 

MicroBeads (Miltenyi Biotec, Cat #130-126-725) and a MACS Separator with LS columns 

(Miltenyi Biotec, Cat #130-042-401) to elute the negative fraction and collect the CD11b 

positive cells. 700 µl QIAzol Lysis Reagent (Qiagen, Cat #79306) was added to the 

isolated adult microglia and kept in -20 °C before RNA was extracted as described under 

2.2.8. 

 

2.2.10 Preparation of recombinant human tau  
Recombinant human wildtype tau (2N4R) was cloned into pRK172 and the purification 

was performed as described previously (Ising et al., 2019). Tau-expressing inducible 

plasmids were transformed into BL21(DE3) E. coli (Agilent, Cat #230245). First, 10 ng 

plasmid was mixed with 50 µl bacteria and incubated on ice for 30 minutes. Afterwards, 

heatschock at 42 °C for 45 seconds was applied to the mixture, followed by two minutes 

incubation on ice. Next, 900 µl SOC medium was added and the bacteria were incubated 

at 37 °C while shaking at 250 rpm for one hour. Bacteria were resuspended and spread 

on a pre-warmed (37 °C) LB-agar plate with 0.1 mg/ml ampicillin. The LB-agar plate 

containing bacteria was then incubated upside down at 37 °C overnight to grow single 

colonies. The following day, a single colony was picked and grown in 5 ml LB medium 

supplemented with 0.1 mg/ml ampicillin overnight on a shaker at 37 °C. The next day, the 

bacteria were equally divided into 500 ml baffeled beakers with 250 ml LB supplemented 

with 0.1 mg/ml ampicilin and incubated for apprixmately two to three hours at 37 °C to 

grow larger cultures. Optical density 600 (OD600) was measured in between until the 

desired level was reached (OD 0.5-0.6). Tau expression was induced by adding 0.6 mM 

IPTG (Merck Millipore, Cat# I6758) to each 500 ml flask for three hours at 37 °C. Bacteria 

containing tau were centrifuged at 3810 xg for ten minutes at  4 °C using an Avanti 

centrigure, followed by resuspension of the pellet in 15 ml BRB-80 (80 mM PIPES, 1 mM 

magnesium sulfate, 1 mM EGTA, pH 6.8) supplemented with 0.1 % 2-mercapthoethanol 

and 1 mM PMSF. The resuspended pellet was transferred to a 50 ml tube and sonicated 

at 80 % power (four cycles of one minute with two minutes on ice in between). Bacterial 

debris were removed by centrifugation for 20 minutes at 3810 xg at 4°C. The tau-

containing supernatant was boiled for 10 minutes and centrifuged again for 15 minutes at 

3810 xg. Enrichment of the tau protein was done by cation exchange chromatography 
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using sepharose fast flow beads (Merck Millipore, Cat #GE17-0729-01). Afterwards, 

different concentrations of sodium chloride dissolved in BRB-80 supplemented with 0.1 % 

2-mercaptoethanol were used to elute tau. A Coomassie gel stain was used to test the 

presence of tau and tau-containing fractions were combined and concentrated in 10 mM 

ammonium bicarbonate buffer using Amicon ultra centrifugal units (10-kDa molecular 

weight cut-off, Merck Millipore, Cat #UFC9010). The prepared tau preparation was tested 

for the presence of endotoxins using an endotoxin quantification kit (Thermo Fisher 

Scientific, Cat #A39552S). The concentration of tau was assessed by a BCA assay 

(Thermo Fisher Scientific, Cat #23225) according to the manufacturer’s instructions 

before aliquoting. Tau samples were dried in a speed vac before storage at -80 °C. Tau 

proteins were resuspended in DMEM supplemented with 1x N2-Supplement and 5 U/ml 

penicillin–streptomycin right before use. 

 

2.2.11 Fluorescent labeling of recombinant human tau 
Purified recombinant tau was reconstituted in DPBS (Gibco™, Cat #14190169) to a final 

concentration of 8 µM. Afterwards, the reconstituted recombinant tau was incubated with 

0.025 mg Alexa Fluor™ 405 NHS ester (Thermo Fisher Scientific, Cat #A30000) for one 

hour at RT followed by shaking at 4 °C overnight. The following day, glycine was added 

to the solution to a final concentration of 100 mM and incubated for one hour at RT. The 

solution was dialyzed for two times two hours in 1x PBS at RT using a 10 K MWCO Slide-

A-Lyzer™ dialysis cassette (Thermo Fisher Scientific, Cat #66383). Labeled tau was 

aliquoted in protein low-binding tubes (Eppendorf™, Cat #0030108116) and stored at -80 

°C before use. 

 

2.2.12 Tau clearance assay 
After senescence induction (e.g., tau exposure and recovery), microglia were treated with 

200 nM AlexaFluor-405-labeled tau monomers dissolved in DMEM (Gibco™, Cat 

#31966047) supplemented with 1x N2-Supplement (Gibco™, Cat #17502048) and 5 U/ml 

penicillin–streptomycin (Gibco™, Cat #15070063) and incubated for 30 or 60 minutes. 

Tau uptake was stopped by washing the cells with 1x PBS to remove free tau and cells 

were collected using 0.5 % trypsin (Thermo Fisher Scientific, Cat #15400054). Afterwards, 

the cells were incubated in a blocking solution containing 1x PBS and FCS (Gibco™, Cat 
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#10500064) (1:1 ratio) for 10 minutes on ice, followed by incubation in allophycocyanin 

anti-mouse/human CD11b antibody (BioLegend Cat #101212, RRID: AB_312795) (1:100) 

for 30 minutes in FACS buffer (1x PBS supplemented with 2 % FCS) on ice. After 

incubation, cells were collected and resuspended in 300 µl ice-cold FACS buffer before 

measurement by flow cytometry using the FACSCantoTM II and the FACSDivaTM software 

(Becton Dickinson, Heidelberg, Germany). FlowJoTM software (v3.05470; Ashland, OR) 

was used to analyze tau uptake and clearance in CD11b-positive cells. Experiments were 

performed with support from Dr. Hannah Scheiblich, Institute of Innate Immunity, Bonn. 

 

2.2.13 Morphology analysis 
After senescence induction, the cells were washed with 1x PBS, followed by fixation in 4 

% PFA. Afterwards, cells were washed in in PBS-T for three times five minutes and  

stained with Alexa Fluor™ 647 Phalloidin (Invitrogen™, Cat #A22287, RRID: 

AB_2620155) (1:100) and DAPI (Thermo Scientific™, Cat #62247) (0.1 μg/mL) for 

30 minutes in PBS-T. Mounting of the cells was done using EprediaTM Immu-MountTM 

mounting medium (Thermo Fisher Scientific, Cat #9990402) and images were taken using 

a Nikon ECLIPSE Ti fluorescence microscope equipped with a 20x objective. A total of 

five images per condition were taken, with an estimate of 20 cells per image per condition. 

A total of three independent cell culture preparations  (n=3) were used for this experiment. 

CellProfiler (v3.1.8, Broad Institute of Harvard and MIT, MA, USA) was used to analyze 

the images (Kamentsky et al., 2011). The final analysis was performed by Dr. Hannah 

Scheiblich, Institute of Innate Immunity, Bonn . 

 

2.2.14 Migration assay 
The migration assay was based on the method of Liang and colleagues (Liang et al., 

2007). After senescence induction, a pipet tip was used to create a scratch in the confluent 

cell monolayer. This was followed by a washing step in 1x PBS and subsequent incubation 

in 500 μl DMEM (Gibco™, Cat #31966047) supplemented with 1x N2-Supplement 

(Gibco™, Cat #17502048) and 5 U/ml penicillin–streptomycin (Gibco™, Cat #15070063) 

for 8 hours before images were acquired using a Nikon ECLIPSE Ti brightfield microscope 

(10x) at desired times in a marked sector as reference area. Migration was calculated by 

dividing scratch widths measured before and after incubation, quantified at 20 distinct 
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locations within the reference area. ImageJ/Fiji software version 2.0 was used to analyze 

the images. Imaging and analysis was performed by Dr. Hannah Scheiblich, Institute of 

Innate Immunity, Bonn. 

 

2.2.15 Protein precipitation 
To measure cleavage of caspase-1 in the supernatants, 500 µl ice-cold methanol (Merck 

Millipore, Cat #107018) and 125 µl ice-cold chloroform (Carl Roth, Cat #3313.1) was 

added to 500 μl conditioned medium. Samples were vortexed and centrifuged at 13,000 

xg for five min at 4°C. The aqueous phase was discarded and 500 µl Methanol (Merck 

Millipore, Cat #107018) was added to the protein phase and vortexed vigorously. Another 

centrifugation was performed and the supernatant removed. The pellet was dried and 

resuspended in 20 µl (2x) Western Blot loading buffer. Denaturing of samples was done 

at 95°C for five minutes using a ThermoShaker. 

 

2.2.16 Cytotoxicity assay (LDH) 
Cellular cytotoxicity was measured in a 96-well plate containing 50 μl supernatants using 

the cytotoxicity detection kit (LDH) (Roche, Cat #11644793001) according to the 

manufacturer's protocol. To stop the reaction, 25 µl 1 M HCl (Carl Roth, Cat #9277.1) was 

added to the wells and absorbance was measured at 490 and 680 nm using a microplate 

reader (Infinite M200; Tecan). 

 

2.2.17 Statistical analysis 
At least three independent primary cell culture preparations (n) were used for each 

experiment. Data were analyzed with Graph Pad Prism (version: 9.4.1 (681)) and are 

shown as mean + SD for parametric data or median ± 95% CI for non-parametric data of 

at least three biologically independent cell culture preparations (n). Normal distribution of 

the data sets was evaluated using Shapiro-Wilk test and outliers were identified using the 

ROUT (Q = 1%) method. Statistical significance for parametric data was analyzed by one-

way ANOVA with post hoc Tukey’s test and for non-parametric data, Kruskal-Wallis test 

with post hoc Dunn’s test or unpaired t-test (two-tailed) with Mann-Whitney test was 

applied. Statistical significance was assumed for p<0.05. Statistical details for all figures 

can be found at the end of the dissertation (see section 11. Statistical details) 
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3 Results 

 

3.1 Microglial senescence in the hippocampus of aged Tau22 mice 
 

3.1.1 Reduced expression of lamin B1 in microglia in the stratum radiatum close 
to the CA1 region of Tau22 mice 

Histopathological findings in the brain of AD patients revealed features of senescent rather 

than activated microglia, which colocalized with tau-positive structures and preceded the 

spread of tau (Streit et al., 2009). A decade later, research demonstrated that the 

formation of senescent microglial precedes the onset of neurofibrillary tangle (NFT) 

deposition in the brains of PS19 mice (Bussian et al., 2018). Here, we aimed to investigate 

the presence of senescent microglia in another tauopathy mouse model, called Tau22. 

Tau22 mice show progressive accumulation of pathological tau species including but not 

restriced to the CA1 region of the hippocampus, which starts at 6 months (middle-aged) 

and reaches a full tau pathology spectrum at 12 months of age (aged) (Schindowski et al., 

2006b). Within the CA1 region, many microglia can be found within the stratum radiatum, 

from where they are extending their processes also towards the neuronal, tau aggregate-

containing cell bodies in the stratum pyramidale of the CA1 (Ising et al., 2019). Hence, we 

postulated an increased number of senescent microglia in the stratum radiatum of the 

CA1 region of aged Tau22 mice in comparison to age-matched wildtype mice (WT). 

 

Downregulation of nuclear lamin B1 is a hallmark of cellular senescence (Freund et al., 

2012; Saito et al., 2019). Remarkably, a decline in neuronal lamin B1 levels was observed 

in post-mortem human brain tissue of AD and frontotemporal dementia (FTD) patients 

(Frost et al., 2016; Paonessa et al., 2019). In addition, a downregulation of lamin B1 was 

found in senescent astrocytes in the context of PD (Chinta et al., 2018). However, it 

remains to be elucidated whether lamin B1 levels are altered in microglia in the context of 

tauopathies. To this end, we first investigated the expression of lamin B1 in microglia in 

the stratum radiatium close to the CA1 cell body region of aged (11 months) Tau22 mice 

using immunofluorescent stainings. Our findings demonstrate a decline in the 

immunoreactivity of nuclear lamin B1 in microglia in the stratum radiatum close to the CA1 

cell body region of Tau22 mice in comparison to WT mice (Fig. 4). 
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Fig. 4: Loss of microglial lamin B1 in the stratum radiatum close to the CA1 cell body 
region of Tau22 mice. A. Representative immunohistochemical staining for lamin B1 
(green) and ionized calcium-binding adapter molecule 1 (Iba1; magenta) in WT and Tau22 
mice at 11 months of age. B. Quantification of lamin B1 in microglia of WT (n=5) and Tau22 
(n=4) mice shown in A. Graph is presented as median + 95% confidence interval (CI) and 
analyzed by non-parametric unpaired (two-tailed) Mann-Whitney test (*P=0.0317). ROUT 
test (Q = 1%) showed no outliers. Shapiro-Wilk normality test was violated. No exclusion 
criteria were pre-determined and no samples were excluded from the analysis. Arrow 
heads indicate the expression of lamin B1 in microglia. 
 

3.1.2 Microglia in the stratum radiatum close to the CA1 cell body region of Tau22 
mice showed accumulation of yH2AX foci 

Phosphorylation of H2AX (yH2AX) is another widely accepted marker of senescence. 

Prolonged exposure to stress might result in the formation of yH2AX in response to 

double-strand breaks (DSBs) that promote a DNA damage response (DDR). This 

mechanism is initiated in order to avoid the propagation of damaged DNA into daughter 

cells by promoting cell cycle arrest. Upon proper repairment of DSB, however, the cells 

resume normal proliferation. But, when the cells are unable to initiate proper repairment, 

for example during chronic activation of the DDR, it might result in a permanent cell cycle 

arrest and subsequently cellular senescence (Kumari and Jat, 2021; Mah et al., 2010). 

Interestingly, increased yH2AX has been observed in post-mortem brains of AD patients 

as well as tau transgenic mice (Farmer et al., 2020; Musi et al., 2018). In addition, 
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expression of yH2AX in the brains of PS19 mice correlated with increased cell cycle arrest, 

brain atrophy and NFT formation (Musi et al., 2018). Given this finding and our previous 

observation on the loss of lamin B1 in Tau22 mice (Fig. 4), we sought to address whether 

microglia in the stratum radiatum close to the CA1 cell body region of Tau22 mice also 

present with double-strand breaks, characterized by yH2AX. Here, we found that microglia 

in this particular region of Tau22 mice showed a significant increase in yH2AX in 

comparison to WT mice (Fig. 5). 

Fig. 5: Increased expression of phosphorylated H2AX (yH2AX) in microglia in the stratum 
radiatum close to the CA1 cell body region of Tau22 mice. A. Representative 
immunohistochemical staining for yH2AX (green) and Iba1 (magenta) in WT and Tau22 
at 11 months of age. B. Quantification of yH2AX in microglia of WT (n=4) and Tau22 (n=6) 
mice shown in A. Graph is presented as mean + 95% CI and analyzed by non-parametric 
unpaired (two-tailed) Mann-Whitney test (**P=0.0095). C. ROUT test (Q = 1%) showed 
no outliers. Shapiro-Wilk normality test was violated. No exclusion criteria were pre-
determined and no samples were excluded from the analysis. Arrow heads indicate the 
expression of yH2AX in microglia.  

 
3.1.3 NLRP3 deficiency in Tau22 mice normalized the levels of lamin B1 in 

microglia in the stratum radiatum close to the CA1 cell body region 
Aging is accompanied by a decline in immune efficacy, contributing to age-related 

inflammatory diseases (Aiello et al., 2019). The term inflammaging has been described 

previously and is closely linked to immunosenescence, a phenomenon that describes the 
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progressive deterioration of the immune system with age (Aiello et al., 2019; Aw et al., 

2007; Sebastian-Valverde and Pasinetti, 2020). Studies trying to decipher the link 

between aging and immunosenescence point towards the NLRP3 inflammasome as a 

potential mediator (Sebastian-Valverde and Pasinetti, 2020; Spadaro et al., 2016). While 

activation of the NLRP3 inflammasome has been implicated in tauopathies (Ising et al., 

2019), its role in (immuno)senescence in tauopathies is unknown. To monitor the effect of 

the NLRP3 on microglial senescence in vivo, we first performed an immunostaining 

against lamin B1 in Tau22 mice crossed to Nlrp3-knockout mice (Tau22/Nlrp3-/-). In line 

with our previous results, we observed a significant decrease in lamin B1 in microglia 

close to the CA1 cell body region of Tau22 compared to WT mice (Fig. 6 A, B). Strikingly, 

Tau22 mice with a deficiency in the NLRP3 inflammasome showed normalization of lamin 

B1 levels in microglia close to the CA1 cell body region (Fig. 6 A, B). 

 

 
Fig. 6: NLRP3 deficiency prevented loss of lamin B1 in microglia in the stratum radiatum 
close to the CA1 cell body region of Tau22 mice. A. Representative immunohistochemical 
staining for lamin B1 (green) and Iba1 (magenta) in 11 months old WT, Tau22, Nlrp3-/- 

and Tau22/Nlrp3-/- mice. B. Quantification of lamin B1 in microglia (WT, n=5; Tau22, n=4, 
Nlrp3-/-, n=4; Tau22/Nlrp3-/-, n=5). Graph is represented as mean + SD and analyzed by 
one-way ANOVA with Tukey’s test F: F (3,14) = 5.830, P = 0.0084. Statistical significance 
is presented as *P<0.05 and **P<0.01. ns = not significant, exact P values are shown in 
section 11, table 6 B. Arrow heads indicate the expression of lamin B1 in microglia. ROUT 
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test (Q = 1%) showed no outliers. Shapiro-Wilk normality test was not violated. No 
exclusion criteria were pre-determined and no samples were excluded from the analysis.  
 

3.1.4 Isolated adult hippocampal microglia from NLRP3 deficient mice exhibit a 
non-senescent gene expression profile 

Microglia in the temporal cortex of AD patients demonstrated a significant increase in the 

mRNA expression of markers associated with senescence, including Cdkn2a, Il-1b and Il-

6 (Hu et al., 2021). Similarly, an elevation of these markers was observed in the cortices 

and hippocampi of PS19 mice and both regions were marked by substantial tau pathology 

at the analyzed age (Bussian et al., 2018). Given these findings, we wanted to confirm 

increased mRNA expression of markers associated with senescence in isolated adult 

hippocampal microglia from Tau22 mice, the region mainly affected by tau pathology in 

this tauopathy model. In addition, we aimed to explore the contribution of the NLRP3 

inflammasome to the senescent gene expression profile in isolated adult hippocampal 

microglia. Surprisingly, isolated adult hippocampal microglia from 11-month-old Tau22 

mice showed no increase in Cdkn1a gene expression levels compared to isolated adult 

hippocampal microglia from age-matched WT mice (Fig. 7 B). However, our data 

demonstrated that isolated adult hippocampal microglia from 11-month-old Tau22 mice 

(Fig. 7 A) showed a significant increase in Cdkn2a (Fig. 7 C), Il-1b (Fig. 7 D) and Il-6 (Fig. 

7 E) gene expression levels compared to isolated adult hippocampal microglia from age-

matched WT mice. In addition, we observed an increased gene expression of Cxcl1 (Fig. 

7 F), which is one of the well-documented factors of the SASP (Rodier et al., 2009). 

Strikingly, Tau22 mice with a NLRP3 deficiency showed a significant reduction in Cdkn2a 

(Fig. 7 C), Il-1b (Fig. 7 D), Il-6 (Fig. 7 E) and Cxcl1 (Fig. 7 F) gene expression levels as 

compared to Tau22 mice. Deficiency in NLRP3 did not affect the gene expression levels 

of Cdkn1a (Fig. 7 B). 
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Fig. 7: Isolated adult hippocampal microglia from NLRP3 deficient Tau22 mice show a 
reduced expression of senescence-associated genes. A. Experimental setup of microglia 
isolation from the hippocampi of 11-month-old mice. B-F. Gene expression analysis of 
Cdkn1a (B; WT (n=6), Tau22 (n=6), Nlrp3-/- (n=4), Tau22/Nlrp3-/- (n=5)), Cdkn2a (C; WT 
(n=5), Tau22 (n=5), Nlrp3-/- (n=4), Tau22/Nlrp3-/- (n=5)), IL-1b (D; WT (n=5), Tau22 (n=4), 
Nlrp3-/- (n=5), Tau22/Nlrp3-/- (n=4)), Il-6 (E; WT (n=5), Tau22 (n=5), Nlrp3-/- (n=4), 
Tau22/Nlrp3-/- (n=5)) and Cxcl1 (F; WT (n=5), Tau22 (n=5), Nlrp3-/- (n=3), Tau22/Nlrp3-/- 
(n=4)). Data are represented as mean + SD and analyzed by one-way ANOVA with 
Tukey’s test (C: F (3,15) = 8.309, P = 0.0017, D: F (3,14) = 11.89, P=0.0004), E: F (3,15) 
= 9.751, P = 0.0008 and F: F (3,13) = 8.485, P = 0.0022) or as median + 95% CI and 
analyzed by non-parametric Kruskal-Wallis test (B: Cdkn1a: Kruskal-wallis test = 2.466, 
P=0.4814). Statistical significance is presented as *P<0.05 and **P<0.01. ns = non 
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significant. Exact P values are shown in section 11, table 7 B-F No exclusion criteria were 
pre-determined and no samples were excluded from the analysis 
 

3.2 The effect of monomeric tau on the induction of microglial senescence: a 
cellular model 

 
3.2.1 Microglia showed a senescent-like phenotype after tau exposure 
Tau monomers transit into an oligomeric state before the formation of tau fibrils and 

eventually NFTs (Mamun et al., 2020). Strikingly, NFT-containing neurons are able to 

survive for decades (Morsch et al., 1999), suggesting that the pre-aggregated tau peptides 

are more toxic. Indeed, evidence points out that tau monomers and oligomers are 

associated with neuroinflammation (Gaikwad et al., 2021; Ising et al., 2019; Jin et al., 

2021; Nilson et al., 2017). Although, it was demonstrated that microglia show features of 

senescence after phagocytosis of tau-aggregate bearing neurons (Brelstaff et al., 2021), 

the role of pre-aggregated tau peptides, such as monomers, on the induction of microglial 

senescence remain unclear. Since monomeric tau has been detected in the extracellular 

space (Yamada et al., 2011), the aim of the following experiments was to investigate the 

effect of monomeric tau on the induction of microglial senescence in vitro.  
 

To begin with, we treated primary murine microglia for 18 hours with different 

concentrations of recombinant human tau monomers ranging from 0 (=control) over 5, 15 

and 20 nM tau. After 18 hours, the medium was replaced with fresh medium and the cells 

incubated for another 48 hours. As microglia treated with 20 nM tau were found to detach 

from the cell culture plate during the incubation time, this concentration was excluded from 

the following analyses. We then investigated classical senescence markers at both mRNA 

and protein level in cells exposed to 5 and 15 nM of tau. We observed that exposure to 

15 nM of tau increased the mRNA levels of Cdkn2a (Protein name: p16INK4a) compared to 

control and 5 nM tau conditions (Fig. 8 A), but neither 5 nM nor 15 nM of tau altered the 

mRNA expression of Cdkn1a (Fig. 8 B) (Protein name: p21WAF1) or Lmnb1 (Protein name: 

lamin B1) (Fig. 8 C). In contrast, we found that microglia express increased protein levels 

of p16INK4a and p21WAF1 independent of the tau concentration (Fig. 8 D-F). But interestingly, 

only exposure to 15 nM tau resulted in loss of lamin B1 at the protein level (Fig. 8 G).  
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To rule out that treatment with monomeric tau resulted in microglial cytotoxicity, we 

performed a cytotoxicity assay (LDH) on the conditioned medium after treatment (18 

hours) and recovery (66 hours) (Fig. 8 H). Our results demonstrate that our selected 

treatment strategy did not result in microglial cytotoxicity (Fig. 8 H).  

 

 
Fig. 8: Exposure to monomeric tau increased protein expression of p16INK4a and p21WAF1 
and induced loss of lamin B1 in murine primary microglia. A. Cdkn2a (p16INK4a), B. Cdkn1a 
(p21WAF1) and C. Lmnb1 mRNA levels after exposure to monomeric tau. D. Immunoblot 
representing lamin B1, p21WAF1, p16INK4a and GAPDH in murine primary microglia after 
exposure to tau monomers. E-G. Immunoblot quantification of p16INK4a (E.) p21WAF1 (F.) 
and lamin B1 (G.) shown in D. H. Quantification of microglial cytotoxicity as a result of 
lactate dehydrogenase (LDH) release in the conditioned medium after exposure to 
monomeric tau at post treatment (18h) and post recovery (48h). Data are represented as 
mean + SD and analyzed by one-way ANOVA (A: F (2,6) = 5.791, P=0.0397; B: F (2,6) = 
2.135, P=0.1994; C: F (2,6) = 1.422, P=0.3122; E: F (2,6) = 9.187, P=0.0149; F: F (2,6) 
= 13.49, P= 0.0060; G: F (2,6) = 9.879, P=0.0126) or as mean + SD and analyzed by two-
way ANOVA (H: F (5,10) = 0.8804, P=0.5279 with multiple comparisons regardless of 
rows and columns) followed by Tukey’s test. Significance is presented as *P<0.05 and 
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**P<0.01. ns = not significant, n=3 independent cell culture preparations. Exact P values 
are shown in section 11, table 8 A-C and 8 E-G. No outliers were detected using ROUT 
test (Q = 1%). No exclusion criteria were pre-determined and no samples were excluded 
from the analysis. Adapted from (Karabag et al., 2023). 
 

3.2.2 Characterization of a microglial SASP 
Noteworthy, cell cycle arrest does not necessarily represent senescence since increased 

expression of p16INK4a and p21WAF1 can also be observed during other states of cell cycle 

arrest, including quiescence (Terzi et al., 2016; Blagosklonny, 2011). However, one of the 

differences between senescent cells and quiescent cells is that senescent cells are 

additionally characterized by the secretion of a SASP, which might contribute to tissue 

damage and degeneration seen during aging and age-related diseases (Coppé et al., 

2010; Cuollo et al., 2020). To investigate whether our model system is characterized by 

the presence of a SASP, we measured the release of several previously identified SASP 

molecules, namely IL-1β, IL-6, TNF-α, IL-15 and CXCL1 (Coppé et al., 2010; Schafer et 

al., 2020; Su et al., 2021), to the conditioned medium of murine primary microglia after 

exposure to monomeric tau. Our results showed that microglia exposed to 15 nM, but not 

5 nM of monomeric tau secrete significantly higher levels of these SASP factors (Fig. 9 A-

E) when compared to control treated microglia. Moreover, exposure to 15 nM tau 

enhanced the secretion of IL-27, a factor that to the extend of our knowledge is a potential 

newly identified SASP factor (Fig. 9 F). Notably, we observed a dose-dependent increase 

in the secretion of IL-33 and a dose-dependent decrease in the secretion of anti-

inflammatory IL-10 from murine primary microglia after tau treatment (Fig. 9 G, H). 
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Fig. 9: Exposure to monomeric tau elicited the secretion of a senescence-associated 
secretory profile (SASP) from murine primary microglia. Secretion of A. Interleukin-1β (IL-
1β), B. Interleukin-6 (IL-6;). C. Tumor necrosis factor alpha (TNF-α). D. Chemokine (C-X-
C motif) ligand 1 (CXCL1). E. Interleukin-15 (IL-15). F. Interleukin-27 (IL-27), G. 
Interleukin-33 (IL-33) and H. Interleukin-10 (IL-10) from murine primary microglia after 
exposure to tau monomers. Data are represented as mean + SD (A, C, E, G-H) or median 
+ 95% CI (B, D and F) and analyzed by one-way ANOVA followed by Tukey’s test (A: F 
(2,9) = 53.74, P<0.0001; C: F (2,6) = 252.4, P<0.0001; E: F (2,6) = 18.03, P=0.0029; G: 
F (2,6) = 45.98, P=0.0002; H: F(2,6)=23.44, P=0.0015) and for non-parametric data, 
Kruskal-Wallis test with post hoc Dunn’s test (B: Kruskal-wallis = 8.028, P=0.0040; D: 
Kruskal-wallis = 7.200, P=0.0036; F: Kruskal-wallis = 6.489, P=0.0107). n=3 independent 
cell culture experiments (C-H) or n=4 independent cell culture experiments (A-B). 
Significance is presented as *P<0.05, **P<0.01 and ***P<0.001. ns = not significant. Exact 
P values are shown in section 11, table 9 A-H.  No outliers were identified using ROUT 
test (Q = 1%). No exclusion criteria were pre-determined and no samples were excluded 
from the analysis. Adapted from (Karabag et al., 2023) 
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3.2.3 Confirming the senescent phenotype using a positive control: treatment with 
phorbol 12-myristate 13-acetate (PMA) induced microglial senescence 

The fact that primary cell cultures are limited in their proliferation capacity (Gillooly et al., 

2012; Pan et al., 2009; Vay et al., 2018) raises questions whether the classical cell cycle 

arrest markers p16INK4a and p21WAF1 are representative and suitable markers of 

senescence in our newly established cell culture model. Hence, we tried to confirm our 

findings based on a previous study showing that exposure to phorbol 12-myristate 13-

acetate (PMA) for 72 h induced senescence in rat microglia in vitro, characterized by 

increased cell cycle arrest, release of a SASP and senescence-associated β-Gal positive 

cell stainings (Cao et al., 2020). In keeping with this, we show that exposure to PMA 

induces cell cycle arrest markers (Fig. 10 A-C) and formation of a SASP also in murine 

primary microglia (Fig. 10 D-F). 

 

 
 
Fig. 10: Exposure to phorbol-12-myristat-13-acetat (PMA) induced senescence in murine 
primary microglia. A. Immunoblot representing p16INK4a, p21WAF1 and GAPDH after 
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exposure to 50 ng/ml phorbol-12-myristat-13-acetat (PMA) for 72 hours. B-C. 
Quantification of p16INK4a (B: ***P=0.0003) and p21WAF1 (C: P=0.5262) shown in A. D-F. 
Exposure to PMA resulted in the secretion of IL-1β (D: ***P=0.0002), TNF-α (E: 
****P<0.0001) and IL-6 (F: ***P=0.0005) from primary murine microglia. Data are 
represented as mean + SD and analyzed by two-tailed unpaired t-test. n=3 independent 
cell culture preparations. ROUT test (Q = 1%) showed no outliers. No exclusion criteria 
were pre-determined and no samples were excluded from the analysis. Adapted from 
(Karabag et al., 2023) 
 

In addition to the use of PMA as a positive control showing that microglia can go into 

senescence in culture, we used multiple other markers to adequately assess the 

senescent phenotype of primary microglia after tau exposure in more detail. In the 

following section, we present evidence for nuclear changes in senescent microglia. 

 

3.2.4 Microglia exhibited nuclear changes upon tau treatment 
As a result of the loss of lamin B1 after tau exposure, we aimed to identify other nuclear 

changes associated with senescence in our model system (Camps et al., 2015; 

Lämmerhirt et al., 2022; Matias et al., 2022). One of the changes we wanted to verify 

involved the loss of lysine 9 trimethylation on histone H3 (H3K9me3) (Sidler et al., 2017; 

Tsurumi and Li, 2012; Zhang et al., 2021). As loss of H3K9me has been associated with 

astrocytes and neurons in tauopathies (Gil et al., 2021; Jury et al., 2020), it appeared 

plausible that exposure to tau might be accompanied by the loss of H3K9me3 in our model 

system. Indeed, murine primary microglia exposed to 15 nM, but not 5 nM of tau, showed 

a significant loss of H3K9me3 (Fig. 11 A, B). Another accepted marker associated with 

senescence (Mah et al., 2010), which is also present in tauopathies (Farmer et al., 2020; 

Musi et al., 2018), is phosphorylation of histone H2AX (yH2AX). Here, we report that 

exposure to 15 nM, but not 5 nM of tau significantly increased the levels of nuclear yH2AX 

in murine primary microglia (Fig. 11 C, D). 
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Fig. 11: Primary murine microglia demonstrated loss of H3K9me3 and increased 
formation of yH2AX foci after exposure to monomeric tau. A. Immunocytochemical 
staining representing trimethylation of lysine 9 on histone 3 (H3K9me3; green), cluster of 
differentiation molecule (CD11b; magenta) and 4′,6-diamidino-2-phenylindole (DAPI; 
blue) in murine primary microglia after exposure to monomeric tau. B. Quantification of 
H3K9me3. C. Representative immunocytochemical staining showing phosphorylation of 
H2AX (yH2AX; green), IBA1 (magenta) and DAPI (blue) in microglia after exposure to 
different concentrations of tau. D. Quantification of yH2AX. Data are represented as mean 
+ SD and analyzed by one-way ANOVA with Tukey’s test (B: F (2,6) = 5.142, P=0.0500; 
D: (F (2,6) = 23.24, P=0.0015)). Arrow heads indicate nuclei with H3K9me3 expression. 
Statistical significance is presented as *P<0.05 and **P<0.01. ns = not significant, n=3 
independent cell culture preparations. Exact P values are shown in section 11, table 11 B, 
C. ROUT test (Q = 1%) showed no outliers. No exclusion criteria were pre-determined 
and no samples were excluded from the analysis. Adapted from (Karabag et al., 2023). 
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3.2.5 Senescent microglia are impaired in their capability to clear tau 
Microglia carry out important functions in the brain, including promotion of recovery after 

injury, modulation of neuronal synapses and maintenance of CNS homeostasis. In 

addition, other major functions of microglia include phagocytosis and clearance (Colonna 

and Butovsky, 2017; Galloway et al., 2019), which were shown to be impaired during 

senescence (Brelstaff et al., 2021). Therefore, we assessed whether our model system is 

characterized by an impaired ability to clear tau monomers. To test this, we first exposed 

murine primary microglia to 5 and 15 nM of monomeric tau as previously described, 

followed by adding 200 nM of fluorescently labeled tau monomers for 30 or 60 minutes. 

After the respective timepoints, we analyzed the ability of microglia to take up and clear 

tau monomers using flow cytometry (Fig. 12 A-F). In line with previous findings, we found 

that microglia pre-exposed to 15 nM, but not 5 nM of tau, presented with a decreased 

amount of tau in microglia as indicated by a reduction in fluorescence (Fig. 12E) and also 

a reduced percentage (%) of tau-positive microglia (Fig. 12F), overall showing a reduced 

capability of treated microglia to clear tau. 
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Fig. 12: Senescent murine primary microglia showed loss of tau clearance capabilities. 
A. FACS plot displaying the gating scheme for the assessment of tau clearance by murine 
primary microglia. B-D. Charts representing the engulfment of tau by control microglia (B) 
or microglia pre-exposed to tau monomers (C-D). E. Quantified tau fluorescence in the 
microglia after exposure to 200 nM AlexaFluor-405-labeled monomeric tau for 0, 30 and 
60 minutes. F. Quantification of the percentage (%) of tau-containing microglia after 
exposure to monomeric tau for 0, 30 and 60 minutes. Data are represented as mean + 
SD and analyzed by two-way ANOVA with multiple comparisons regardless of rows and 
columns (E: F (2,18) = 18.51, P<0.0001); F: F (2,18) = 20.60, P<0.0001). Statistical 
significance is presented as *P<0.05, ***P<0.001 and ****P<0.0001. ns = not significant, 
n=3 independent cell culture preparations. Exact P values are shown in section 11, table 
12 E-F. ROUT test (Q = 1%) showed no outliers. No exclusion criteria were pre-determined 
and no samples were excluded from the analysis. Adapted from (Karabag et al., 2023). 
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3.2.6 Impaired migratory capacity in senescent microglia 
Microglia rapidly change their ramified, highly motile branched shape to a reactive 

amoeboid shape during an insult to the CNS to support proper migration to the site of 

insult (Kettenmann et al., 2011; Scheiblich and Bicker, 2015; Zhang et al., 2016). 

Interestingly, the migration rate of various cell types, including microglia, was shown to be 

impaired during aging and senescence (Brelstaff et al., 2021; Caldeira et al., 2014, 2017; 

Damani et al., 2011). Given this, we examined the migration ability of murine primary 

microglia after senescence induction using an in vitro scratch wound assay (Fig. 13). We 

discovered that exposure to 15 nM, but not 5 nM of tau monomers, significantly impaired 

distance (Fig. 13 B) as well as speed (Fig. 13 C) traveled by microglia towards the wound. 

 

 
Fig. 13: Senescent murine primary microglia showed impaired migratory behavior. A. 
Images representing migratory behavior of primary microglia in a scratch assay at 0 and 
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8 hours (8h). B. Analysis of distance travelled in µm/8h. C. Quantification of the migration 
speed in µm/h. Data are shown as mean + SD and analyzed by one-way ANOVA with 
post hoc Tukey’s test (B-C: F (2,27) = 4.174, P=0.0263). n=3 independent cell culture 
experiments with 3-4 technical replicates per experiment. Statistical significance is 
presented as *P<0.05. ns = not significant. Exact P values are shown in section 11, table 
13 B-C. ROUT test (Q = 1%) showed no outliers. No exclusion criteria were pre-
determined and no samples were excluded from the analysis. Adapted from (Karabag et 
al., 2023). 
 

3.2.7 Senescent microglia show changes in their cytoskeletal morphology 
Impaired migratory behavior of senescent cells might be the consequence of re-

organizations of the cytoskeleton (Wang, 1985; Nishio and Inoue, 2005; Moujaber et al., 

2019; Reed et al., 2001). Changes in morphology, such as enlargements in cell size, are 

cardinal features of senescent cells (Greenberg et al., 1977; Wallis et al., 2022). Given 

this, we hypothesized that impaired migratory behavior during microglial senescence 

could be attributed to changes in morphology, which we measured by a Phalloidin 

staining. Interestingly, our results showed that exposure to 15 nM, but not 5 nM of tau, 

significantly increased the total skeletal length (µm) (Fig. 14 B), area (µm2) (Fig. 14 C), 

perimeter (µm) (Fig. 14 D), number of trunks (No. of Trunks) (Fig. 14 E) and branches 

(No. of Branches) (Fig. 14 F) in murine primary microglia.  
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Fig. 14: Senescent murine primary microglia presented with changes in cytoskeletal 
morphology. A. Representative immunocytochemical staining showing Phalloidin (red) 
and DAPI (blue) in primary murine microglia after exposure to different concentrations of 
tau. B. "Original" is an example of a cell stained with phalloidin (to label the F-actin 
cytoskeleton) and DAPI as nuclear counterstain. "Skeletonized" is the cell after running 
the skeletonization tool for morphological analysis. Dark grey is the nucleus and white are 
the processes that can be devided into trunks (structurally attached to the nucleus) and 
branches (structurally attached to trunks). C-G. Quantification of microglial morphology, 
including total skeletal length (C), cell area (D), perimeter (E), number of trunks (F) and 
number of branches (G). Data are presented as violin plots and analyzed by non-
parametric Kruskal-Wallis test with post hoc Dunn’s test (C: Kruskal-wallis = 24.67, 
P<0.0001; D: Kruskal-wallis = 19.97, P<0.0001; E: Kruskal-wallis = 47.19, P<0.0001; F: 
Kruskal-wallis = 15.22, P=0.0005 and G: Kruskal-wallis = 31.61, P<0.0001). Outliers were 
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removed (ROUT test: Q = 1%) from all datasets. No exclusion criteria were pre-
determined. Statistical significance is presented as *P<0.05, **P<0.01, ***P<0.001 and 
****P<0.0001. ns = not significant, n=3 independent cell culture preparations with an 
estimate of 100 cells analyzed per preparation in each condition. Exact P values are 
shown in section 11, table 14 C-G. Adapted from (Karabag et al., 2023). 
 

Taken together, our data indicated that exposure to 15 nM, but not 5 nM tau monomers 

results in the expression of markers that encompass most of the attributes associated with 

cellular senescence, including secretion of the SASP. Given this, we continued our 

experiments with 15 nM tau as the optimal concentration for inducing senescence in 

primary murine microglia. 

 

3.3 The contribution of the NLRP3 inflammasome to tau-mediated microglial 
senescence in vitro 

 

3.3.1 Activation of the NLRP3 inflammasome during microglial senescence 
The fact that ablation of the NLRP3 inflammasome ameliorated microglial senescence in 

vivo (Fig. 6 and Fig. 7) prompted us to further investigate the role of the NLRP3 

inflammasome in tau-mediated microglial senescence. To understand this, we first studied 

NLRP3 inflammasome activation in our established cell culture model. Interestingly, our 

results demonstrated that senescent microglia show increased release of cleaved 

caspase-1 (Fig. 15 B) and IL-1β (Fig. 15 C), both signs of NLRP3 inflammasome 

activation. These results are consistent with a previous study, showing activation of the 

NLRP3 inflammasome during senescence in another cell culture model (Tai et al., 2022; 

Wiggins and Clarke, 2019). To confirm that cleavage of caspase-1 as well as production 

of IL-1β are the result of NLRP3 inflammasome activation, we pre-treated the microglia 

with 1 μM of the selective NLRP3 inflammasome inhibitor CRID3 sodium salt (Tocris, Cat 

#5479). This concentration was based on previous experiments performed by colleagues 

in the laboratory (Scheiblich et al., 2021). In addition, a CRID3 treatment without exposure 

to tau (CRID3) (Fig. 15 A-D) was included. Our findings revealed that pre-treatment with 

CRID3 did significantly inhibit the release of cleaved caspase-1 (Fig. 15 B) as well as of 

IL-1β (Fig. 15 C). 
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Fig. 15: Senescent murine primary microglia show activation of the NLRP3 
inflammasome. A. Representative immunoblot of pro-caspase-1 and cleaved-caspase-1 
in the conditioned medium after senescence induction. B. Quantification of the ratio 
cleaved/pro-caspase-1 and C. Release of IL-1β in the conditioned medium of senescent 
murine primary microglia. Data are represented as mean + SD and statistical significance 
for parametric data was analyzed by one-way ANOVA followed by Tukey’s test (B: (3,8) = 
23.13, P=0.0003 and C: F (3,8) = 229.5, P<0.0001). Statistical significance is presented 
as **P<0.01, ***P<0.001 and ****P<0.0001. ns = not significant, n=3 independent cell 
culture preparations. Exact P values are shown in section 11, table 15 B-C. ROUT test (Q 
= 1%) showed no outliers. Shapiro-Wilk test showed no violation of normality. No 
exclusion criteria were pre-determined and no samples were excluded from the analysis. 
 

3.3.2 Inhibition of the NLRP3 inflammasome attenuates microglial senescence 
As mentioned in section 1.3.3.1, inflammaging or immunosenescence is characterized by 

the release of pro-inflammatory molecules, in particular IL-1α, IL-1β, IL-6, IL8, interferon 

gamma (IFN-y) and tumor necrosis factor α (TNF-α). Interestingly, activation of the NLRP3 

inflammasome was shown to control the SASP (Acosta et al., 2013) and pharmacological 

inhibition of the NLRP3 inflammasome was shown to be protective against cellular 

senescence (Romero et al., 2022; Shi et al., 2022). However, the contribution of the 

NLRP3 inflammasome to microglial senescence has not been investigated so far. Given 

this, we wanted to find out whether activation of the NLRP3 inflammasome mediates 

microglial senescence. To study this, murine primary microglia were pre-treated with 1 μM 

CRID3 for one hour prior to senescence indution. Here, we found that inhibition of the 

NLRP3 inflammasome prevented microglial senescence, as seen by normalization of 
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p16INK4a (Fig. 16 A, C) and p21WAF1 protein levels (Fig. 16 A, B) and partial reduction of 

release of several components of the SASP, in particular IL-1β (Fig. 16 D), IL-6 (Fig. 16 

E), TNF-α (Fig. 16 F) and CXCL1 (Fig. 16 G). In contrast, inhibition of the NLRP3 

inflammasome did not affect the release of IL-15 (Fig. 16 H), IL-27 (Fig. 16 I), IL-33 (Fig. 

16 J) and IL-10 (Fig. 16 K). 
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Fig. 16: Inhibition of the NLRP3 inflammasome using CRID3 prevented the senescent 
phenotype in murine primary microglia. A. Representative immunoblot for p16 and p21. 
B-C. Quantification of B. p21WAF1 and C. p16INK4a. Pre-treatment with CRID3 resulted in 
the suppression of D. IL-1β, E. IL-6, F. TNF-α, G: CXCL1, H. IL-15, I. IL-27, J: IL-33 and 
K. IL-10. Graphs are presented as mean + SD and analyzed by one-way ANOVA followed 
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by Tukey’s test B: F (3,12) = 10.08, P=0.0013, C: F (3,12) = 7,412, P=0.0045, D: F (3,8) 
= 422.2, P<0.0001), E: F (3,8) = 286.1, P<0.0001, F: F (3,8) = 113.5, P<0.0001, G:  F 
(3,8) = 262.1, P<0.0001,  H: F (3,8) = 8.047, P=0.0084, I: F (3,8) =7.351, P=0.0110, J: F 
(3,8) = 68.93, P<0.0001 and K: F (3,8) = 29.29, P=0.0001), Statistical significance is 
presented as *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. ns = not significant, n=3 
(D-K) or n=4 (B-C) n=3 independent cell culture preparations. Exact P values are shown 
in section 11, table 16 B-K. ROUT test (Q = 1%) showed no outliers. Shapiro-Wilk test 
showed no violation of normality. No exclusion criteria were pre-determined and no 
samples were excluded from the analysis. 
 

To confirm these findings, we performed similar experiments using murine primary 

microglia from Nlrp3-/- mice (Fig. 17). Similar to the results obtained with CRID3 

treatments, Nlrp3-/- microglia were protected against cell cycle arrest after tau exposure 

(Fig. 17 A-C), indicated by normalization of p21WAF1 (Fig. 17 B) and p16INK4a protein levels 

(Fig. 17 C). In addition, the release of major components of the SASP, including IL-1β 

(Fig. 17 D), IL-6 (Fig. 17 E) and TNF-α (Fig. 17 F) were significantly reduced. These 

findings are in concordance with the results of previous studies showing a protective effect 

of NLRP3 inhibition on cellular senescence (Marín-Aguilar et al., 2020; Tai et al., 2022; 

Youm et al., 2012). 
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Fig. 17: Nlrp3 deficiency (Nlrp3-/-) ameliorated the senescent phenotype in murine primary 
microglia. A. Representative immunoblot for p16INK4a and p21WAF1 after tau treatment of 
Nlrp3-/- murine primary microglia. B-C. Quantification of B. p21WAF1 and C. p16INK4a. Nlrp3-

/- inhibited the release of D. IL-1β, E. IL-6 and F. TNF-α in tau-induced senescent 
microglia. ROUT test (Q= 1%) showed no outliers. Shapiro-Wilk test showed no violation 
of normality. Graphs are presented as mean + SD and statistical significance was 
analyzed by one-way ANOVA followed by Tukey’s test (B: F (3,12) = 24.00, P<0.0001; C: 
F (3,12) = 27.13, P<0.0001; D: F (3,12) = 85.72, P<0.0001, E: F (3,12) = 154.0, P<0.0001 
and F: F (3,12) = 262.3, P<0.0001). Statistical significance is presented as ***P<0.001 
and ****P<0.0001. ns = not significant, n=4 independent cell culture preparations. Exact 
P values are shown in section 11, table 17 B-F. No exclusion criteria were pre-determined 
and no samples were excluded from the analysis. 
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3.4 NLRP3 and mitophagy during microglial senescence 
 

3.4.1 Activation of NLRP3 impairs mitophagy during microglial senescence 
Intriguingly, activation of the NLRP3 inflammasome has been shown to block mitophagy 

and mediate mitochondrial dysfunction (Yu et al., 2014). Proteins involved in the regulation 

of mitophagy include Parkin and PINK1 (Ham et al., 2020; Ye et al., 2015). Interestingly, 

previous findings have demonstrated the importance of mitophagy in cellular senescence. 

For instance, normalization of Parkin in RhoA-depleted cardiomyocytes rescued 

mitophagy and ameliorated mitochondrial damage and cardiomyocyte senescence in 

mice (Soh et al., 2023). In addition, overexpression of Parkin attenuated airway 

endothelial cell (AEC) senescence in a mouse model of chronic obstructive pulmonary 

disease (COPD). In line with this, our data indicated that the expression of Parkin is 

significantly reduced in tau-induced senescent microglia and that inhibition of the NLRP3 

inflammasome rescues the expression of Parkin (Fig. 18). This rescue effect might be an 

explanation to why NLRP3 deficiency attenuated cellular senescence in microglia. 
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Fig. 18: Senescent microglia showed loss of Parkin which is rescued upon NLRP3 
inhibition. A. Staining for Iba1 (magenta), Parkin (green) and DAPI (blue) after 
senescence induction in the presence or absence of CRID3. B. Quantification of Parkin 
in microglia (control vs tau 15 nM: **P=0.0043, control vs. tau 15 nM + CRID3: P=0.9165, 
control vs. CRID3: P=0.8694 and tau 15 nM vs. tau 15 nM + CRID3: **P=0.0020). Graph 
is presented as mean ± SD and analyzed using one-way ANOVA with Tukey’s test (F 
(3,8) =13.27, P=0.0018). Exact P values are shown in section 11, table 18 B. Arrows 
indicate the expression of Parkin in microglia. 
 

 

3.5 NLRP3 independent pathways involved in formation of the SASP 
 

3.5.1 Activation of signal transducer and activator of transcription (STAT3) 
Although ablation of the NLRP3 inflammasome rescued cell cycle arrest in vitro, it did not 

prevent release of the SASP. These findings imply that NLRP3 independent mechanisms 

are involved in formation of the SASP during tau-induced microglial senescence. One of 

these mechanisms might be mediated via signal transducer and activator of transcription 

(STAT3), a transcription factor that has been shown to play a key role in proliferation, 

migration and cell fate (Bromberg and Darnell, 2000; Kojima et al., 2013). Interestingly, 

STAT3 signaling serves an important role during the development of cellular senescence 

(Kojima et al., 2012; Kuilman et al., 2008) and the production of pro-inflammatory 

cytokines related to the SASP (Birch and Gil, 2020; Chen et al., 2021; Wu et al., 2020). 

To explore a potential NLRP3 independent effect of STAT3 during microglial senescence, 

we investigated the expression of total and Tyr705-phosphorylated, active STAT3 in our 

culture model (Fig. 19). Interestingly, our data showed that senescent murine primary 

microglia do not show differences in total levels of STAT3 (Fig. 19 A, B), but express 

significantly more phosphorylated STAT3 (Fig. 19 A, C) in comparison to control microglia. 

Strikingly, suppression of the NLRP3 inflammasome using CRID3 did not affect the levels 

of phosphorylated STAT3 in senescent microglia (Fig. 19 A, C), indicating that STAT3 

activation is NLRP3 independent. To be able to further test a role of STAT3 for induction 

of the SASP, we also probed for the effect of stattic, a selective STAT3 phosphorylation 

inhibitor (Schust et al., 2006), on the levels of total and phosphorylated STAT3 after 

senescence induction. Therefore, we  pre-treated murine primary microglia with 2.5 μM of 

the selective STAT3 phosphorylation inhibitor stattic. The concentration used in this study 
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is within the range of the established doses used in previous studies (Li et al., 2020; Liu 

et al., 2013; Lu et al., 2014; Tong et al., 2017). Akin to previous findings, our results 

indicated that pre-treatment with stattic prevented phosphorylation of STAT3 (Fig. 19 C).  

 

 
 
Fig. 19: Tau-treated murine primary microglia exhibited NLRP3 independent 
phosphorylation of STAT3. A. Representative immunoblot for total STAT3 (totalSTAT3) 
and Tyr705-phosphorylated STAT3 (pSTAT3) after senescence induction in murine 
primary microglia. B. Quantification of total STAT3. C. Quantification of phosphorylated 
STAT3. Data are represented as mean + SD and statistical significance was analyzed by 
one-way ANOVA followed by Tukey’s test (B: F(7,16)=1.166, P=0.3740, C: F(7,16) = 
26.04, P<0.0001). Statistical significance is presented as ****P<0.0001. ns = not 
significant, n=3 independent cell culture preparations. Exact P values are shown in section 
11, table 19 B-C. ROUT test (Q= 1%) showed no outliers. Shapiro-Wilk test showed no 
violation of normality. No exclusion criteria were pre-determined and no samples were 
excluded from the analysis. 
 

3.5.2 STAT3 activation is a key driver of the SASP 
In the previous section, we have demonstrated that activation of STAT3 coincided with 

microglial senescence in a NLRP3 independent manner. Additionally, we showed that pre-

treatment with stattic prevented activation of STAT3. Given these findings, we then 

analyzed whether activation of STAT3 contributes to formation of the SASP. To study this, 

we examined the effect of stattic on the release of our previously identified SASP factors 

in our model system (Fig. 20). Remarkably, we found that pre-treatment with stattic 

prevented the release of IL-1β (Fig. 20 A), IL-6 (Fig. 20 B), TNF-α (Fig. 20 C), CXCL1 

(Fig. 20 D), IL-15 (Fig. 20 E), IL-27 (Fig. 20 F) and IL-33 (Fig. 20 G). In contrast, pre-

treatment with stattic significantly enhanced the release of IL-10 (Fig. 20 H). 
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Fig. 20: Activation of STAT3 drives the SASP in senescent murine primary microglia. 
Blocking STAT3 phosphorylation using stattic prevented the formation of A. IL-1β, B. IL-
6, C. TNF-α, D.  CXCL1, E. IL-15, F. IL-27 and G. IL-33 and increased the release of H. 
IL-10. Data are represented as mean + SD and statistical significance was analyzed by 
one-way ANOVA followed by Tukey’s test (A: F (7,24) = 600.7, P<0.0001; B: F(7,24) = 
671.6, P<0.0001; C: F(7,24) = 37.80, P<0.0001; D: F (7,24) = 172.4, P<0.0001; E: F (7,24) 
= 9.513, P<0.0001; F: F (7,24) = 21.94, P<0.0001; G: F (7,24) = 11.68, P<0.0001 and H: 
F (7,24) = 23.80, P<0.0001. Statistical significance is presented as *P<0.05, **P<0.01, 
***P<0.001 and ****P<0.0001. ns = not significant, n=4 independent cell culture 
preparations. Exact P values are shown in section 11, table 20 A-H. ROUT test (Q= 1%) 
showed no outliers. Shapiro-Wilk test showed no violation of normality. No exclusion 
criteria were pre-determined and no samples were excluded from the analysis. 
 

3.5.3 STAT3 controls NLRP3 inflammasome activation 
Activation of STAT3 has been implicated with inflammation in numerous diseases, 

including inflammatory bowel disease (IBD) (Sugimoto, 2008), Multiple Sclerosis (MS) 

(Alhazzani et al., 2021), Alzheimer’s Disease (AD) (Millot et al., 2020; Reichenbach et al., 

2019) and Amyotrophic Lateral Sclerosis (ALS) (Shibata et al., 2010). Interestingly, 
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inhibition of STAT3 was shown to prevent NLRP3 inflammasome activation in acute lung 

injury (Liu et al., 2023), osteolysis (Zhu et al., 2023) and LPS-induced sepsis (Kang et al., 

2023). Given that STAT3 was shown to regulate the NLRP3 inflammasome (Cao et al., 

2020; Zhu et al., 2023), we hypothesized that also activation of the NLRP3 inflammasome 

during microglial senescence is regulated by STAT3. Since our previous results indicated 

that pre-treatment with stattic blocks the release of IL-1β (Fig. 20 A) from murine primary 

microglia, we investigated whether release of cleaved caspase-1 is prevented as well (Fig. 

21). Our data showed that stattic significantly reduced the levels of pro-caspase-1 (Fig. 

21 B) and cleavage of caspase-1 in the conditioned medium (Fig. 21 C), supporting our 

hypothesis of a contribution of STAT3 signaling to NLRP3 inflammasome activation in 

senescence. 

 

 
Fig. 21: Stattic prevented NLRP3 inflammasome activation in senescent murine primary 
microglia. A. Representative immunoblot analysis of pro-caspase-1 and cleaved-caspase-
1. B. Quantification of the ratio cleaved/pro-caspase-1. Data are represented as mean ± 
SD and statistical significance was analyzed by one-way ANOVA followed by Tukey’s test 
(B: (7,16) = 20.35, P<0.0001. Statistical significance is presented as *P<0.05, **P<0.01, 
***P<0.001 and ****P<0.0001. ns = not significant, n=3 independent cell culture 
preparations. Exact P values are shown in section 11, table 21 B. ROUT test (Q = 1%) 
showed no outliers. Shapiro-Wilk test showed no violation of normality. No exclusion 
criteria were pre-determined and no samples were excluded from the analysis. 
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4 Discussion 
 
4.1 Microglial senescence in the hippocampus of aged Tau22 mice  
Our findings demonstrated that lamin B1 is significantly reduced in microglia in the stratum 

radiatum close to the CA1 cell body region of Tau22 mice in comparison to microglia in 

the same anatomical region of WT mice. Interestingly, loss of lamin B1 was also detected 

in microglia of rats bearing an amyotrophic lateral sclerosis (ALS) linked SOD1-mutation 

and was associated with senescence (Trias et al., 2019), suggesting that microglial 

senescence might be a common characteristic of several neurodegenerative diseases.  

 

Lamin B1 plays a key role in maintaining the structural and functional integrity of the 

nucleus (Garvalov et al., 2019; Vergnes et al., 2004). Moreover, loss of lamin B1 has been 

associated with the DNA damage response (Gonzalo, 2014). For example, silencing of 

lamin B1 in human osteosarcoma U-2-OS and colorectal carcinoma HCT116 cell lines 

increased the formation of double-strand breaks, indicated by phosphorylation of histone 

H2AX (yH2AX) and disturbed DNA damage repair mechanisms (Butin-Israeli et al., 2015). 

In this thesis work we demonstrated that microglia close to the CA1 cell body region of 

aged Tau22 mice showed increased formation of yH2AX foci and loss of lamin B1 in 

comparison to microglia close to the CA1 cell body region of WT mice. Our findings 

contribute to previous findings showing an association between the loss of lamin B1 and 

phosphorylation of H2Av, a chimera of H2AZ and H2AX, in the brains of tau transgenic 

Drosophila. Additionally, the study demonstrated that neurons in post-mortem brains of 

AD patients show a significant decline in lamin B1 (Frost et al., 2016). 

 

Under physiological conditions, microglia contribute to the development of a neurogenic 

niche through their fundamental role on neuronal proliferation, differentiation and survival 

of newborn neurons into the existing, developing thereby contributing to the formation of 

a functional neuronal network (Gemma and Bachstetter, 2013; Pérez-Rodríguez et al., 

2021). Nevertheless, microglia activation and subsequent cerebral inflammation can be 

deleterious for adult hippocampal neurogenesis (Ekdahl et al., 2003; Monje et al., 2003). 

For example, intracortical infusions of lipopolysaccharide (LPS) in adult rats resulted in 

microglial activation and correlated with impaired neurogenesis. Suppression of microglial 
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activation using minocycline reduced inflammation and restored hippocampal 

neurogenesis (Ekdahl et al., 2003). Interestingly, increased DNA damage has been 

associated with the proinflammatory profile expressed by senescent cells. For example, 

primary irradiated (IR) WI-38 human embryonic fibroblasts exhibited DNA damage, which 

was accompanied by release of the SASP, in particular IL-6 and IL-8 upon entering an IR-

induced senescent state (Isermann, 2020). In line with this, another study demonstrated 

that persistent DNA damage signaling in IR HCA2 human foreskin fibroblasts correlated 

with the release of IL-6 from these cells (Rodier, 2009). Lastly, the persistent DNA damage 

response in OIS primary human fetal lung fibroblasts was typified by the secretion of IL-

6, IL-8 and CXCL1 (Chen et al., 2015). Here, we demonstrated that isolated adult 

hippocampal microglia from Tau22 – which are at least partially characterized by an 

increase in the DNA damage marker yH2AX - expressed a proinflammatory gene 

expression profile that is likely part of the SASP. Our findings are in line with previously 

reported findings on increased Il-6 and Il-1b gene expression levels, which were part of 

the SASP in neurons containing NFTs (Musi et al., 2018) and microglia isolated from 

cortices of PS19 mice (Bussian et al., 2018). 

 

Taken together, this thesis work confirmed the presence of senescent microglia in a 

mouse model of tauopathy (Tau22 mice). Although no behavioral experiments were 

performed in this study, the Tau22 is a valuable model that recapitulates most of the 

aspects of the neuropathological spectrum of primary tauopathies and also aspects of 

secondary, AD-like tau pathology. Future experiments could test whether senolytics 

protect from tau pathology-associated cognitive dysfunction.  

 

A potential limitation of the present study is that we cannot conclude that microglial 

senescence in vivo is driven by the accumulation of pathogenic tau, due to its 

crossectional nature. Future directions should investigate the correlation between the 

accumulation of pathological tau over time and assessing the occurrence of senescent 

microglia over time. 
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4.2 The effect of monomeric tau on the induction of microglial senescence: 
nuclear changes and formation of a SASP 

Despite the presence of senescent microglia in the brains of AD patients as well as mouse 

models of tauopathy, it remains unknown what drives microglia into a senescent state. 

Hence, this thesis work aimed to study whether tau is able to induce senescence in 

microglia. 

 

When treating primary microglia with two different concentrations of tau, we detected an 

increased p16INK4a and p21WAF protein expression independent of the concentration used. 

In contrast, neither tau concentration increased the gene expression levels of Cdkn1a 

(p21WAF1). Interestingly, however, exposure to 15 nM but not 5 nM of tau increased the 

gene expression levels of  Cdkn2a (p16INK4A). A potential explanation for the inconsistency 

in these results might be that p21WAF1 is more important for initiating senescence, whereas 

p16INK4a was shown to be more involved in its maintenance (Stein et al., 1999). Therefore, 

it could be possible that microglia exposed to 15 nM of tau show increased Cdkn1a 

(p21WAF1) gene expression at an earlier timepoint. Another potential explanation for the 

lack of Cdkn1a (p21WAF1) expression in our model is that senescent cells are highly 

variable in their expression of senescence-associated mRNA levels, resulting in a 

heterogenous population of cells (Cohn et al., 2022; Wiley et al., 2017). Hence, it remains 

possible that the fraction of microglia expressing Cdkn1a is too small to show changes on 

the population level.  

 

Increased expression of the classical cell cycle markers p16INK4a and p21WAF1 are widely 

used to study cellular senescence (González-Gualda et al., 2021; Sikora et al., 2013). 

However, expression of these markers was also found to be upregulated in quiescent 

cells, terminal differentiated cells, including fibroblasts and actived macrophages 

(Blagosklonny, 2011; Ogrodnik, 2021). In line with this, ectopical expression of p16INK4a 

resulted in cell cycle arrest, but did not elicit release of the SASP (Coppé et al., 2011). 

These findings confirm that the use of classical cell cycle arrest markers alone are not 

sufficient to identify or characterize senescence and raises doubts about the sole use of 

these markers in earlier studies on senescence in the context of tauopathies (Musi et al., 
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2018; Bussian et al., 2018). To overcome this issue, the work present here pointed out 

that further biomarkers are essential to adequately characterize senescence in microglia. 

 

For instance, despite increased expression of p16INK4a and p21WAF1 irrespective of the tau 

concentration, only treatment with 15 nM of tau resulted in loss of lamin B1. Interestingly, 

loss of lamin B1 was also present in microglia close to the stratum radiatum close to the 

CA1 cell body region of Tau22 mice (Fig. 4). Furthermore, a decline in lamin B1 levels 

was also observed in neurons of tau transgenic Drosophila (Frost et al., 2016) and 

senescent astrocytes of Parkinson’s Disease (PD) patients (Chinta et al., 2018), 

suggesting that loss of lamin B1 is a common characteristic shared by senescent cells 

during neurodegenerative conditions. Next, we found that primary murine microglia 

exposed to tau 15 nM, but not 5 nM showed increased levels of yH2AX. This finding is 

supported by our in vivo data showing that microglia in the stratum radiatum close to the 

CA1 cell body region of Tau22 mice showed increased levels of yH2AX.  

 

Nuclear lamins as well as double-stranded breaks are associated with nuclear changes, 

such as heterochromatin remodeling (Butin-Israeli et al., 2015; Camps et al., 2015). 

Heterochromatin remodeling is not only part of chronological aging, but also premature 

aging (Lee et al., 2020) and neurodegeneration (Gil et al., 2021; Jury et al., 2020). More 

specifically, loss of heterochromatin mark H3K9me3 has been associated with genomic 

instability during cellular senescence  (Sidler et al., 2017; Tsurumi and Li, 2012; Zhang et 

al., 2021). Interestingly, neurons and astrocytes in the spinal cord and motor cortex of 

C9ALS/FTD BAC mice, a model harboring mutations present in ALS and FTD patients, 

are characterized by the loss H3K9me3 (Jury et al., 2020). Furthermore, pyramidal 

neurons in the CA1 region of AD patients show a progressive decline in H3K9me3 over 

the course of disease (Gil et al., 2021). Here, we showed that microglia treated with the 

highest concentration of tau presented with loss of H3K9me3, supporting the idea that 

heterochromatin loss in tauopathies could be a sign of cellular senescence. 

 

Neuroinflammation has been considered a key feature in the brain during aging, 

tauopathies and other forms of dementia (Bauer et al., 1991; Kiecolt-Glaser et al., 2003; 

Lasry & Ben-Neriah, 2015; Rea et al., 2018). Heightened microglial activation preceding 
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the formation of NFTs is one of the earliest events observed in a mouse model of 

tauopathy (Yoshiyama et al., 2007). More recently, studies have shown that early 

microglia activation in the context of tauopathies is driven by soluble forms of tau, rather 

than fibrils (Ising et al., 2019; Perea et al., 2018). Here, we report that primary murine 

microglia exposed to the highest concentration of tau responded with the release of 

(pro)inflammatory factors, which are not the result of cellular cytotoxicity but are likely part 

of the SASP. Noteworthy, the final composition of the SASP in senescent cells can vary 

depending on the inducer as well as cell type investigated (Basisty et al., 2020; Coppé et 

al., 2008). Interestingly, the release of various SASP factors presented in this study, such 

as IL-1β and IL-6 have been negatively associated with hippocampal neurogenesis. For 

example, cultured neural progenitor cells (NPC) of adult rats showed an impaired 

neurogenesis after exposure to IL-1β (Ryan et al., 2013). In addition, IL-6 mediated 

inflammation inhibited neurogenesis after cranial irradiation (Monje et al., 2003). On the 

other hand, release of IL-10, which is decreased in senescent microglia, was found to 

regulate adult hippocampal neurogenesis by promoting cell cycle exit (Pereira et al., 

2015). These findings might suggest that cellular senescence, and the SASP in particular, 

contribute to impairments in AHN and that preventing release of the SASP might be a 

potential treatment strategy to restore AHN. However, whether microglial senescence 

contributes to impairments in AHN as observed in tauopathies (Komuro et al., 2015; 

Moreno-Jiménez et al., 2019; Zheng et al., 2020) requires further investigations. 

 

Despite incomplete understanding on mechanisms involved in SASP formation, research 

has demonstrated that the transcriptional factor nuclear factor κB (NF-κB) was the highest 

associated regulator of the SASP gene pathway (Musi et al., 2018). Activation of NF-κB 

is required for the expression of various SASP factors, including IL-1β, IL-6, TNF-α  and 

CXCL1 (Rodier and Campisi, 2011), all factors that have been shown in this study to be 

released by senescent microglia. Although these finding demonstrate that targeting NF-

κB signaling might be a therapeutic approach during cellular senescence, it should be 

considered that targeting this pathway will affect many more processes, including 

mitochondrial dynamics, respiratory control, cellular development and survival (Albensi, 

2019; Shishodia & Aggarwal, 2002) potentially causing side effects. Another interesting 

pathway that might be involved in driving the SASP is the cGAS-STING pathway (Glück 
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et al., 2017). During senescence, degradation of laminB1 is followed by the formation of 

abnormal cytoplasmic DNA fragments, called cytosolic chromatin fragments (CCFs), 

which act as a ligand for the cGAS-STING pathway (Glück et al., 2017). This triggers the 

production of various inflammatory cytokines, chemokines and interferons (IFNs) (Chen 

et al., 2018; Loo et al., 2020). In this study, we did not observe any CCF formation after 

treatment with tau. However, it could be that tau itself acts as a ligand for cGAS-STING 

signaling as previously demonstrated (Jin et al., 2021) and that CCF formation is sufficient, 

but not necessary for the activation of the cGAS-STING pathway. Another possibility might 

be that the microglia in our study are in an intermediate, rather than deep senescent state 

in which lamin B1 levels are still stable enough to prevent the formation of CCFs.  

 

Together, our data show that monomeric tau is a driver of microglial senescence. Despite 

the fact that exposure to 5 nM tau increased the expression of cell cycle markers, it did 

not result in loss of either lamin B1 or H3K9me3 and did not induce release of a SASP. 

This raises questions about the cellular state of these cells. Although we cannot rule out 

that longer 5 nM tau-treated microglia would finally enter a full senescent state, our results 

still emphasize the importance of using multiple biomarkers to adequately assess the 

senescent state of cells at a given time point. Further studies are warranted to investigate 

the exact mechanism(s) by which monomeric tau induces senescence in microglia and 

how this affects bystander cells. In addition, future directions should extent on 

investigating pathways that are involved in formation of the SASP during microglial 

senescence. 

 

4.3 The outcome of tau-induced microglial senescence: functional and 
morphological changes 

Senescent cells also present with functional disabilities, such as impairments in migration 

and phagocytosis. Microglia are the main phagocytic cells in the CNS that serve to 

maintain homeostasis under physiological conditions and to respond to injury or infection 

(Colonna & Butovsky, 2017; Galloway et al., 2019). In order for microglia to efficiently 

phagocytose, they need to be able to properly migrate towards the site of insult 

(Kettenmann et al., 2011; Scheiblich & Bicker, 2015). Interestingly, young adult 5xFAD 

transgenic mice, an AD mouse model, presented with hypophagocytic microglia that were 
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impaired in their capability to clear β-amyloid plaques (Hellwig et al., 2015). Moreover, 

microglia that phagocytose tau-aggregate containing neurons present with a senescent-

like phenotype afterwards, characterized by the loss of phagocytic capabilities (Brelstaff 

et al., 2021). Not only did our results show that pre-treatment with the highest 

concentration of tau resulted in microglia with reduced tau clearance capabilities but also 

impaired in migratory capacity. In addition to functional disabilities, senescent cells 

present with morphological alterations, including enlargements in cell size. Morphological 

alterations might result in the loss of proper migration in reponse to a threat. Strikingly, 

loss of migratory capability was related to morphological changes as a result of cellular 

senescence (Moujaber et al., 2019; Nishio & Inoue, 2005; Reed et al., 2001; Wang, 1985). 

To support these findings, the findings presented in this study showed that exposure to 

the highest concentration of tau significantly decreased the migration distance and speed 

in primary murine microglia. Interestingly, however, a non-significant trend towards 

reduction in migration distance and speed was also observed after exposure to the lower 

tau concentration. Together with the increased expression in p16INK4a and p21WAF1, it 

might be hypothesized that microglia treated with the lower tau concentration have 

entered an inactive, quiescent phase, which impairs their migratory capability in the short 

term. Given this, an examination of the migration time and speed over a longer time period 

might be valuable to study whether the migratory capacity can be restored despite the tau 

treatment. 

 

Interestingly, monomeric tau was found to be released in the brain interstitial fluid (ISF), 

the fluid surrounding the parenchymal cells of the brain and spinal cord (Shetty & Zanirati, 

2020). Strikingly, endogenous tau can be detected in the ISF of WT mice in a 

concentration significantly higher than in CSF and in P301S human tau transgenic mice, 

murine as well as human tau were detectable in the ISF before the onset of 

neurodegeneration (Yamada et al., 2011), suggesting that microglia are constantly 

exposed to monomeric tau. Since we demonstrate that monomeric tau can induce 

microglial senescence, it might be speculated that senescence-mediated inflammation, 

subsequently reduced tau clearance represents a key driver of tau seeding, aggregation 

and spreading (Ising et al., 2019; Langworth-Green et al., 2023; Stancu et al., 2019). 
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Ultimately, senescent microglia may be part of a a vicious cycle that further drives 

neuronal pathology and death. 

 

4.4 The contribution of the NLRP3 inflammasome to microglial senescence in 
vitro and in vivo 

Suppression of NLRP3-mediated inflammation was shown to be protective against 

various age-related diseases. For example, NLRP3 deficiency extended the lifespan and 

protected against cardiac aging in C57/BL6/J mice (Marín-Aguilar et al., 2020), protected 

against the aging phenotype and inflammation in Hutchinson-Gilford Progeria Syndrome 

(HGPS) patient-derived skin fibroblasts (González-Dominguez et al., 2021) and 

significantly reduced microglia-mediated tau pathology and cognitive deficits in Tau22 

mice (Ising et al., 2019). Although these findings highlight the contribution of the NLRP3 

inflammasome to inflammation-driven disease pathology, the mechanism(s) underlying 

NLRP3-driven inflammation are poorly studied. Since activation of the NLRP3 

inflammasome has been associated with inflammaging (Sebastian-Valverde and 

Pasinetti, 2020), it could be speculated that activation of NLRP3 is associated with cellular 

senescence. Therefore, the present study aimed to better understand the contribution of 

the NLRP3 inflammasome to microglial senescence in the context of tauopathies. 

 

The data presented in this study demonstrated that the NLRP3 inflammasome is activated 

in an in vitro model of microglial senescence induced by tau. Interestingly, inhibition and 

deletion of the NLRP3 inflammasome was protective against senescence-associated cell 

cycle arrest in murine primary microglia after exposure to monomeric tau. These results 

were supported by our in vivo findings, showing that microglia from Nlrp3-/- mice are 

protected against loss of lamin B1, cell cycle arrest and increased expression of the SASP. 

 

Ablation of the NLRP3 inflammasome in vitro significantly reduced, but did not completely 

prevent the release of IL-1β, IL-6, TNF-α and CXCL1. However, the release of other SASP 

factors, including IL-10, IL-15, IL-27 and IL-33 remained unaffected, indicating that these 

factors are NLRP3 independent. In contrast, gene expression levels of IL-1β, IL-6, TNF-α 

were completely abolished in microglia isolated from Tau22/Nlrp3-/- mice in vivo. 

Nevertheless, one has to bear in mind that the gene expression levels of the SASP 
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presented in vivo might not represent the expression at the protein level. The isolation of 

adult hippocampal microglia only gives a limited number of cells to work with, which makes 

it difficult to perform an extensive analysis of the SASP at the protein level. Furthermore, 

analysis of SASP factors in the brain tissue is hindered by the fact that those factors are 

expressed only at an overall low concentration undetectable by commercial ELISA kits. 

To overcome this issue, an immunohistochemical approach could be used to detect the 

presence of selected SASP factors at the protein level in the future. In addition, more 

sensitive assays to detect SASP factors in the brain tissue should be employed to confirm 

their presence in vivo. 

 

Overall, this study showed that activation of the NLRP3 inflammasome mediated 

microglial senescence in vivo as well as in vitro. A possible explanation for the mechanism 

by which NLRP3 inhibition ameliorated inflammation-mediated neurodegeneration in tau 

pathology in Tau22 mice (Ising et al., 2019) might be the fact that inhibition of the NLRP3 

inflammasome reduces senescence-mediated inflammation and subsequently promotes 

AHN. However, the role of AHN in Tau22 mice as well as the contribution of the NLRP3 

inflammasome to AHN should be further explored in the future. In addition, it might be 

possible that release of the SASP acts on tau kinases and phosphatases that can 

modulate tau pathology. For instance, hippocampal neurons exposed to different 

concentrations of IL-6 show activation of cyclin-dependent kinase 5 (CDK5) (Quintanilla 

et al., 2004), a key kinase involved in pathogenic tau phosphorylation (Hashiguchi et al., 

2002; Liu et al., 2002; Lund et al., 2001), aggregation and tangle formation (Noble et al., 

2003). In addition, rat pheochromocytoma PC12 cells treated with TNF-α showed a dose-

dependent increase in CDK5 activation (Utreras et al., 2009). Lastly, macrophage-induced 

release of IL-1β resulted in increased phosphorylation of GSK3β, another kinase involved 

in tauopathies (Dolan and Johnson, 2010), in colorectal carcinoma cell lines (Kaler et al., 

2009). 

 

4.5 The role of STAT3 signaling during microglial senescence in vitro 
The fact that inhibition of the NLRP3 inflammasome did not completely rescue release of 

the SASP encouraged us to find other potential pathways involved in senescence-

mediated inflammation. Interestingly, activation of the NLRP3 inflammasome was shown 
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to be dependent on STAT3 activation. As an illustration, activation of STAT3 in 

macrophages in a mouse model of infection-induced apical periodontitis was strongly 

associated with the production of IL-1β. Remarkably, pharmacological inhibition of STAT3 

significantly reduced the production of IL-1β and cleavage of caspase-1 (Zhu et al., 2023). 

Additionally, evidence showed that inhibition of STAT3 ameliorated LPS-induced acute 

lung injury in mice via suppression of the NLRP3 inflammasome (Cao et al., 2020). 

 

Furthermore, STAT3 signalling has been shown to play a key role in the regulation of 

cytokines related to the SASP. For instance, premature senescent human TIG3 fibroblasts 

show activation of STAT3 and subsequent increased gene expression of Il-1b and Il-6 

(Kojima et al., 2012). In addition, oxidant-induced senescent primary human lung 

fibroblasts showed activation of STAT3 and release of IL-6 (Waters et al., 2019). 

 

The findings presented in this study demonstrate that STAT3 signaling plays a key role in 

formation of the SASP during microglial senescence. Our analyses revealed that 

senescent microglia show a significant increase in phosphorylated (e.g., activated) 

STAT3, even after ablation of the NLRP3 inflammasome. Our findings are in line with 

previous results showing that activation of STAT3 is associated with cellular senescence. 

For instance, activation of STAT3 has been shown to drive premature senescence in 

human fibroblasts (Kojima et al., 2013), estrogen-depleted bone marrow mesenchymal 

stem cell senescence (Wu et al., 2020) and oxidative stress-induced senescence in 

human lung fibroblasts (Waters et al., 2019). 

 

Furthermore, we explored whether NLRP3 independent activation of STAT3 accounts for 

the release of the SASP from senescent murine primary microglia. Our analyses revealed 

that inhibition of STAT3 completely prevented the release of all analyzed SASP factors, 

including IL-1β, IL-6, TNF-α, CXCL1, IL-15, IL-27 and IL-33. Additionally, inhibition of 

STAT3 drastically increased the release of anti-inflammatory IL-10. As previously 

discussed (section 3.2), the release of proinflammatory factors such as IL-1β and IL-6 

were shown to negatively impact AHN. On the contrary, release of anti-inflammatory IL-

10 was shown to positively correlate with AHN. It is intriguing to note that the release of 

IL-10 dramatically increased after pre-treatment with stattic, indicating that inhibition of 



 88 

STAT3 significantly promotes an anti-inflammatory response by microglia. This finding is 

in line with a recent observation showing that deletion of STAT3 in microglia resulted in 

improved neurological function and inhibited early neuronal loss after subarachnoid 

haemorrhage (SAH) induction in mice. Strikingly, this was the result of STAT3-mediated 

inhibition of SAH-induced inflammation and promotion of anti-inflammatory signaling 

(Zheng et al., 2022). In addition, another study reported that microglial STAT3 activation 

contributed to IL-6 mediated death in hippocampal neurons in a mouse model of 

streptozotocin-induced type 1 Diabetes Mellitus (DM) (Yun et al., 2021). These findings 

strongly imply that microglial STAT3 activation contributes to inflammation-mediated 

neuronal death and subsequent cognitive impairment.  

 

Interestingly, increased expression of phosphorylated STAT3 was also observed in 

microglia in aged PS19 mice (Litvinchuk et al., 2018). Moreover, inhibition of STAT3 using 

Stattic attenuated astrocyte activation and impairments in learning and memory in 5XFAD 

mice (Choi et al., 2020). Given the role of STAT3 in senescence and tau-mediated 

neurodegeneration, it is plausible to speculate that microglia in the stratum radiatum close 

to the CA1 cell body region of Tau22 mice express increased levels of phosphorylated 

STAT3, which could exacerbates cognitive dysfunction via tau pathology. Future work 

should further assess this and elucidate the contribution of microglial STAT3 signaling to 

AHN, neuronal apoptosis and cognitive decline in Tau22 mice. 

 

4.6 Other mechanisms underlying tau-induced microglial senescence 
Phosphorylated STAT3 has been shown to regulate mitochondrial dynamics (Rincon and 

Pereira, 2018) by interacting with the mitochondria-associated endoplasmic reticulum 

membranes (MAMs) (Su et al., 2020). The MAMs are a physical structure that connects 

the endoplasmic reticulum (ER) and mitochondria and plays a fundamental role in calcium 

(Ca2+) homeostasis, autophagy, lipid metabolism, apoptosis, and tumor growth (Giorgi et 

al., 2015; Missiroli et al., 2018). More specifically, Ca2+ homeostasis between the ER and 

mitochondria is regulated by the inositol 1,4,5-trisphosphate receptor (IP3R) located on 

the ER membrane and by the voltage-dependent anion channel 1 (VDAC1) located on 

the outer membrane of mitochondria (OMM). The IP3Rs and VDAC1s are physically 

connected through the glucose-regulated protein 75 (GRP75), which creates the IP3Rs-
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GRP75-VDAC1 complex that is essential in ER-mitochondria Ca2+ trafficking (Giorgi et 

al., 2015; Liu & Yang, 2022; Missiroli et al., 2018). These findings illustrate the importance 

of STAT3-signaling in the regulation of mitochondrial dynamics. 

 

Previously, VDAC1 was found to interact with Aβ and phosphorylated tau in postmortem 

brains of AD patients as well as AD mouse models (e.g., APP, APP/PS1 and 3XTg.AD 

mice) (Manczak and Reddy, 2012). More recently, recombinant human tau was shown to 

bind to the SAH hydrolase–like protein 1/inositol 1,4,5-trisphosphate receptor (IP3R)–

binding protein released by IP3 (AHCYL1/IRBIT), which is a modulator of IP3R (Wischhof 

et al., 2022). IP3R-mediated Ca2+ release has been associated with oxidative-stress 

induced senescence (Vijayan et al., 2022; Wischhof et al., 2022) and oncogene induced 

senescence (Wiel et al., 2014). However, the role of tau on the function of IP3R in the 

context of microglial senescence remains unknown. Moreover, the role of tau on the 

function of GRP75 and VDAC1 is poorly understood and remains to be investigated.  

 

Although mitochondria have the ability to buffer Ca2+ coming from the ER, excessive 

mitochondrial Ca2+ uptake leads to mitochondrial disruption, which contributes to leakage 

of Ca2+ in the cytoplasm (Lemasters et al., 2009; Rizzuto et al., 2012). Previous findings 

pointed out that senescent microglia have an increased mitochondrial mass (Lee et al., 

2002; Martini and Passos, 2023), which might be indicative of mitochondrial swellings as 

a result of intracellular Ca2+ accumulation (Kobayashi et al., 2003; Li et al., 2018). In turn, 

this might cause mitochondrial membrane disruption and the release of cytosolic Ca2+ 

(Strubbe-Rivera et al., 2021). 

 

Interestingly, the NLRP3 inflammasome is known to be activated by cytosolic Ca2+ (Elliott 

and Sutterwala, 2015; Murakami et al., 2012) and inhibition of IP3R was shown to 

attenuate Ca2+-mediated NLRP3 activation (Murakami et al., 2012). It remains unknown, 

however, whether Ca2+-mediated NLRP3 inflammasome activation during microglial 

senescence is the result of alteration in IP3R, GRP75 or VDAC1. 

 

Together, these findings from the literature imply that STAT3 signaling is one likely 

potential cellular mechanism that drives senescence in microglia in tauopathies by binding 



 90 

to components of the MAM, thereby altering ER-mitochondria Ca2+ trafficking, inducing 

mitochondrial damage and production of ROS and subsequently induce a DDR that 

triggers senescence and inflammation (Fig. 22). 

 

 
Fig. 22: Graphical representation of potential mechanism underlying tau-induced 
microglial senescence. Tau-induced microglia senescence is accompanied by changes in 
mitochondrial dynamics. Does tau modulate the activity of the IP3R-GRP75-VDAC1 
complex, thereby impairing ER-mitochondrial Ca2+ trafficking and subsequently inducing 
mitochondrial dysfunction? Does phosphorylation of STAT3 modulate the activity of the 
IP3R-GRP75-VDAC1 complex in senescent microglia, consequently contributing to 
impaired mitochondrial dynamics? Is activation of the NLRP3 inflammasome triggered by 
the release of cytosolic Ca2+ from impaired mitochondria?  
 

To end, it is plausible that mitochondrial dysfunction precedes microglial senescence and 

that this is driven by phosphorylation of STAT3. Future research will be needed to 

investigate if senescent microglia present with mitochondrial changes. In addition, future 

work should elucidate the role of STAT3 on mitochondrial dynamics and its potential 

contribution to microglial senescence.  
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5 Abstract 

Tauopathies are a group of heterogenous neurodegenerative diseases in which patients 

clinically present with symptoms ranging from cognitive and behavioral deficits to 

movement disabilities. Pathologically, tauopathies are defined by the abnormal 

accumulation and deposition of the tau protein in the brain. Aging is regarded as the main 

risk factor for the development of dementia, in particular Alzheimer’s disease (AD), which 

is the most prevalent form of tauopathies. Many physiological decrements underlying 

aging are linked to cellular senescence. Senescent cells are characterized by an 

irreversible growth arrest and formation of a potentially disease-modifying senescence-

associated secretory profile (SASP) which has been recently shown to contribute to 

disease progression. 

Microglia, the immune cells of our brain, are susceptible to entering a senescent state 

during age-related conditions. In addition, senescent microglia have been identified in the 

brains of tau transgenic mice and patients suffering from tauopathies even before the 

development of disease pathology. Interestingly, activation of the NLRP3 inflammasome 

has been associated with cellular senescence and was shown to drive tau accumulation 

and accelerate tau-mediated neurodegeneration in a mouse model of tauopathy. 

However, the role of the NLRP3 inflammasome for microglial senescence in the context 

of tauopathies remains unknown. Moreover, it is not clear whether tau can act as a driver 

of senescence in microglia and how the NLRP3 inflammasome might contribute to this. 

The aim of the present study was to investigate the presence of senescent microglia in a 

mouse model of tauopathy and the impact of the NLRP3 inflammasome on the 

development of microglial senescence in this context. In addition, we aimed to investigate 

the effect of monomeric tau on the induction of microglial senescence and the contribution 

of the NLRP3 inflammasome to tau-induced microglial senescence in vitro. 

We demonstrated that microglia of Tau22 mice showed elevated gene expression levels 

of Cdkn2a, Il-1b, Tnfa, Cxcl1 as well as increasd yH2AX foci and loss of lamin B1 in 

comparison to WT microglia. Deficiency in NLRP3 normalized the levels of Cdkn2a, Il-1b, 

Tnfa, Cxcl1 and lamin B1. In vitro, we showed that exposure to tau increased levels of cell 

cycle arrest and DNA damage markers, induced loss of the nuclear envelope protein lamin 
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B1 and the histone marker H3K9me3, impaired phagocytosis and migration, altered the 

cell morphology and resulted in formation of a SASP, collectively suggesting the cells to 

be in a senescent state. Ablation of NLRP3 in vitro rescued cell cycle arrest and 

ameliorated release of the SASP. 

Lastly, we identified a NLRP3-independent contributer to the SASP, namely activation of 

STAT3. Here, we showed that activation of STAT3 is a key driver of the SASP and that it 

controls activation of the NLRP3 inflammasome.  

In conclusion, we demonstrated that senescent microglia emerge in a tauopathy mouse 

model and that NLRP3-deficiency mitigated microglial senescence in vivo. Furthermore, 

we developed a model to study microglial senescence in culture and found that the NLRP3 

inflammasome is a mediator in tau-induced microglial senescence. Lastly, we found a 

NLRP3 independent signaling pathway, namely STAT3, to be a key driver of the SASP. 

Employing this model in the future will be instrumental to investigate the mechanism 

underlying STAT3 induced microglial senescence, focusing on mitochondria dysfunction 

and the interaction between STAT3 and NLRP3. 
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11 Statistical details 
 
 

Fig. 4B 
Comparison Exact P value 
WT vs. Tau22 P=0.0079 

 

Fig. 5 B 
Comparison Exact P value 
WT vs. Tau22 P=0.0131 

 

Fig. 6 B 
Comparison Exact P value 
WT vs. Tau22 P=0.0068 

WT vs. Nlrp3-/- P=0.8195 

WT vs. Tau22/Nlrp3-/- P=0.8341 

Tau22 vs. Tau22/Nlrp3-/ P=0.0306 

Tau22 vs. Nlrp3-/- P=0.0475 

Nlrp3-/- vs. Tau22/Nlrp3-/- P=0.9998 

 

Fig. 7 B 
Comparison Exact P value 
WT vs. Tau22 P>0.9999 

WT vs. Nlrp3-/- P>0.9999 

WT vs. Tau22/Nlrp3-/- P>0.9999 

Tau22 vs. Tau22/Nlrp3-/ P>0.9999 

Tau22 vs. Nlrp3-/- P>0.9999 

Nlrp3-/- vs. Tau22/Nlrp3-/- P>0.9999 

 
Fig. 7C 

Comparison Exact P value 
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WT vs. Tau22 P=0.0016 

WT vs. Nlrp3-/- P=0.8385 

WT vs. Tau22/Nlrp3-/- P=0.7066 

Tau22 vs. Tau22/Nlrp3-/ P=0.0135 

Tau22 vs. Nlrp3-/- P=0.0139 

Nlrp3-/- vs. Tau22/Nlrp3-/- P=0.9976 

 

Fig. 7 D 
Comparison Exact P value 
WT vs. Tau22 P=0.0011 

WT vs. Nlrp3-/- P=0.9347 

WT vs. Tau22/Nlrp3-/- P=0.8764 

Tau22 vs. Tau22/Nlrp3-/ P=0.0066 

Tau22 vs. Nlrp3-/- P=0.0004 

Nlrp3-/- vs. Tau22/Nlrp3-/- P=0.5781 

 

Fig. 7 E 
Comparison Exact P value 
WT vs. Tau22 P=0.0020 

WT vs. Nlrp3-/- P=0.9917 

WT vs. Tau22/Nlrp3-/- P=0.9204 

Tau22 vs. Tau22/Nlrp3-/ P=0.0069 

Tau22 vs. Nlrp3-/- P=0.0019 

Nlrp3-/- vs. Tau22/Nlrp3-/- P=0.8158 

 

Fig. 7 F 
Comparison Exact P value 
WT vs. Tau22 P=0.0061 

WT vs. Nlrp3-/- P=0.9118 

WT vs. Tau22/Nlrp3-/- P=0.9925 

Tau22 vs. Tau22/Nlrp3-/ P=0.0155 
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Tau22 vs. Nlrp3-/- P=0.0051 

Nlrp3-/- vs. Tau22/Nlrp3-/- P=0.8216 

 

Fig. 8 A 
Comparison Exact P value 
control vs. tau 5 nM P=0.2789 

control vs. tau 15 nM P=0.0333 

tau 5 nM vs. tau 15 nM P=0.2802 

 

Fig. 8 B 
Comparison Exact P value 
control vs. tau 5 nM P=0.3652 

control vs. tau 15 nM P=0.8676 

tau 5 nM vs. tau 15 nM P=0.1953 

 

Fig. 8 C 
Comparison Exact P value 
control vs. tau 5 nM P=0.2847 

control vs. tau 15 nM P=0.6850 

tau 5 nM vs. tau 15 nM P=0.6994 

 

Fig. 8 E 
Comparison Exact P value 
control vs. tau 5 nM P=0.0213 

control vs. tau 15 nM P=0.0255 

tau 5 nM vs. tau 15 nM P=0.9865 

 

Fig. 8 F 
Comparison Exact P value 
control vs. tau 5 nM P=0.0351 

control vs. tau 15 nM P=0.0053 
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tau 5 nM vs. tau 15 nM P=0.2635 

 

Fig. 8 G 
Comparison Exact P value 
control vs. tau 5 nM P=0.8649 

control vs. tau 15 nM P=0.0276 

tau 5 nM vs. tau 15 nM P=0.0153 

 

Fig. 9 A 
Comparison Exact P value 
control vs. tau 5 nM P>0.9999 

control vs. tau 15 nM P<0.0001 

tau 5 nM vs. tau 15 nM P<0.0001 

 

Fig. 9 B 
Comparison Exact P value 
control vs. tau 5 nM P>0.9999 

control vs. tau 15 nM P<0.0001 

tau 5 nM vs. tau 15 nM P=0.1484 

 

Fig. 9 C 
Comparison Exact P value 
control vs. tau 5 nM P>0.4034 

control vs. tau 15 nM P<0.0001 

tau 5 nM vs. tau 15 nM P<0.0001 

 

Fig. 9 D 
Comparison Exact P value 
control vs. tau 5 nM P>0.5391 

control vs. tau 15 nM P<0.0219 

tau 5 nM vs. tau 15 nM P<0.5391 
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Fig. 9 E 
Comparison Exact P value 
control vs. tau 5 nM P>0.7474 

control vs. tau 15 nM P<0.0035 

tau 5 nM vs. tau 15 nM P<0.0073 

 

Fig. 9 F 
Comparison Exact P value 
control vs. tau 5 nM P=0.8902 

control vs. tau 15 nM P=0.0338 

tau 5 nM vs. tau 15 nM P=0.4081 

 

Fig. 9 G 
Comparison Exact P value 
control vs. tau 5 nM P=0.0189 

control vs. tau 15 nM P=0.0002 

tau 5 nM vs. tau 15 nM P=0.0032 

 
Fig. 9 H 
Comparison Exact P value 
control vs. tau 5 nM P=0.0396 

control vs. tau 15 nM P=0.0012 

tau 5 nM vs. tau 15 nM P=0.0269 

 

Fig. 10 B 
Comparison Exact P value 
control vs. PMA P=0.0003 

 

Fig. 10 C 
Comparison Exact P value 
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control vs. PMA P=0.5262 

 

Fig. 10 D 
Comparison Exact P value 
control vs. PMA P=0.0002 

 

Fig. 10 E 
Comparison Exact P value 
control vs. PMA P<0.0001 

 

Fig. 10 F 
Comparison Exact P value 
control vs. PMA P=0.0005 

 

Fig. 11 B 
Comparison Exact P value 
control vs. tau 5 nM P=0.3797 

control vs. tau 15 nM P=0.0425 

tau 5 nM vs. tau 15 nM P=0.2606 

 

Fig. 11 D 
Comparison Exact P value 
control vs. tau 5 nM P=0.9943 

control vs. tau 15 nM P=0.0024 

tau 5 nM vs. tau 15 nM P=0.0026 

 

Fig. 12 E 
Comparison Exact P value Timepoint (in minutes) 
control vs. tau 5 nM P=0.3556 30 

control vs. tau 15 nM P=0.6661 30 

tau 5 nM vs. tau 15 nM P=0.0124 30 
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control vs. tau 5 nM P>0.9999 60 

control vs. tau 15 nM P=0.0005 60 

tau 5 nM vs. tau 15 nM P=0.0003 60 

 

Fig. 12 F 
Comparison Exact P value Timepoint (in minutes) 
control vs. tau 5 nM P=0.4227 30 

control vs. tau 15 nM P=0.8044 30 

tau 5 nM vs. tau 15 nM P=0.0268 30 

control vs. tau 5 nM P=0.9996 60 

control vs. tau 15 nM P=0.0002 60 

tau 5 nM vs. tau 15 nM P<0.0001 60 

 

Fig. 13 B 
Comparison Exact P value 
control vs. tau 5 nM P=0.0520 

control vs. tau 15 nM P=0.0411 

tau 5 nM vs. tau 15 nM P=0.7811 

 

Fig. 13 C 
Comparison Exact P value 
control vs. tau 5 nM P=0.0658 

control vs. tau 15 nM P=0.0359 

tau 5 nM vs. tau 15 nM P=0.9576 

 

Fig. 14 C 
Comparison Exact P value 
control vs. tau 5 nM P=0.3256 

control vs. tau 15 nM P=0.3256 

tau 5 nM vs. tau 15 nM P<0.0001 
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Fig. 14 D 
Comparison Exact P value 
control vs. tau 5 nM P>0.9999 

control vs. tau 15 nM P<0.0003 

tau 5 nM vs. tau 15 nM P<0.0002 

 

Fig. 14 E 
Comparison Exact P value 
control vs. tau 5 nM P=0.4526 

control vs. tau 15 nM P<0.0001 

tau 5 nM vs. tau 15 nM P<0.0001 

 

Fig. 14 F 
Comparison Exact P value 
control vs. tau 5 nM P=0.5155 

control vs. tau 15 nM P=0.0207 

tau 5 nM vs. tau 15 nM P<0.0004 

 

Fig. 14 G 
Comparison Exact P value 
control vs. tau 5 nM P>0.9999 

control vs. tau 15 nM P<0.0001 

tau 5 nM vs. tau 15 nM P<0.0001 

 

Fig. 15 B 
Comparison Exact P value 
control vs. tau 15 nM P=0.0011 

control vs. tau 15 nM + CRID3 P=0.9615 

control vs. CRID3 P=0.7538 

tau 15 nM vs. tau 15 nM + CRID3 P=0.0007 

tau 15 nM vs. CRID3 P=0.0004 
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tau 15 nM + CRID3 vs. CRID3 P=0.9518 

 
Fig. 15 C 
Comparison Exact P value 
control vs. tau 15 nM P<0.0001 

control vs. tau 15 nM + CRID3 P<0.0001 

control vs. CRID3 P>0.9999 

tau 15 nM vs. tau 15 nM + CRID3 P<0.0001 

tau 15 nM vs. CRID3 P<0.0001 

tau 15 nM + CRID3 vs. CRID3 P<0.0001 

 

Fig. 16 B 
Comparison Exact P value 
control vs. tau 15 nM P=0.0031 

control vs. tau 15 nM + CRID3 P=0.8773 

control vs. CRID3 P=0.9941 

tau 15 nM vs. tau 15 nM + CRID3 P=0.0111 

tau 15 nM vs. CRID3 P=0.9941 

tau 15 nM + CRID3 vs. CRID3 P=0.0111 

 

Fig. 16 C 
Comparison Exact P value 
control vs. tau 15 nM P=0.0099 

control vs. tau 15 nM + CRID3 P=0.9118 

control vs. CRID3 P=0.9927 

tau 15 nM vs. tau 15 nM + CRID3 P=0.0310 

tau 15 nM vs. CRID3 P=0.0062 

tau 15 nM + CRID3 vs. CRID3 P=0.7918 

 
Fig. 16 D 
Comparison Exact P value 



 141 

control vs. tau 15 nM P<0.0001 

control vs. tau 15 nM + CRID3 P<0.0001 

control vs. CRID3 P>0.9999 

tau 15 nM vs. tau 15 nM + CRID3 P<0.0001 

tau 15 nM vs. CRID3 P<0.0001 

tau 15 nM + CRID3 vs. CRID3 P<0.0001 

 
Fig. 16 E 
Comparison Exact P value 
control vs. tau 15 nM P<0.0001 

control vs. tau 15 nM + CRID3 P<0.0001 

control vs. CRID3 P=0.9827 

tau 15 nM vs. tau 15 nM + CRID3 P<0.0001 

tau 15 nM vs. CRID3 P<0.0001 

tau 15 nM + CRID3 vs. CRID3 P<0.0001 

 

Fig. 16 F 
Comparison Exact P value 
control vs. tau 15 nM P<0.0001 

control vs. tau 15 nM + CRID3 P<0.0001 

control vs. CRID3 P=0.9643 

tau 15 nM vs. tau 15 nM + CRID3 P=0.0092 

tau 15 nM vs. CRID3 P<0.0001 

tau 15 nM + CRID3 vs. CRID3 P<0.0001 

 

Fig. 16 G 
Comparison Exact P value 
control vs. tau 15 nM P<0.0001 

control vs. tau 15 nM + CRID3 P<0.0001 

control vs. CRID3 P>0.9999 

tau 15 nM vs. tau 15 nM + CRID3 P=0.0002 
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tau 15 nM vs. CRID3 P<0.0001 

tau 15 nM + CRID3 vs. CRID3 P<0.0001 

 

Fig. 16 H 
Comparison Exact P value 
control vs. tau 15 nM P=0.0221 

control vs. tau 15 nM + CRID3 P=0.0717 

control vs. CRID3 P=0.9995 

tau 15 nM vs. tau 15 nM + CRID3 P=0.8318 

tau 15 nM vs. CRID3 P=0.0191 

tau 15 nM + CRID3 vs. CRID3 P=0.0618 

 

 Fig. 16 I 
Comparison Exact P value 
control vs. tau 15 nM P=0.0217 

control vs. tau 15 nM + CRID3 P= 0.0489 

control vs. CRID3 P=0.9642 

tau 15 nM vs. tau 15 nM + CRID3 P=0.9332 

tau 15 nM vs. CRID3 P=0.0413 

tau 15 nM + CRID3 vs. CRID3 P=0.0946 

 

Fig. 16 J 
Comparison Exact P value 
control vs. tau 15 nM P<0.0001 

control vs. tau 15 nM + CRID3 P=0.0001 

control vs. CRID3 P=0.2022 

tau 15 nM vs. tau 15 nM + CRID3 P=0.9791 

tau 15 nM vs. CRID3 P<0.0001 

tau 15 nM + CRID3 vs. CRID3 P<0.0001 

 

Fig. 16 K 
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Comparison Exact P value 
control vs. tau 15 nM P<0.0003 

control vs. tau 15 nM + CRID3 P=0.0004 

control vs. CRID3 P=0.3756 

tau 15 nM vs. tau 15 nM + CRID3 P=0.9994 

tau 15 nM vs. CRID3 P<0.0020 

tau 15 nM + CRID3 vs. CRID3 P<0.0023 

 

Fig. 17 B 
Comparison Exact P value 
control (WT) vs. tau 15 nM (WT) P=0.0007 

control (WT) vs. control (Nlrp3-/-) P=0.1192 

control (WT) vs. tau 15 nM (Nlrp3-/-) P=0.8237 

tau 15 nM (WT) vs. control (Nlrp3-/-) P<0.0001 

tau 15 nM (WT) vs. tau 15 nM (Nlrp3-/-) P=0.0002 

control (Nlrp3-/-) vs. tau 15 nM (Nlrp3-/-) P=0.4192 

 

Fig. 17 C 
Comparison Exact P value 
control (WT) vs. tau 15 nM (WT) P=0.0003 

control (WT) vs. control (Nlrp3-/-) P=0.0910 

control (WT) vs. tau 15 nM (Nlrp3-/-) P=0.9281 

tau 15 nM (WT) vs. control (Nlrp3-/-) P<0.0001 

tau 15 nM (WT) vs. tau 15 nM (Nlrp3-/-) P<0.0001 

control (Nlrp3-/-) vs. tau 15 nM (Nlrp3-/-) P=0.2375 

 

Fig. 17 D 
Comparison Exact P value 
control (WT) vs. tau 15 nM (WT) P=0.0007 

control (WT) vs. control (Nlrp3-/-) P>0.9999 

control (WT) vs. tau 15 nM (Nlrp3-/-) P=0.0009 
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tau 15 nM (WT) vs. control (Nlrp3-/-) P<0.0001 

tau 15 nM (WT) vs. tau 15 nM (Nlrp3-/-) P<0.0001 

control (Nlrp3-/-) vs. tau 15 nM (Nlrp3-/-) P=0.0009 

 

Fig. 17 E 
Comparison Exact P value 
control (WT) vs. tau 15 nM (WT) P<0.0001 

control (WT) vs. control (Nlrp3-/-) P>0.9999 

control (WT) vs. tau 15 nM (Nlrp3-/-) P<0.0001 

tau 15 nM (WT) vs. control (Nlrp3-/-) P<0.0001 

tau 15 nM (WT) vs. tau 15 nM (Nlrp3-/-) P<0.0001 

control (Nlrp3-/-) vs. tau 15 nM (Nlrp3-/-) P<0.0001 

 

Fig. 17 F 
Comparison Exact P value 
control (WT) vs. tau 15 nM (WT) P<0.0001 

control (WT) vs. control (Nlrp3-/-) P<0.0001 

control (WT) vs. tau 15 nM (Nlrp3-/-) P<0.0001 

tau 15 nM (WT) vs. control (Nlrp3-/-) P<0.0001 

tau 15 nM (WT) vs. tau 15 nM (Nlrp3-/-) P<0.0001 

control (Nlrp3-/-) vs. tau 15 nM (Nlrp3-/-) P<0.0001 

 
Fig. 18 B 
Comparison Exact P value 
control vs. tau 15 nM P=0.0043 

control vs. tau 15 nM + CRID3 P=0.9165 

control vs. CRID3 P=0.8694 

tau 15 nM vs. tau 15 nM + CRID3 P=0.0020 

 
Fig. 19 B 
Comparison Exact P value 
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control vs. CRID3 P=0.9775 

control vs. tau 15 nM P=0.9991 

control vs. tau 15 nM + CRID3 P=0.9580 

control vs. stattic + tau 15 nM P=0.9198 

tau 15 nM vs. tau 15 nM + CRID3 P=0.9989 

tau 15 nM vs. stattic + tau 15 nM P=0.9987 

tau 15 nM + CRID3 vs. stattic + tau 15 nM + 

CRID3 

P=0.9999 

stattic vs. stattic + tau 15 nM P=0.9972 

 
Fig. 19 C 
Comparison Exact P value 
control vs. CRID3 P=0.9998 

control vs. tau 15 nM P<0.0001 

control vs. tau 15 nM + CRID3 P<0.0001 

control vs. stattic + tau 15 nM P=0.9799 

tau 15 nM vs. tau 15 nM + CRID3 P>0.9999 

tau 15 nM vs. stattic + tau 15 nM P<0.0001 

tau 15 nM + CRID3 vs. stattic + tau + CRID3 P<0.0001 

stattic vs. stattic + tau 15 nM P>0.9999 

 
Fig. 20 A 
Comparison Exact P value 
control vs. CRID3 P=0.9981 

control vs. tau 15 nM P<0.0001 

control vs. tau 15 nM + CRID3 P<0.0001 

control vs. stattic + tau 15 nM P=0.9995 

control vs. stattic + tau 15 nM + CRID3 P=0.9841 

tau 15 nM vs. tau 15 nM + CRID3 P<0.0001 

tau 15 nM vs. stattic + tau 15 nM P<0.0001 

tau 15 nM + CRID3 vs. stattic + tau + CRID3 P<0.0001 
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Fig. 20 B 
Comparison Exact P value 
control vs. CRID3 P>0.9999 

control vs. tau 15 nM P<0.0001 

control vs. tau 15 nM + CRID3 P<0.0001 

control vs. stattic + tau 15 nM P=0.9953 

control vs. stattic + tau 15 nM + CRID3 P=0.9520 

tau 15 nM vs. tau 15 nM + CRID3 P<0.0001 

tau 15 nM vs. stattic + tau 15 nM P<0.0001 

tau 15 nM + CRID3 vs. stattic + tau + CRID3 P<0.0001 

 
Fig. 20 C 
Comparison Exact P value 
control vs. CRID3 P>0.9999 

control vs. tau 15 nM P<0.0001 

control vs. tau 15 nM + CRID3 P=0.0001 

control vs. stattic + tau 15 nM P=0.9963 

control vs. stattic + tau 15 nM + CRID3 P=0.9965 

tau 15 nM vs. tau 15 nM + CRID3 P=0.0044 

tau 15 nM vs. stattic + tau 15 nM P<0.0001 

tau 15 nM + CRID3 vs. stattic + tau + CRID3 P<0.0001 

 
Fig. 20 D 
Comparison Exact P value 
control vs. CRID3 P>0.9999 

control vs. tau 15 nM P<0.0001 

control vs. tau 15 nM + CRID3 P=0.0001 

control vs. stattic + tau 15 nM P>0.9999 

control vs. stattic + tau 15 nM + CRID3 P>0.9999 

tau 15 nM vs. tau 15 nM + CRID3 P=0.0001 
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tau 15 nM vs. stattic + tau 15 nM P<0.0001 

tau 15 nM + CRID3 vs. stattic + tau + CRID3 P<0.0001 

 
Fig. 20 E 
Comparison Exact P value 
control vs. CRID3 P=0.9998 

control vs. tau 15 nM P=0.0112 

control vs. tau 15 nM + CRID3 P=0.0121 

control vs. stattic + tau 15 nM P=0.9998 

control vs. stattic + tau 15 nM + CRID3 P=0.9998 

tau 15 nM vs. tau 15 nM + CRID3 P=0.9998 

tau 15 nM vs. stattic + tau 15 nM P=0.0036 

tau 15 nM + CRID3 vs. stattic + tau + CRID3 P<0.0035 

 

Fig. 20 F 
Comparison Exact P value 
control vs. CRID3 P>0.9999 

control vs. tau 15 nM P<0.0001 

control vs. tau 15 nM + CRID3 P=0.0030 

control vs. stattic + tau 15 nM P=0.8598 

control vs. stattic + tau 15 nM + CRID3 P=0.6175 

tau 15 nM vs. tau 15 nM + CRID3 P=0.7740 

tau 15 nM vs. stattic + tau 15 nM P<0.0001 

tau 15 nM + CRID3 vs. stattic + tau + CRID3 P<0.0001 

 

Fig. 20 G 
Comparison Exact P value 
control vs. CRID3 P>0.9999 

control vs. tau 15 nM P=0.0005 

control vs. tau 15 nM + CRID3 P=0.0003 

control vs. stattic + tau 15 nM P=0.9697 
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control vs. stattic + tau 15 nM + CRID3 P=0.9998 

tau 15 nM vs. tau 15 nM + CRID3 P>0.9999 

tau 15 nM vs. stattic + tau 15 nM P=0.0053 

tau 15 nM + CRID3 vs. stattic + tau + CRID3 P=0.0009 

 
Fig. 20 H 
Comparison Exact P value 
control vs. CRID3 P=0.8986 

control vs. tau 15 nM P=0.0261 

control vs. tau 15 nM + CRID3 P=0.0768 

control vs. stattic + tau 15 nM P<0.0001 

control vs. stattic + tau 15 nM + CRID3 P=0.0011 

tau 15 nM vs. tau 15 nM + CRID3 P=0.8394 

tau 15 nM vs. stattic + tau 15 nM P<0.0001 

tau 15 nM + CRID3 vs. stattic + tau + CRID3 P<0.0001 

 
Fig. 21 B 
Comparison Exact P value 
control vs. CRID3 P=0.0029 

control vs. tau 15 nM P=0.0052 

control vs. tau 15 nM + CRID3 P=0.0108 

control vs. stattic + tau 15 nM P=0.6079 

control vs. stattic + tau 15 nM + CRID3 P=0.0141 

tau 15 nM vs. tau 15 nM + CRID3 P<0.0001 

tau 15 nM vs. stattic + tau 15 nM P=0.0002 

tau 15 nM + CRID3 vs. stattic + tau + CRID3 P>0.9999 

 
  
 
 
 
 


