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Abstract
The highest risk factor for the development of neurodegenerative diseases like 
tauopathies is aging. Many physiological decrements underlying aging are linked to 
cellular senescence. Senescent cells are characterized by an irreversible growth ar-
rest and formation of a senescence-associated secretory phenotype (SASP), a proin-
flammatory secretome that modifies the cellular microenvironment and contributes 
to tissue deterioration. Microglia, the innate immune cells in the brain, can enter a 
senescent state during aging. In addition, senescent microglia have been identified 
in the brains of tau-transgenic mice and patients suffering from tauopathies. While 
the contribution of senescent microglia to the development of tauopathies and other 
neurodegenerative diseases is a growing area of research, the effect of tau on micro-
glial senescence remains elusive. Here, we exposed primary microglia to 5 and 15 na-
nomolar (nM) of monomeric tau for 18 h, followed by a recovery period of 48 h. Using 
multiple senescence markers, we found that exposure to 15 nM, but not 5 nM of tau 
increased levels of cell cycle arrest and a DNA damage marker, induced loss of the nu-
clear envelope protein lamin B1 and the histone marker H3K9me3, impaired tau clear-
ance and migration, altered the cell morphology and resulted in formation of a SASP. 
Taken together, we show that exposure to tau can lead to microglial senescence. As 
senescent cells were shown to negatively impact tau pathologies, this suggests the 
presence of a vicious circle, which should be further investigated in the future.
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1  |  INTRODUC TION

Worldwide, more than 50-million people suffer from dementia, 
and in 20 years, approximately 140 million people will be affected. 
Secondary and primary tauopathies such as Alzheimer's Disease 
(AD) and Frontotemporal Dementia (FTD), respectively, represent 
a group of neurodegenerative disorders clinically characterized by 
dementia and pathologically defined by abnormal accumulation 
and deposition of tau protein aggregation. Clinically, patients suf-
fering from tauopathy may present with cognitive dysfunction, be-
havioral deficits, and disturbance of movement and language (Lee 
et al., 2001; Zhang et al., 2022).

Aging represents the greatest risk factor for most tauopathies 
and other neurodegenerative disorders. During aging, accumulation 
of DNA damage and metabolic stress can trigger a process called 
cellular senescence (Muñoz-Espín & Serrano, 2014). Cellular senes-
cence was introduced by Hayflick and Moorhead in 1961 and can 
be described as a phenomenon in which a population of cells en-
ters a permanent, irreversible state of proliferation arrest through 
activation of the major tumor-suppressor pathways p53/p21WAF1 
and p16INK4a/Rb (Hayflick & Moorhead,  1961; Muñoz-Espín & 
Serrano, 2014).

Recent findings demonstrate that senescence is not restricted 
to proliferation arrest but involves a more dynamic process that 
evolves over time. As a consequence, a concept describing the 
transition from quiescence into senescence has been proposed 
(Fujimaki & Yao, 2020). Quiescence is defined as an reversible, tem-
porary state of proliferation arrest. Quiescence has been proven to 
be beneficial in a variety of healing processes, whereas senescence 
has been mainly associated with pathological conditions, such as tis-
sue degeneration during age-related diseases (Di Micco et al., 2021; 
Velarde & Menon, 2016). Quiescent cells may recover from short-
term stress but can passage to senescence upon chronic stress 
(Alessio et al., 2021). This is in line with observations that prolonged 
exposure to various intrinsic and extrinsic stressors cause long-
term cellular senescence through a continuous DNA damage re-
sponse (DDR) signaling feedback loop (Garwood et al., 2014; Giunta 
et al., 2008; Rodier et al., 2009).

The senescent phenotype is not limited to proliferation arrest. 
Senescent cells present with a potential disease-modifying and spe-
cific senescence-associated secretory profile (SASP) upon entering 
a senescent state (Kiecolt-Glaser et al.,  2003; Terzi et al.,  2016; 
Ungerleider et al.,  2021). The SASP is characterized by the secre-
tion of various soluble signaling factors (e.g., interleukins (ILs), other 
cytokines, chemokines, and growth factors), proteases (e.g., matrix 
metalloproteinases (MMPs)), lipids, insoluble proteins and extra-
cellular matrix (ECM) components (Coppé et al., 2010). A variety of 

these factors, including IL-1β, IL-6, and TNF-α, can be detected in 
the brains of tauopathy mouse models and were associated with the 
SASP (Bussian et al.,  2018; Musi et al.,  2018). Additionally, senes-
cent cells present with irregular changes in the nuclear envelope and 
chromosome distribution. Downregulation of nuclear lamina type 
B1 (lamin B1), a protein involved in nuclear stabilization and chro-
matin organization, is a well-accepted senescence-associated bio-
marker (Freund et al., 2012; Saito et al., 2019). A decline in lamin B1 
levels has been reported in murine and human cells undergoing se-
nescence and interestingly, lamin B1 levels were shown to be unaf-
fected during quiescence. Hence, lamin B1 is recognized as a crucial 
contributor to the transition into senescence (Freund et al., 2012). 
Phosphorylation of H2AX (yH2AX) is another widely used senes-
cence marker. The occurrence of yH2AX is an early response to 
DNA double-strand breaks that promote a constant DDR, thereby 
accelerating the aging process through induction of a permanent cell 
cycle arrest and senescence (Mah et al., 2010).

Neither a well-defined marker nor a consensus on the definition 
of what constitutes quiescence and senescence has been identified. 
As a result, the mechanism by which quiescence transits to senes-
cence remains poorly understood. To distinguish quiescence from 
senescence, the evaluation of multiple markers characterizing the 
senescent phenotype is crucial.

Microglia—the resident macrophages of the central nervous sys-
tem (CNS)—are prone to develop a dystrophic (potentially senescent) 
state during aging and in response to neuropathological conditions 
(Streit, 2006). Microglia priming as a result of microenvironmental 
changes during neurodegeneration results in an exaggerated inflam-
matory response (Heneka et al., 2013; Heneka, Carson, et al., 2015; 
Heneka, Golenbock, & Latz, 2015), thereby stimulating the aggre-
gation of neurotoxic proteins (Perry & Holmes, 2014). More specif-
ically, it was recently demonstrated that the NLRP3 inflammasome 
present in microglia contributes to tau aggregation and tau-mediated 
neurodegeneration through the release of IL-1β (Ising et al., 2019). 
Additionally, neurons with tau-positive inclusions in the brains of 
AD patients were shown to be surrounded by dystrophic microglia 
(Streit et al.,  2009). In line with this, a recent study revealed that 
microglia phagocytosing tau aggregate-containing neurons present 
with a senescent phenotype afterward (Brelstaff et al., 2021).

It remains unclear, however, whether microglial senescence 
can evolve as a response to tau. Tau can be present in the extra-
cellular space (Yamada et al.,  2011) and to investigate if tau con-
tributes to microglia senescence, we used an in vitro approach in 
which we examined senescence markers in tau-treated microglia. 
Here, we demonstrated for the first time that primary mouse mi-
croglia display several features of senescence after exposure to 
tau monomers. Microglia treated with different concentrations of 
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tau monomers show elevated levels of p21WAF1 and p16INK4a, two 
widely used markers for the induction of cell cycle arrest in senes-
cent cells (González-Gualda et al., 2021). However, additional mark-
ers such as loss of the nuclear envelope protein lamin B1 (Freund 
et al., 2012; Saito et al., 2019) and heterochromatin H3K9me3 (Sidler 
et al., 2017; Tsurumi & Li, 2012; Zhang et al., 2021), phosphoryla-
tion of histone H2AX (Hernandez-Segura et al.,  2018) and forma-
tion of a SASP (Coppé et al., 2010) only occurred when treated with 
higher tau concentrations. In addition, functional assays demon-
strated that treatment with higher tau concentrations impaired tau 
clearance (Brelstaff et al., 2021) and decreased migration time and 
speed (Caldeira et al., 2014, 2017; Damani et al., 2011). Lastly, expo-
sure to higher tau concentrations resulted in cytoskeleton changes 
in microglia (Moujaber et al.,  2019; Nishio & Inoue,  2005; Reed 
et al., 2001; Wang, 1985). These findings specify that assessing the 
classical cell cycle arrest markers alone is not sufficient to study mi-
croglia senescence and a more robust characterization, as presented 
in this study, is required.

2  |  METHODS

2.1  |  Study design

No randomization was performed to allocate individual cultures 
to specific experiments within the study. No sample calculations 
were performed. This study was exploratory and the sample size 
was estimated based on similar studies previously carried out in the 
laboratory for morphology and migration (Scheiblich et al., 2021) as 
well as studies published by other groups for phagocytosis/clear-
ance (Brelstaff et al., 2021) and the detection of senescence mark-
ers (Shang et al., 2020; Yang et al., 2017). Researchers performing 
the final analysis of immunoblots, immunostainings, tau clearance, 
migration, and morphology assays were blinded to the treatment 
groups. No exclusion criteria were predetermined. Samples/data 
points were excluded from the analysis only if they were identified as 
outliers using a ROUT test (Q = 1%). The n number (n=) specifies the 
amount of independent primary microglia cell culture preparations.

2.2  |  Animals

Wildtype C57BL/6N mice (Charles River Laboratories) were housed 
under standardized conditions in the University Hospital of Bonn 
animal facility at 22°C and a 12 h light–dark cycle with access to 
food and water ad libitum. Animal care and handling was performed 
according to the guidelines of animal welfare as laid down by the 
German Research Council (DFG) and the Declaration of Helsinki. 
Institutional ethical approval was not required to conduct this study. 
Pups at postnatal day 0–3 (P0-P3) were decapitated in the morning 
and the brains harvested. Mixed genders were used and all brains 
from one litter (average of 6–8 pups per preparation) pooled for the 
generation of mixed glia cultures, allowing us to shake off microglia 

up to three times for different experiments (for details, see “Primary 
Microglia Culture”). For each biological repeat, an independent lit-
ter was used to generate a mixed glia culture. Overall, this approach 
resulted in the use of 9 litters to conduct this study.

2.3  |  Primary microglia culture

Primary wildtype mouse microglia cell cultures were prepared as 
previously described (Venegas et al.,  2017). In brief, mixed glial 
cultures were prepared from the brains of P0-P3 pups. After re-
moving the meninges, brains were washed with HBSS (Gibco™, 
Cat #24020091) several times before they were incubated with 
trypsin (LIFE Technologies, Cat #15400054) and DNase I (Roche, 
Cat #11284932001) for 10 min at 37°C. A single-cell suspension was 
generated by mechanical shearing before the cells were pelleted 
and resuspended in an appropriate amount of medium. The cells 
were cultivated for 7–10 days in DMEM (Gibco™, Cat #31966047) 
with 10% Fetal Calf Serum (FCS, Gibco™, Cat #26140079), 10% 
L929 conditioned medium (Merck, Cat #85011425), and 5 U/mL 
penicillin–streptomycin (Gibco™, Cat #15070063) with 2 brains per 
poly-L-lysine-coated (PLL, Merck, Cat #P1524) T75 flask. 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 plat-
ing 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.

2.4  |  Primary microglia treatment

Primary mouse microglia were plated overnight in 6-well plates 
(1.3 × 106 cells/well) for immunoblotting and collection of con-
ditioned medium, in 12-well plates (5 × 105 cells/well) for RNA 
isolation, in 24-well plates for clearance (3.5 × 105 cells/well) or 
migration assays (5 × 105 cells/well) and on 13 mm2 coverslips in 
24-well plates (1–1.5 × 105 cells/well) for immunocytochemis-
try and morphology analysis. The following day, cells were gen-
tly washed with Dulbecco's phosphate-buffered saline (DPBS; 
Gibco™, Cat #14190169) and treated with 5 or 15 nM of recom-
binant human wildtype (2N4R) tau for 18 h, washed and cultured 
for another 48 h. As the tau preparations were directly dissolved 
in medium, the control treatment was performed using only me-
dium. Additionally, cells were treated with 50 ng/mL of phorbol 
12-myristate 13-acetate (PMA; Sigma-Aldrich, Cat #16561–29-
8) (diluted from stock in medium) for 72 h. All treatments were 
done in DMEM (Gibco™, Cat #31966047) supplemented with 1x 
N2-Supplement (Gibco™, Cat #17502048) and 5 U/mL penicillin–
streptomycin (Gibco™, Cat #15070063) and performed simul-
taneously on cells in individual wells. For each experiment, 3–4 
biologically independent experiments were performed using 
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independently prepared mixed glia cultures for shaking off micro-
glia. In each independent experiment, individual wells were as-
sessed. Samples were not pooled.

2.5  |  Immunoblotting

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 in-
hibitor (Thermo Scientific™, Cat #78441)). Samples were transferred 
to a tube on ice for 30 min and vortexed a few times in between. 
Afterward, samples were centrifuged at 20 000 ×g for 15 min at 4°C. 
Protein quantification was performed using a BCA Protein Assay Kit 
(Thermo Scientific™, Cat #23225) on the supernatants containing 
the soluble proteins. For immunoblot analysis, samples were sup-
plemented with 1× NuPAGE sample buffer (Thermo Scientific™, Cat 
#R1381), heated for 5 min at 95°C and loaded on 4%–12% NuPAGE 
Novex gels (Invitrogen™, Cat #NP0323BOX) containing 25 μg pro-
tein per sample. After transfer of proteins to nitrocellulose blotting 
membranes (Thermo Scientific™, Cat #PB7220), membranes were 
blocked in 3% Bovine Serum Albumin (BSA) (Rockland, Fraction 
V, Cat #BSA-1000) in Tris-buffered saline supplemented with 
Tween-20 (TBST; 10 mM Tris–HCl, 150 mM NaCl, 0.05% Tween-20, 
pH 8.0) for 1 h, followed by incubation with primary antibodies 
anti-p21 (Abcam, Cat #ab218311, RRID:AB_2890611) (1;1000), 
anti-p16 (Abcam, Cat #ab211542, RRID:AB_2891084) (1:1000) and 
anti-lamin B1 (Proteintech, Cat #66095-1-Ig, RRID:AB_11232208) 
(1:1000) in blocking solution overnight at 4°C. Incubation with anti-
GAPDH (Sigma-Aldrich Cat #G9545, RRID:AB_796208) (1:5000) 
was done in blocking solution for 1 h at RT. Proteins were visual-
ized by fluorescent-tagged secondary antibodies (LI-COR). Imaging 
was performed by using a LI-COR ODYSSEY CLx. Data were ana-
lyzed with ImageStudio software version 5.2.5 (LI-COR). Individual 
experiments were run on separate blots. The protein amounts on 
every blot were normalized to GAPDH first and then normalized 
to the averaged value obtained for control microglia before all data 
were combined. PageRuler™ Prestained Protein Ladder (Thermo 
Scientific™, Cat #26616) was used as a molecular weight marker.

2.6  |  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). In brief, the tau-expressing inducible plasmids were 
transformed into BL21(DE3) E. coli (Agilent, Cat #230245). Tau 
expression was induced by adding IPTG (Merck, Cat# I6758) to a 
liquid culture of a single colony. Bacteria containing tau were pel-
leted (3810 ×g for 10 min at 4°C) followed by resuspension of the 
pellet in 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. After sonication (4 cycles of 1 min with 2 min on ice in 
between), bacterial debris were removed by centrifugation (20 min, 
3810 ×g at 4°C). The tau-containing supernatant was boiled for 
10 min and centrifuged again. The tau protein was further puri-
fied by cation exchange chromatography using sepharose fast-flow 
beads (Merck, Cat #GE17-0729-01). Afterwards, tau was eluted 
using different concentrations of sodium chloride dissolved in BRB-
80 supplemented with 0.1% 2-mercaptoethanol. After testing the 
presence of tau using a Coomassie gel stain, tau-containing fractions 
were combined and concentrated in 10 mM ammonium bicarbo-
nate buffer using Amicon ultra centrifugal units (10-kDa molecular 
weight cut-off, Merck, Cat #UFC9010). The resulting tau prepara-
tion was tested for the presence of endotoxins using an endotoxin 
quantification kit (Thermo Fisher Scientific, Cat #A39552S). Tau 
protein concentration was assessed by a BCA assay (Thermo Fisher 
Scientific, Cat #23225) before aliquoting. Tau samples were dried 
in a speed vac before storage at −80°C. Tau proteins were resus-
pended in DMEM supplemented with 1x N2-Supplement and 5 U/
mL penicillin–streptomycin right before use.

2.7  |  Fluorescent labeling of recombinant 
human tau

Purified recombinant tau was reconstituted in DPBS (Gibco™, Cat 
#14190169) to a final concentration of 8 μM. After addition of 
0.025 mg Alexa Fluor™ 405 NHS ester (Thermo Fisher Scientific, 
Cat #A30000), the solution was incubated for 1 h at RT and then 
placed on an overhead shaker overnight at 4°C. Glycine was added 
to a final concentration of 100 mM, followed by incubation for 
1 h at RT. The solution was dialyzed in 1x PBS (2x 2 h at RT) using 
a 10 K MWCO dialysis cassette (Thermo Fisher Scientific, Cat 
#66383). Labeled tau was aliquoted in protein low-binding tubes 
(Eppendorf™, Cat #0030108116) and stored at −80°C for single 
use.

2.8  |  Assessment of the SASP

Conditioned medium (CM) was collected from the cells that were 
subsequently used for protein analysis and centrifuged at 300 
× g for 5 min at 4°C to remove cellular debris. The concentra-
tion of proinflammatory factors in the CM was determined 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) and V-PLEX Cytokine Panel 1 Mouse Kit (Meso 
Scale Diagnostics, Cat #K15245D-1) according to the manufactur-
er's recommendations. CM of at least three biologically independent 
experiments (i.e., at least three independent cell culture prepara-
tions) were run on the same plate with two technical replicates per 
sample, which were averaged before statistical analysis.
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2.9  |  Immunocytochemistry

Cells were fixed in 4% paraformaldehyde (PFA, Merck, Cat #P6148) 
dissolved in PBS and permeabilized with PBS containing 0.1% Triton 
X-100 (PBS-T) for 10 min each. Blocking was performed using PBS-T 
containing 3% bovine serum albumin (BSA, Rockland, Fraction V, Cat 
#BSA-1000) and 5% goat serum (Abcam, Cat #ab7481) for 30 min. The 
primary antibodies rabbit anti-IBA1 (FUJIFILM Wako Shibayagi, Cat 
#019–19 741, RRID:AB_839504) (1:1000), rat anti-CD11b (Bio-Rad, Cat 
#MCA711, RRID:AB_321292) (1:250), mouse anti-yH2AX (Millipore, 
Cat #05–636, RRID:AB_309864) (1:100) and rabbit anti-H3K9me3 
(Abcam, Cat #ab8898, RRID:AB_306848) (1:200) were applied in 
blocking solution overnight at 4 °C. The 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) were ap-
plied for 1 h at RT. Washing steps in between were done 3 times for 
5 min in PBS. ProLongGold with 4′,6-diamidino-2-phenylindole (DAPI) 
(Invitrogen™, Cat #P36931) was used as a mounting medium. Z-stack 
images were taken using a 40x objective on a Zeiss Laser Scanning 
Microscope 900 (LSM900). Acquired images were processed using 
ImageJ/Fiji software version 2.0. A manual threshold was set and ap-
plied to all images. The nucleus was set as a region of interest (ROI). 
Intensity of yH2AX and H3K9me3 inside the nucleus (ROI) was cal-
culated by area * IntDen. Three to four images were captured in the 
mid-center of the coverslip, which contained optimal cell density. No 
other inclusion or exclusion criteria were applied.

2.10  |  Real-time RT-PCR

To isolate RNA, the CM was discarded and cells were washed with 1x 
PBS before QIAzol Lysis Reagent (Qiagen, Cat# 79306) was added to 
primary cultured microglia. The homogenate was incubated for 5 min 
at RT, followed by addition of chloroform. Samples were shaken vig-
orously and centrifuged for 15 min at 12 000 ×g at 4°C. The aque-
ous phase was collected for RNA isolation using a miRNeasy Micro 
Kit (Qiagen, Cat #217084) according to the manufacturer's instruc-
tions. RNA concentration and purity were quantified spectropho-
tometrically. Four hundred nanograms of total RNA was reverse 
transcribed 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 accord-
ing 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) and 18S rRNA (Applied 
Biosystems™, Cat #4310893E), which was used as a loading control 
for all reactions. 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. All gene expression data shown 
in a respective graph were generated from cDNA originating from 
independent cell culture preparations, but run together on one RT-
PCR plate with two technical repeats of each sample. The average of 
the technical repeats was used for statistical analysis.

2.11  |  Tau clearance assay

After tau exposure and recovery, microglia were treated with 0.2 μM 
AlexaFluor-405-labeled tau monomers and incubated for 30–
60 min. Uptake was stopped by one washing step with 1x PBS to re-
move free tau and cells were harvested using 0.5% trypsin (Thermo 
Fisher Scientific, Cat #15400054). Blocking solution containing 
PBS and FCS (Gibco™, Cat #10500064) (1:1 ratio) was applied for 
10 min on ice. Cells were then labeled with the allophycocyanin 
anti-mouse/human CD11b antibody (BioLegend Cat #101212, 
RRID:AB_312795) (1:100) for 30 min in FACS buffer (1x PBS sup-
plemented with 2% FCS) on ice. After labeling, cells were collected, 
resuspended in 300 μL ice-cold FACS buffer, and measured by flow 
cytometry using the FACSCanto II and the FACSDiva software 
(Becton Dickinson, Heidelberg, Germany). Tau clearance was then 
analyzed and quantified using FlowJo (v3.05470; Ashland, OR). Each 
biologically independent experiment was performed with three 
technical repeats, which were averaged before statistical analysis of 
the data was performed.

2.12  |  Migration assay

A migration assay was performed by the method of Liang and col-
leagues (Liang et al., 2007). Briefly, after tau exposure and recovery, 
the confluent cell monolayer was scraped with a pipet tip to create 
a scratch, followed by a wash with 1x PBS. Cells were incubated for 
8 h in 1 mL DMEM supplemented with 1x N2. Images were acquired 
using a Nikon ECLIPSE Ti brightfield microscope at desired times in 
a marked sector as reference area. Images were taken at 10x mag-
nification and migration was calculated by dividing scratch widths 
measured before and after incubation, quantified at 20 distinct loca-
tions within the reference area. Image analysis was performed using 
ImageJ/Fiji software version 2.0.

2.13  |  Morphology

After tau exposure and recovery, the cells were fixed in 4% 
PFA, washed 3 times in PBS containing PBS-T, 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 min in PBS-T. Cells were then mounted and im-
ages were taken using a Nikon ECLIPSE Ti fluorescence microscope 
equipped with a 20x objective. Approximately 20 cells were ana-
lyzed per image. A total of five images per condition were taken in 
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each individual experiment. Cytoskeletal changes were analyzed 
using CellProfiler (v3.1.8, Broad Institute of Harvard and MIT, MA, 
USA) (Kamentsky et al., 2011).

2.14  |  Statistics

At least three independent primary cell culture preparations (n) were 
used for each experiment. Data were evaluated using Graph Pad Prism 
(version: 9.4.1 (681)) and presented as mean + SD (parametric data) 
or median + 95% CI (nonparametric data) of at least three biologically 
independent cell culture preparations (n). Assessment of the normal-
ity (Shapiro–Wilk test) of the data and test for outlier ROUT (Q = 1%) 
was performed. Statistical significance for parametric data was ana-
lyzed by two-tailed unpaired t-test for comparison of two groups, one-
way ANOVA with post hoc Tukey's test to compare three groups, or 
two-way ANOVA with multiple comparisons regardless of rows and 
columns when data with two variables were analyzed. For nonpara-
metric data, Kruskal–Wallis test with post hoc Dunn's test was applied. 
Statistical significance was assumed for p < 0.05. Statistical details for 
all experiments can be found in the respective figure legends.

3  |  RESULTS

3.1  |  Microglia showed a senescent-like phenotype 
after tau exposure

To clarify the effect of tau on microglial senescence, we exposed pri-
mary murine microglia to 5 nM and 15 nM of recombinant human tau 
monomers and investigated classical senescence markers at both RNA 
and protein level. While both tau concentrations did not result in in-
creased cytotoxicity (Figure S1), microglia exposed to 15 nM of tau ex-
pressed higher Cdkn2a RNA levels (Protein name: p16INK4a) compared 
to control and tau 5 nM conditions (Figure 1a). Neither 5 nM nor 15 nM 
of tau altered gene expression levels of Cdkn1a (Figure  1b) (Protein 
name: p21WAF1) or Lmnb1 (Protein name: lamin B1) (Figure  1c). At 
the protein level (Figure 1d), however, microglia expressed increased 
levels of p16INK4a and p21WAF1 independent of the tau concentration 
(Figure 1e,f). Interestingly, loss of lamin B1 on the protein level only 
occurred after treatment with tau 15 nM (Figure 1g).

3.2  |  Characterization of a microglial SASP

Although p16INK4a and p21WAF1 are key pathways involved in cell 
cycle arrest, it is important to avoid the misconception that cell 
cycle arrest equals senescence as it can also be a sign of quiescence 
(Blagosklonny,  2011, 2012; Terzi et al.,  2016). In contrast to quies-
cent cells, senescent cells become hyperfunctional and affect other 
cells in an autocrine and paracrine fashion through the release of a 
SASP, thereby contributing to the detrimental effects on tissue loss 
and degeneration seen in aging and age-related diseases (Coppé 

et al., 2010; Cuollo et al., 2020). To investigate the presence of SASP 
factors in our model system, we measured 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). Interestingly, expo-
sure to 15 nM, but not 5 nM of tau resulted in enhanced secretion of 
these factors (Figure 2a–e). We confirmed secretion of IL-1β, IL-6, and 
TNF-α also from senescent microglia using a second model, in which 
we used phorbol-12-myristat-13-acetat (PMA) to induce senescence 
(Figure S2), underlining the universal importance of these SASP factors. 
Additionally, we detected an increase in IL-27 with 15 nM tau, a factor 
that to the best of our knowledge has not been associated with the 
SASP so far (Figure 2f). In contrast to showing an increased secretion 
only upon 15 nM tau treatment, IL-33 secretion was increased dose-
dependently while anti-inflammatory IL-10 was decreased in a dose-
dependent manner from microglia upon tau treatment (Figure 2g,h).

3.3  |  Microglia exhibited nuclear changes upon 
tau treatment

The reduction in protein levels of the nuclear envelope marker lamin 
B1 prompted us to investigate nuclear changes associated with se-
nescence. Loss of lysine 9 trimethylation on histone H3 (H3K9me3) 
has previously been associated with tauopathies (Gil et al.,  2021; 
Jury et al., 2020) and cellular senescence (Sidler et al., 2017; Tsurumi 
& Li, 2012; Zhang et al., 2021). In our model system, we found that 
exposure to 15 nM, but not 5 nM of tau induced a significant loss 
of H3K9me3 in microglia (Figure  3a,b). In addition, phosphoryla-
tion of histone H2AX (yH2AX), a prominent marker of the DDR and 
subsequent senescence (Mah et al., 2010), is increased in the brains 
of AD patients and tau-transgenic mice (Farmer et al., 2020; Musi 
et al., 2018). Moreover, neurons stimulated with tau oligomers show 
increased expression of yH2AX (Farmer et al., 2020). Here, we found 
that exposure to 15 nM, but not 5 nM of tau, resulted in accumula-
tion of nuclear yH2AX foci (Figure 3c,d).

3.4  |  Senescent microglia presented with reduced 
capabilities to clear tau

The main functions of microglia are to repair injury, modulate and shape 
neuronal synapses and maintain CNS homeostasis. Phagocytosis and 
clearance, which can be compromised in senescent cells (Brelstaff 
et al., 2021), is an important mechanism used by microglia to exert 
these functions (Colonna & Butovsky, 2017; Galloway et al.,  2019). 
Therefore, we assessed the ability of microglia to clear tau monomers 
after tau-mediated senescence induction. First, we induced senes-
cence as previously described, followed by adding fluorescently-
labeled tau monomers for 30 or 60 min to the cells before we analyzed 
them for their tau content using flow cytometry (Figure 4a–f). Here, 
we demonstrate that treatment with 15 nM, but not 5 nM tau, re-
sulted in a decline in the amount of tau inside of microglia (Figure 4e) 
and significantly lower numbers of tau-containing cells (Figure 4f) at 
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both time points analyzed. Overall, microglia treated with 15 nM tau 
showed a reduced capability to clear tau.

3.5  |  Senescent microglia showed an impaired 
migration rate

Under physiological conditions, microglia show a ramified mor-
phology with highly motile branches to survey the microenviron-
ment (Zhang et al., 2016). However, after a pathogenic event, such 
as an insult to the central nervous system (CNS), microglia adopt a 
reactive amoeboid shape, which supports proper migration to the 
site of injury (Kettenmann et al., 2011; Scheiblich & Bicker, 2015). 
Interestingly, aging and cellular senescence were associated with 
impairments in the rate of migration in several cell types including 
microglia (Caldeira et al.,  2014, 2017; Damani et al.,  2011). In this 

study, we used an in vitro scratch wound assay to measure micro-
glial migration after senescence induction. We found that exposure 
to 15 nM, but not 5 nM of tau monomers significantly reduced the 
distance traveled toward the site of insult (Figure 5a,b) as well as the 
overall speed of microglial migration (Figure 5c).

3.6  |  Reorganization of the cytoskeleton in 
senescent microglia

The disturbances in migratory behavior of senescent cells might 
be the result of reorganizations in the cytoskeleton (Moujaber 
et al., 2019; Nishio & Inoue, 2005; Reed et al., 2001; Wang, 1985). 
Senescent cells are characterized by morphological changes, such 
as enlargements in the cell size (Greenberg et al.,  1977; Wallis 
et al., 2022), but an extensive characterization of the morphology 

F I G U R E  1  Tau induced markers of cell cycle arrest and loss of lamin B1 in primary mouse microglia. (a–c) Quantification of Cdkn2a 
(p16INK4a) (a; 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), Cdkn1a (p21WAF1)  
(b; 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) and Lmnb1 (c; 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) RNA levels. (d) Representative immunoblot analysis of lamin 
B1, p21WAF1, p16INK4a and GAPDH in tau-treated microglia. (e–g) Quantification of p16INK4a (e; 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), p21WAF1 (f; control vs. tau 5 nM: *p = 0.0351, control vs. tau 15 nM: **p = 0.0053, 
tau 5 nM vs. tau 15 nM: p = 0.2635) and lamin B1 (g; 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). Graphs are presented 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) followed by 
Tukey's test. ns = not significant, n = 3 independent cell culture preparations. ROUT test (Q = 1%) showed no outliers. No exclusion criteria 
were predetermined and no samples were excluded from the analysis.
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of senescent microglia is lacking. Therefore, we stained microglia 
with the cytoskeleton marker Phalloidin and analyzed cell morphol-
ogy (Figure 6a,b). Here, we report that exposure to 15 nM, but not 
5 nM of tau significantly increased the total skeletal length (μm) 
(Figure 6c), area (μm2) (Figure 6d), perimeter (μm) (Figure 6e), number 
of trunks (No. of Trunks) (Figure 6f) and branches (No. of Branches) 
(Figure 6g) in primary microglia.

4  |  DISCUSSION

Cellular senescence is a pleiotropic cell fate that stimulates embry-
onic development and tissue healing in early life but promotes tissue 
degeneration and age-related diseases in late life. Senescent cells 
are characterized by increased DNA damage, impaired DNA dam-
age repair, alterations in kinases involved in cell cycle arrest, and 

F I G U R E  2  Tau induced a senescence-associated secretory profile (SASP) in primary mouse microglia. (a-h) Exposure to tau monomers 
induced the release of (a) Interleukin-1β (IL-1β; 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), (b) Interleukin-6 (IL-6; control vs. tau 5 nM: p > 0.9999, control vs. tau 15 nM: *p = 0.0179, tau 5 nM vs. tau 15 nM: p = 0.1484), 
(c) Tumor necrosis factor-alpha (TNF-α; 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), (d) Chemokine (C-X-C motif) ligand 1 (CXCL1, 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), (e) Interleukin-15 (IL-15; 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), (f) Interleukin-27 (IL-27; 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) 
and (g) Interleukin-33 (IL-33; 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) and 
inhibited release of (h) Interleukin-10 (IL-10; 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). Graphs are presented as mean + SD (a, c, e, g, h) or median ± 95% confidence interval (CI) (b, d, f) and statistical significance 
for parametric data was 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 nonparametric 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). ns = not significant. ROUT test (Q = 1%) 
showed no outliers. No exclusion criteria were predetermined and no samples were excluded from the analysis.
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formation of a SASP (Ben-Porath & Weinberg, 2005; Campisi & Di 
Fagagna,  2007). A few decades ago, increased Cdkn2a (p16INK4a) 
gene expression levels were observed in the brains of AD patients 
(Arendt et al., 1996; McShea et al., 1997). More recently, elevated 
levels of p16INK4a and yH2AX as well as increased SASP gene 

expression levels, including Il1b, Tnfa and Cxcl1, were demonstrated 
in a tauopathy mouse model (Musi et al., 2018). Additionally, micro-
glia and astrocytes were reported to show increased gene expres-
sion levels of Cdkn2a (p16INK4a) and Il6 in another tauopathy mouse 
model (Bussian et al., 2018).

F I G U R E  3  Tau exposure resulted in loss of H3K9me3 and increased phosphorylation of histone H2AX. (a) Representative 
immunohistochemical staining for trimethylation of lysine 9 on histone 3 (H3K9me3; green), cluster of differentiation molecule (CD11b; 
magenta) and 4′,6-diamidino-2-phenylindole (DAPI; blue) in primary mouse microglia after exposure to different doses of tau. (b) 
Quantification of H3K9me3 (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). (c) 
Representative immunohistochemical staining for phosphorylated H2AX (yH2AX; green), IBA1 (magenta) and DAPI (blue) in primary 
mouse microglia after exposure to different concentrations of tau. (d) Quantification of yH2AX (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). Graphs are presented as mean + SD and analyzed by one-way ANOVA (b: 
F(2,6) = 5.142, p = 0.0500; d: (F(2,6) = 23.24, p = 0.0015)) with Tukey's test. Arrow heads indicate nuclei with reduced H3K9me3 expression. 
ns = not significant, n = 3 independent cell culture preparations. ROUT test (Q = 1%) showed no outliers. No exclusion criteria were 
predetermined and no samples were excluded from the analysis.
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F I G U R E  4  Senescent microglia were impaired in their ability to clear tau monomers. (a) Representative gating scheme for the assessment 
of tau clearance as measured by flow cytometry. (b–d) Charts representing the engulfment of tau after 60 min by control microglia 
(b) or microglia pre-exposed to tau monomers (c, d). (e) Quantification of tau fluorescence in the microglia after exposure to 0.2 μM 
AlexaFluor-405-labeled tau monomers for 0, 30 (control vs. tau 5 nM: p = 0.3556, tau 5 nM vs. tau 15 nM: p = 0.6661, control vs. tau 15 nM: 
*p = 0.0124) and 60 minutes (control vs. tau 5 nM: p > 0.9999, tau 5 nM vs. tau 15 nM: ***p = 0.0005, control vs. tau 15 nM: ***p = 0.0003). 
(f) Quantification of the percentage (%) of tau-containing microglia after exposure to tau monomers for 0, 30 (control vs. tau 5 nM: 
p = 0.4227, tau 5 nM vs. tau 15 nM: p = 0.8044, control vs. tau 15 nM: *p = 0.0268) and 60 minutes (control vs. tau 5 nM: p = 0.9996, tau 5 nM 
vs. tau 15 nM: ***p = 0.0002, control vs. tau 15 nM: ****p < 0.0001). Graphs are presented 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). ns = not significant, 
n = 3 independent cell culture preparations. ROUT test (Q = 1%) showed no outliers. No exclusion criteria were predetermined and no 
samples were excluded from the analysis.

microglia
81,4

0 50K 100K 150K 200K 250K

FSC-A

0

50K

100K

150K

200K

250K
S

S
C

-A

Single Cells
89,0

0 50K 100K 150K 200K 250K

FSC-A

0

50K

100K

150K

200K

250K

FS
C

-W

5

Q1
0

Q2
39,3

Q3
60,7

Q4
0

0-10
3

10
3

10
4

10

APC-A :: CD11b

0

-10
3

10
3

10
4

10
5

P
ac

ifi
c 

B
lu

e-
A 

:: 
Ta

u

Q1
0

Q2
38,5

Q3
61,5

Q4
0

0-10
3

10
3

10
4

10
5

APC-A :: CD11b

0

-10
3

10
3

10
4

10
5

P
ac

ifi
c 

B
lu

e-
A 

:: 
Ta

u
Q1
0

Q2
15,6

Q3
84,4

Q4
0

0-10
3

10
3

10
4

10
5

APC-A :: CD11b

0

-10
3

10
3

10
4

10
5

P
ac

ifi
c 

B
lu

e-
A 

:: 
Ta

u

Control (60 min) 5 nM (60 min) 15 nM (60 min)

(a)

(b) (c) (d)

5

(f)(e)

Ta
u 

flu
or

es
ce

nc
e

(fo
ld

 o
f 0

 m
in

)

ns

*

ns

nsns

***
ns ***

%
 ta

u-
co

nt
ai

ni
ng

 c
el

ls

ns

nsns

ns

*
nsns

****
ns ***

0 m
in

30
 m

in

60
 m

in

co
ntr

ol

tau
 5 

nM

tau
 15

 nM
co

ntr
ol

tau
 5 

nM

tau
 15

 nM
co

ntr
ol

tau
 5 

nM

tau
 15

 nM
0

10

20

30

40

50

0

1

2

3

4

5

0 m
in

30
 m

in

60
 m

in

co
ntr

ol

tau
 5 

nM

tau
 15

 nM
co

ntr
ol

tau
 5 

nM

tau
 15

 nM
co

ntr
ol

tau
 5 

nM

tau
 15

 nM

 14714159, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jnc.15866 by C

ochrane L
uxem

bourg, W
iley O

nline L
ibrary on [22/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  527KARABAG et al.

While many of these senescence features have been described 
in the brains of AD patients and animal models of tauopathies, a 
role of tau in the induction of microglial senescence has not been 
investigated. Here, we provide evidence that tau contributes to a 
senescent-like phenotype in microglia. Not only does our study 
confirm the senescent features presented in microglia in earlier 
studies on tauopathies (Brelstaff et al., 2021; Bussian et al., 2018), 

but also reveals the importance to use a combination of markers to 
adequately assess the occurrence of senescence. In this study, we 
observed an increased p16INK4a and p21WAF protein expression inde-
pendent of the tau concentration. These findings were not reflected 
by the gene expression levels as we only observed changes in Cdkn2a 
(p16INK4A) after exposure to the higher tau concentration, whereas 
no changes were found in Cdkn1a (p21WAF1) expression, irrespective 

F I G U R E  5  Senescent microglia showed reduced migration distance and speed. (a) Representative time course images of an in vitro 
microglial scratch assay at 0 and 8 h. (b) Analysis of the total migration distance in μm/8 h (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). (c) Analysis of the migration speed in μm/h (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). Graphs are presented 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. ROUT test (Q = 1%) showed no outliers. No exclusion criteria were predetermined and no samples were excluded from the 
analysis.
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of the concentration used. It has been suggested that p21WAF1 is 
especially involved in the initiation while p16INK4a plays a more im-
portant role in the maintenance of senescence (Stein et al., 1999), 
providing a potential explanation why we did not detect increased 
Cdkn1a (p21WAF1) gene expression levels in the microglia when they 
already acquired a senescent state. However, it seems likely that 
Cdkn1a (p21WAF1) gene expression is elevated at an earlier timepoint 
in our model. Furthermore, recent work revealed that individual 
senescent cells express a large variability in senescence-associated 
mRNA levels, leading to a heterogenous senescent cell population 
(Cohn et al., 2022; Wiley et al., 2017). Therefore, it remains possi-
ble that a small subset of cells in our microglial population harbors 
increased Cdkn1a mRNA levels, but that this subset is too small to 
show changes on the population level. Nevertheless, our study ad-
dresses an important limitation to the use of gene expression anal-
ysis to identify or characterize senescent cells, thereby emphasizing 
the importance of using multiple biomarkers—potentially at both, 
mRNA and protein level—for the characterization of senescent cells.

Despite the widely accepted use of p16INK4a and p21WAF1 to 
study cell cycle arrest and senescence (González-Gualda et al., 2021; 
Sikora et al.,  2013), it is important to consider that these factors 
can also be upregulated upon quiescence or terminal differenti-
ation (Blagosklonny,  2012; Ogrodnik,  2021). Both proteins have 
also been shown to be expressed in fibroblasts in vivo in processes 
related to terminal differentiation and macrophage activation 
(Ogrodnik, 2021). Further, ectopic expression of p16INK4a was shown 
to induce a senescent-like state without formation of the SASP 
(Coppé et al., 2011). In line with those reports, our work shows that 
other, additional senescence-associated markers should be used. 
Lamin B1 is one of those markers, showing decreased protein levels 
in microglia only after treatment with the higher tau concentration. 
Given that p21WAF1 and lamin B1 protein levels are not in line with 
their respective gene expression levels raises questions about the 
reliability of gene expression measurements, which are often used 
as the main method to study senescence in tauopathies (Bussian 
et al., 2018; Musi et al., 2018). Interestingly, reduced lamin B1 pro-
tein levels were also found in neurons of tau-transgenic Drosophila 
(Frost et al., 2016), astrocytes of Parkinson's Disease (PD) patients 
(Chinta et al.,  2018) and microglia of rats bearing an amyotrophic 

lateral sclerosis (ALS) linked SOD1-mutation (Trias et al.,  2019). 
These findings, together with our work, suggest that declined levels 
of lamin B1 are not cell- or disease-specific, but rather a common 
phenomenon shared by senescent cells during neurodegenerative 
conditions. Moreover, we observed that microglia show increased 
formation of yH2AX foci after treatment with the higher tau con-
centration. yH2AX is a common marker of senescent cells, which is 
indicative of double-strand breaks during DNA damage (Di Micco 
et al., 2021; González-Gualda et al., 2021). Interestingly, increased 
DNA damage has been associated with the proinflammatory profile 
expressed by senescent cells (Ishida et al., 2019; Zhang et al., 2018). 
Heterochromatin remodeling is a process that has not only been ob-
served during chronological aging but also during premature aging 
(Lee et al.,  2020) and neurodegenerative diseases. For example, 
loss of H3K9me3 has been observed in neurons and astrocytes of 
the spinal cord and motor cortex of C9ALS/FTD BAC mice (Jury 
et al., 2020), a model harboring mutations present in ALS and pa-
tients. Additionally, a progressive decrease in H3K9me3 has been 
reported in the CA1 region of AD patients (Gil et al., 2021). Our find-
ing that microglia treated with the higher tau concentration show 
reduced levels of H3K9me3 support the idea that heterochromatin 
loss in tauopathies could be a sign of cellular senescence in these 
diseases.

Cellular senescence has been shown to affect the functional 
abilities of the respective senescent cells. For microglia, one of 
their main functions is phagocytosis and clearance in response to 
an injury or infection or as a mechanism to shape neuronal syn-
apses and maintain CNS homeostatis (Colonna & Butovsky,  2017; 
Galloway et al., 2019). Furthermore, migration to the site of insult is 
an important feature necessary for microglia to exert their function 
(Kettenmann et al., 2011; Scheiblich & Bicker, 2015). Interestingly, 
microglia isolated from young adult 5xFAD transgenic mice, an 
AD mouse model, failed to clear β-amyloid plaques in compari-
son to microglia isolated from wildtype mice (Hellwig et al., 2015). 
Furthermore, evidence suggests that microglia become hypophago-
cytic after internalizing tau aggregate-containing neurons and dis-
play a senescent-like phenotype afterward (Brelstaff et al., 2021). In 
line with the reports on hypophagocytic microglia in these models, 
treatment with the highest tau concentration resulted in microglia 

F I G U R E  6  Senescent microglia presented with a reorganization of their cytoskeleton. (a) Representative images of an immunocytochemical 
staining for Phalloidin (red) and DAPI (blue) in primary mouse 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 gray is the nucleus and white are the processes that can be divided into 
trunks (structurally attached to the nucleus) and branches (structurally attached to trunks). (c–g) Quantification of microglial morphology, 
including total skeletal length (c; control vs. tau 5 nM: p = 0.3256, control vs. tau 15 nM: **p < 0.0012, tau 5 nM vs. tau 15 nM: ****p < 0.0001), 
cell area (d; 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), perimeter (e; 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), number of trunks (f; 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) and number of branches (g; 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). Graphs are presented as violin plots and analyzed 
by nonparametric 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; g: Kruskal-Wallis = 31.61, p < 0.0001). Outliers were removed (ROUT 
test: Q = 1%) from all datasets. No exclusion criteria were predetermined. ns = not significant, n = 3 independent cell culture preparations with 
an estimate of 100 cells analyzed per preparation in each condition.
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with reduced tau clearance capabilities. Lastly, exposure to the high-
est tau concentration resulted in cytoskeleton changes in microg-
lia, which could explain the impairments in migration distance and 
speed that we observed in the present study. Although not statis-
tically significant, treatment with the lower tau concentration also 
impaired migration time and speed. It could be speculated that these 
microglia have entered an inactive, quiescent phase, which might im-
pair their ability to effectively respond to the insult, but this remains 
to be investigated.

For many years, studies have placed neuroinflammation at the 
center of brain aging, tauopathies, and other forms of dementia (Bauer 
et al., 1991; Kiecolt-Glaser et al., 2003; Lasry & Ben-Neriah, 2015; 
Rea et al., 2018). A decade ago, researchers reported that microglial 
activation is one of the earliest events in a mouse model of tauopa-
thy, even before the formation of neurofibrillary tangles (Yoshiyama 
et al.,  2007). Later, studies have shown that soluble forms of tau, 
rather than fibrils, promote microglial inflammation, characterized 
by the release of IL-6 and IL-1β (Ising et al., 2019; Perea et al., 2018). 
Prior studies on senescence during neurodegenerative conditions re-
ported increased Il6 and Il1b gene expression levels in neurons con-
taining NFTs (Musi et al., 2018) and microglia isolated from cortices 
of PS19 mice (Bussian et al., 2018). In the present study, we report 
that exposure to tau elicits the release of SASP factors including but 
not limited to IL-6 and IL-1β. While several SASP factors seem to be 
common among senescent cells, the final composition of the SASP 
is highly dependent on the senescence-inducing stressor as well as 
cell type investigated (Basisty et al., 2020; Coppé et al., 2008). Our 
findings highlight the secretion of at least one novel SASP factor 
that to the best of our knowledge has not been identified in other 
senescent cells so far, namely IL-27. IL-27 is a cytokine belonging to 
the IL-6/IL-12 family that was initially regarded as proinflammatory 
(Pflanz et al., 2002). One of the pathways through which IL-27 exerts 
its effects is via the Janus kinase (JAK)—signal transducers and acti-
vators of transcription (STAT) pathway (Morita et al., 2021). Primary 
human monocytes primed with IL-27 demonstrate increased TNF-α 
and IL-6 and suppressed IL-10 levels via STAT1 signaling (Kalliolias 
& Ivashkiv,  2008), a phenotype closely resembled by our culture 
model as well. Although our study did not investigate the role of IL-
27-induced JAK/STAT1 signaling, it was previously shown that accu-
mulated tau impairs synaptic function and memory performance as 
a result of activated JAK2/STAT1 signaling (Li et al., 2019), an effect 
that could potentially be exacerbated further by microglia-mediated 
IL-27/JAK/STAT1 signaling in neurons.

Taken together, our data suggest that a dose-dependent exposure 
to tau monomers induces a senescent-like phenotype including se-
cretion of the SASP in microglia, which potentially could be involved 
in the inflammatory responses seen in tauopathies (Ising et al., 2019; 
Perea et al., 2018; Yoshiyama et al., 2007). The fact that no changes 
in the nuclear lamina, chromatin structure, and the SASP were ob-
served in the lower tau concentration despite increased protein levels 
of p16INK4a and p21WAF1 raises questions about the cellular state of 
these cells. While we cannot rule out that longer incubation times 
with our low tau concentration would finally lead to a full senescent 

state, our study still shows the importance of using multiple different 
markers to adequately assess the senescent state of cells at a given 
time point. In addition, further studies are warranted to investigate 
the exact mechanism(s) by which monomeric tau induces senescence 
in microglia and how this affects bystander cells.
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