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Microglia, the key innate immune cells in the brain, have been reported to drive brain aging and neuro-
degenerative disorders; however, few studies have analyzed microglial senescence and the impact of aging
on the properties of microglia. In the present study, we characterized senescence- and aging-associated
phenotypes of murine brain microglia using well-accepted markers, including telomere length, telome-
rase activity, expression of p16™42 p21, p53, senescence-associated p-galactosidase, and a senescence-
associated secretory phenotype. Quantitative real-time polymerase chain reaction analysis and a Telo-

lléfi{ ‘:;)Ogrg: meric Repeat Amplification Protocol assay indicated shortened telomeres and increased telomerase ac-
Senescence tivity in senescent microglia, whereas telomeres remained unaltered and telomerase activity was reduced
Telomere in aged microglia. Senescent microglia upregulated p16™%42 p21, and p53, whereas acutely isolated
p16 microglia from the aged brain only exhibited a modest upregulation of p16™%42, Senescent microglia
In vitro showed decreased proliferation, while it was unchanged in aged microglia. Furthermore, microglia at late
Aging passages strongly upregulated expression of the senescent marker senescence-associated p-galactosidase.

Senescent and aged microglia exhibited differential activation profiles and altered responses to stimula-
tion. We conclude that microglia from the aged mouse brain do not show typical senescent changes
because their phenotype and functional response strongly differ from those of senescent microglia in vitro.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

Microglia are the main innate immune cells of the central ner-
vous system. In the healthy brain, they are responsible for contin-
uous and active surveillance of brain parenchyma (Davalos et al.,
2005). In addition, microglia are involved in cognitive processes,
including learning and memory, via the promotion of learning-
dependent synapse formation and resolution (Parkhurst et al.,
2013). Microglia live long and exhibit little turnover during their
lifetime, which exposes them to potentially damaging mediators,
such as cytokines, oxidative species, and eicosanoids, produced in
response to environmental stressors (von Bernhardi et al., 2015).
Furthermore, microglia may contribute to brain aging and
destructive neurodegenerative processes (Chinta et al., 2015; Luo
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et al., 2010). In the aging brain, microglia become less functional,
with an impairment of the ability to support neuronal functions
(Streitet al., 2004, 2014). Aged microglia have an altered phenotype
characterized by deramification, a bulbous shape and a swelling of
processes, particularly in patients with Alzheimer’s disease (Streit
et al., 2009).

Replicative stress associated with telomere shortening or stress
induced by radiation may cause irreversible proliferation arrest
referred to as cellular senescence (Hayflick, 1965; Rodier and
Campisi, 2011). Senescent cells, although not dividing, are meta-
bolically active; they are characterized by changes in morphology
and a “senescence-associated secretory phenotype” (SASP), with an
altered pattern of release of growth factors and cytokines (Coppé
et al., 2010; Salminen et al., 2012). Cellular senescence in vitro has
been proposed to recapitulate the aging process or loss of regen-
erative capacity of cells in vivo (Campisi and d’Adda di Fagagna,
2007). When cultured alone, murine brain microglia exhibit an
age-like phenotype after 2 weeks (Caldeira et al., 2014). Further-
more, the telomere length has been reported to be reduced in
microglia after 4 weeks in vitro and in vivo in the aging rat brain
(Flanary et al., 2007, Flanary and Streit, 2004).
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Data regarding age-associated changes in murine brain micro-
glia are sparse. There is a lack of evidence for a direct link between
the expression of well-known senescence markers, changes in
telomere length, and functional alterations in aging and senescent
microglia. A rigorous comparison of aging- and senescence-
associated cellular changes in microglia in vitro and in vivo is
missing. An understanding of microglial aging is important because
it may enable the development of strategies aimed at enhancing
microglia neuroprotective function or slowing down or even pre-
venting microglial age-associated dysfunction.

This study aimed to characterize microglial aging and senes-
cence based on the expression pattern of well-accepted senescence
markers, including telomere length and p16™%4 p21, p53,
senescence-associated B-galactosidase (SA-B-Gal) and telomerase
activity. For this purpose, we investigated microglia both in vitro
and after acute isolation from the aging mouse brain ex vivo. Our
study indicates that phenotypically and functionally, microglial
senescence in vitro differs from microglial aging in the murine brain
in vivo.

2. Materials and methods
2.1. Animals

Newborn (P1-P3), young adult (3-month-old) and aged (24-
month-old) males from a C57BIl/6] locally inbred mouse strain
were used. In addition, we used aged-matched Cx3Cr18®/* mice
kindly provided by Prof. Reinhard Wetzker at the Institute of Mo-
lecular Cell Biology in Jena. All experiments were conducted in
accordance with the German legislation on the protection of ani-
mals. Animals were sacrificed by an overdose of isoflurane anes-
thesia; brains were carefully extracted after transcardial perfusion
with ice cold phosphate-buffered saline for 5 minutes. Mixed cul-
tures from neonatal brains (P1-P3) were prepared and microglia
were enriched as previously described (Giulian and Baker, 1986;
Saura et al., 2003). For ex vivo analyses, microglia from adult and
aged mouse brains were acutely isolated and enriched with a 35/
75% Percoll gradient according to Njie et al. (2012). Long-term
cultures of adult microglia were established as previously
described (Moussaud and Draheim, 2010). The purity of the
microglia ranged from 94% to 98%, as confirmed by staining with
the microglial marker ionized calcium-binding adapter molecule 1
(Ibal, 1:500, Waco Chemicals, Germany, 019-19,741, AB_2314667).

2.2. Development of an in vitro approach to evaluate microglial
senescence

To induce microglial senescence in vitro, we performed serial
passaging of mixed astrocyte-microglia cultures, without additional
growth factors. After seeding, cells were allowed to grow until they
reached approximately 80% confluence (typically 1-2 days before
reaching full confluence). After 4-5 passages (1:2 ratio), mixed
cultures failed to reach confluence even after 1 month of incubation
at 37 °C and 5% CO, with ambient or 3% O, and regular media
changes. Based on this finding, the following senescence protocol
was established: microglia were enriched from 2-week-old primary
cultures by gently shaking or mild trypsinization (early passage),
and the remaining cells were split in a 1:2 ratio 4-5 times. Microglia
were harvested again after 6—8 weeks (late passage) by mild
trypsinization and compared with microglia that originated from
the same primary cultures. For functional studies, enriched
microglia cells were pelleted by centrifugation at 500 x g for
5 minutes and seeded in 24-well plates overnight before stimula-
tion was performed. Purified microglia cells were used for all
downstream analyses (RNA, DNA, protein isolation).

2.3. Telomere length measurement

The telomere length was determined using a real-time quanti-
tative polymerase chain reaction—based method and primers as
previously described (O’Callaghan and Fenech, 2011). Briefly,
genomic DNA was extracted from isolated microglia using the
NucleoSpin tissue kit (Macherey-Nagel, Duren, Germany) following
the manufacturer’s instructions. The reaction was conducted in a
25 pL volume with 5 pL of template containing 20 ng of DNA, 12.5 pL
of SYBR Green PCR Master Mix (Roche, Basel, Switzerland), 0.5 pL of
each primer (final 100 nM), and 6.5 pL of water for a final reaction
volume of 25 pL. The acidic ribosomal phosphoprotein PO (36b4) was
used as the housekeeping gene. All samples were run in duplicate. In
each run, a standard curve and a negative control were included. The
thermal cycling profile for both amplicons began with a 95 °C in-
cubation for 10 minutes, followed by 40 cycles of 90 °C for 15 seconds
and 60 °C for 1 minute. Detection and quantification were conducted
with a Rotor gene cycler and Rotor gene Q software (Qiagen, Hilden,
Germany). The relative telomere length was calculated using the
delta-delta Ct method (Livak and Schmittgen, 2001).

2.4. Analysis of average telomere length, autofluorescence, and cell
cycle by flow cytometry and FISH

The telomere length was also determined using Flow
cytometry—fluorescent in situ hybridization (Flow-FISH). Briefly,
enriched microglia cell cultures at early and late passages were har-
vested and pelleted via centrifugation at 500 x g for 5 minutes.
Average telomere length and cell cycle phase analyses were con-
ducted using Flow-FISH with a PNA-FITC kit (DAKO, Hamburg, Ger-
many) according to the manufacturer’s instructions. For the analysis,
after excluding the doublets, different cell cycle phases were deter-
mined based on the DNA content as measured by the intensity of
propidium iodide staining. The telomere length was determined by
calculating the fluorescence intensity with the following formula:
median fluorescence intensity of cells with PNA-FITC probe — median
fluorescence intensity of cells without probe. Analysis was performed
using FCS Express software (De Novo Software, Glendale, CA, USA). In
parallel, a cell cycle analysis via propidium iodide nuclear staining
was performed using the Multicycle option of the software. In addi-
tion, we measured autofluorescence of unstained microglia cells from
early and late passages in the PL-1 (FITC) channel. For the analysis of
autofluorescence in microglia from brain slices, random images were
taken with a confocal laser scanning microscope (LSM 710, Zeiss,
Germany), and colocalization of the microglia marker Ibal in the
green (A488) and red (unstained) channels was evaluated.

2.5. Telomerase activity

The telomerase activity was measured using a quantitative po-
lymerase chain reaction (qPCR)-based kit (TRAPeze-kit S7710,
Millipore, Darmstadt, Germany) following the manufacturer’s in-
structions. Briefly, cell lysates were prepared using CHAPS buffer.
Protein determination was performed using the Bradford method
(Bradford, 1976). The reaction was performed in a 96-well plate
with a Thermocycler Q Tower 2.2 (Analytic, Jena, Germany) using
1 pg of protein of lysate/reaction.

2.6. Immunostaining procedure and quantification of p16
immunoreactivity

Microglia cells (~30.000) cultured on coverslips were fixed for
20 minutes with 4% paraformaldehyde. The nonspecific staining
was blocked for 2 h using 10% donkey serum (NDS). Unconjugated
primary antibody was diluted in the dilution buffer (2% NDS, 1%
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BSA, and 0.3% Triton-X in phosphate-buffered saline) and incubated
overnight at 4 °C. Rhodamine or Alexa 488—conjugated secondary
(Jackson ImmunoResearch, West Grove, PA, USA) antibody was
diluted in the dilution buffer 1:500. DAPI solution was added to
each well and incubated for 5 minutes at room temperature. Cov-
erslips were embedded with Fluoromount G (SouthernBiotech,
Birmingham, Ala, USA). We used antibodies raised against the
microglial marker Ibal (dilution 1:500; WAKO; Neuss, Germany
AB_2314667), p21 (cyclin-dependent kinase inhibitor 1A; dilution
1:100; F-5, Santa Cruz, Dallas, Texas, USA AB_628073), 53bpl
(1:3000, ab36823, Abcam, Cambridge, UK, AB_722497), and anti-
p16 (1:50, M-156:sc1207, Santa Cruz Biotechnologies,
AB_632106), Cd11b (1:100, 550282, BD Biosciences, San Jose, CA,
USA, AB_393577), F4/80 (T-2006, BMA Biomedicals, Switzerland,
AB_1227368), isolectin B4 (1:100, Vector Laboratories, Burlingame,
CA, USA, AB_2336489). SA-B-Gal staining was performed as previ-
ously described (Debacq-Chainiaux et al., 2009).

p16 fluorescence intensity was analyzed in images taken with an
Axioplan2 Imaging microscope (40x air objective; Zeiss, Oberko-
chen, BW, Germany) coupled to an AxioCam HRc camera (Zeiss).
Microglia isolated from early and late passages or from 3-month-
old and 24-month-old brains (n = 4—5) were allowed to attach for
30 minutes to poly-L-lysine-coated coverslips, fixed, and immu-
nostained with the anti-p16 antibody. At least 10 random images
per coverslip with an average cell number of 314 + 24 were taken
and analyzed. Cell nuclei were identified as the region of interest
using the DAPI staining, and the intensity of the p16 signal within
the region of interest was calculated as “integrated density per
nucleus” using the Image] software. Fluorescence intensity values
were normalized to the nuclei size, and data are presented as fold
change to early passage or 3-month-old microglia. DAPI nuclei area
was used to analyze the changes of the nuclei size due to senes-
cence and age.

2.7. Proliferation analysis

Early passage and late passage cells were cultured in 24-well
plates using high glucose Dulbecco’s Modified Eagle’s medium
with 10% fetal bovine serum (FBS). For bromodeoxyuridine (BrdU)
incorporation, cells were incubated with 10 pm of BrdU (Sigma,
B9285, St. Louis, MO, USA) for 1 h or 24 h; the cells were fixed, and
detection was performed using anti-BrdU antibody staining (Bio-
Rad AbD Serotec, OBT0030, Hercules, California, USA, AB_609568).
In addition, we used freshly isolated microglia cells and stained
them with a BrdU pulse for 1 h and 24 h. To detect microglia in
mixed cultures or in vivo, cells were costained with the anti-Ibal
antibody. Analysis was performed using fluorescence microscopy
and calculating the percentage of Ibal-positive cells that were also
BrdU positive. To determine the percentage of microglia cells
proliferating under steady-state conditions in the mouse brain
in vivo, we costained 40-puM thick free floating slices for the pro-
liferation marker Ki-67 (1:250, NB110-89717, Novus Biologicals,
Littleton, CO USA, AB_1217074) and the microglia marker Ibal
(1:250, ab5076, Abcam, Cambridge, UK, AB_2224402). The per-
centage of Ki-67—positive microglia cells was determined in at least
10 random images of the somatosensory cortex and hippocampus
taken with an Axioplan 2 Imaging microscope (40x air objective;
Zeiss, Oberkochen, BW, Germany) coupled to an AxioCam HRc
camera (Zeiss). We used the same Ki67 antibody and protocol for
determining Ki67+ microglia cells in early and late passages.

2.8. Analysis of gene expression with qPCR

To determine gene expression levels, RNA was extracted from
isolated cells using QIAzol reagent (Qiagen). The RNA

concentration, quality, and integrity were determined using a
NanoDrop (Thermo scientific, Waltham, MA, USA) and QIAxcel
Systems (Qiagen). cDNA was synthetized from 500 ng of RNA/
reaction using a RevertAid First Strand cDNA Synthesis kit
(Thermo scientific). qPCR was performed using a LightCycler 480
SYBR Green kit (Roche, Germany). Detection and quantification
were conducted with a Rotor gene cycler and Rotor gene Q soft-
ware (Qiagen). The housekeeping genes Gapdh, Hprt, and Hmbs
were used for normalization. The relative gene expression was
calculated using the 2724CT method (Livak and Schmittgen, 2001).
The p16 PCR products were separated on a 2% agarose gel con-
taining ethidium bromide; bands were visualized under UV light
and photographed. The primers used are listed in Supplementary
Table S1.

2.9. Cytokine determination using ELISA

To evaluate the cytokine levels in cultured microglia, 50,000 cells
were seeded in a 24-well plate and stimulated with lipopolysac-
charide (LPS) (1 ug/mL) for 12 and/or 24 hours. The protein levels of
the cytokines tumor necrosis factor alpha (TNFa), interleukin-10 (IL-
10), pro—interleukin 1 beta (IL-1B), and interleukin-6 were deter-
mined using commercially available ELISA kits from Affymetrix
(eBioscience, San Diego, CA, USA) following the instructions sup-
plied by the manufacturer. To determine the release of IL-1(,
100,000 cells/well in a 24-well plate were used and stimulated with
LPS (1 pug/mL) for 12 hours before adenosine triphosphate (ATP)
(5 mM) was added for an additional 30 minutes. The cytokine con-
centration was assessed colorimetrically using a Thermomax plate
reader (Molecular devices, Sunnyvale, CA, USA).

2.10. Western blot analysis

Cells were lysed in an ice-cold Tris buffer pH 7.4 (50 mM Tris,
2 mM EDTA, 1 mM EGTA) containing 1% Triton X-100, 0.1% SDS,
50 mM NaF, 10 mM Nag4P>07 1 mM Na3VOy4, 1 mM dithiothreitol,
1 mM phenylmethylsulfonyl fluoride, and 10 pL/mL protease in-
hibitor. Lysate proteins were solubilized in Laemmli buffer and
separated via sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (25 pg of lysate protein/lane). Membranes were blocked
with 5% nonfat milk powder in TBS-Tween (0.1%). The blots were
immunostained with primary antibodies overnight at 4 °C. The
membranes were incubated with peroxidase-conjugated secondary
antibodies for 1 h at room temperature, and proteins were visualized
with enhanced chemiluminescence (GE Healthcare, Little Chalfont,
UK). Protein bands were evaluated via densitometry using the
Image] software (National Institutes of Health, Bethesda, MD, USA).
The primary antibodies included anti-p53 (1:1000, sc-81168, Santa
Cruz Biotechnologies, Dallas, TX, USA, AB_1126972), anti-p16
(1:200, M-156:5c1207, Santa Cruz Biotechnologies, AB_632106),
anti-p16 (1:500, 10883-1-AP, Proteintech, Rosemont, IL, USA,
AB_2078303), anti-p16 (1:500, PA5-20379, Millipore, AB_11157205)
anti-phospho p53-Ser15 (1:500, 9284s, Cell Signaling, Danvers, MA,
USA AB_331464), and anti-f-actin (1:5000, 4970s, Cell Signaling,
AB_2223172),anti-53BP1 (1:2500, ab36823, Abcam, Cambridge, UK,
AB_722497), anti-phospho pRb-Ser780 (1:1000, 9307, Cell
Signaling, Danvers, MA, USA AB_330015), anti-pRB (1:300, 554136,
BD Biosciences, San Jose, CA, USA, AB_395259), anti-cyclin A (1:300,
H-3: sc-271645, Santa Cruz Biotechnologies, Dallas, TX, USA,
AB_10707658), anti-phospho Chk2-Thr68 (1:500, 2661, Cell
Signaling, Danvers, MA, USA, AB_331479), anti-Chk2 (dilution
1:200; A-11, Santa Cruz, Dallas, Texas, USA, AB_2721962), and p21
(cyclin-dependent Kinase Inhibitor 1A; dilution 1:100; F-5, Santa
Cruz, Dallas, Texas, USA AB_628073).
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2.11. Migration/chemotaxis assay

Briefly, 20,000 cells were resuspended in a serum-free media
and allowed to migrate for 24 hours in a 24-well plate containing
inserts (8 pum Transwell, Millipore, Billerica, MA, United States). Cell
migration was stimulated by the addition of 10 uM ATP to the lower
chamber. Inserts were fixed in methanol, nonmigrated cells were
removed using a cotton swab, and the remaining cells that migrated
through were stained with DAPI. Photos from random fields were
obtained and analyzed under 40x magnification with an Axiovert
40 CFL microscope from Zeiss (Jena, Germany). Results are
expressed as the mean cell migration/cm?.

2.12. Phagocytosis assay

To evaluate the phagocytotic activity from microglia, 20,000 cells
were incubated with 4 pL of fluorescent latex beads (L3030, Sigma) in
500 pL of the media for 30 minutes in the media containing 0.1% FBS
(Pan Biotech, Aidenbach, Germany). Cells were fixed in 4% para-
formaldehyde solution, stained for Iba1, and analyzed with a confocal
LSM 710 microscope from Zeiss (Jena, Germany). The phagocytosis
index was calculated as previously described (Krabbe et al., 2013).

2.13. Statistical analysis

Data are presented as the mean + SEM, and n represents the
number of independent experiments.

Data were initially analyzed using the Shapiro-Wilk normality
test and Brown-Forsythe or Levene’s test for equal variances. If the
data were normally distributed, Student’s t-test and one-way
analysis of variance with Holm-Sidak correction were used for
analysis. If the data were not normally distributed, the Mann-
Whitney U test and Kruskal-Wallis one-way analysis of variance
on ranks with Dunn’s correction were used. Statistical analysis was
performed using SPSS Statistics 22 software package (SPSS Inc,
Chicago, IL, USA) and Sigma plot version 12.5 (Systat, San Jose, CA,
USA). p values of 0.05 or less were considered significant. Detailed
statistical analyses are presented in Supplementary File.

3. Results
3.1. Microglia enter replicative arrest after long-term culture

To investigate microglial senescence, we established a long-term
protocol for mixed cultures prepared from neonatal mouse brains
(P1-P3). Cultures were repeatedly split until proliferation ceased.
After 5-6 passages, the cell number remained constant and cells did
not reach confluence even after one month in culture, which indi-
cated cell cycle arrest (Fig. 1A and B). To determine the contribution of
environmental stress to microglial senescence in vitro, some micro-
glia cultures were kept under low oxygen conditions (3%) (Fig. 1A). In
late passages, microglia underwent morphological changes, which
resembled an activated-like phenotype (Fig. 1C and Fig. S1a and b).
The microglia cells showed a larger cell body, less branching, and a
two-fold increase in nuclei size (Figs. S1 and S2). Microglia prolifer-
ation was analyzed after 2 weeks (early passage) and after
8—10 weeks (late passage). One hour after BrdU delivery, as many as
17.66 £ 0.73% of microglia cells entered the cell cycle at early passage,
compared with only 2.19 4+ 0.98% of cells at late passages (Fig. S3),and
this ratio was similar after 24h BrdU incorporation (Fig. 1D). Cells
with altered morphology colocalized with nonproliferating entities
(Fig. 1C and Fig. S1). Decreased cell proliferation was further
confirmed by the reduced number of Ki67* cells in late passages as
compared with early passages (51.42 4+ 0.65%vs.13.16 + 0.91%; Fig. 1F,
Fig. S4). Concomitant with this proliferation decrease, we identified a

significant increase in the number of cells in the Go/G1 cell cycle phase
(54.0 +1.99 vs. 74.7 £ 1.91; Fig. S5a), which further indicates cell cycle
arrest in most of the cell population. Furthermore, mRNA expression
levels of the proliferation marker Ki67, present in all cell cycle phases
with the exception of Gp, were also decreased at late passages
(Fig. S5b). In addition, cyclin A expression and levels of phosphory-
lated pRb protein were higher in early passages, indicating active
microglia proliferation only in young cells (Fig. 1E, Fig. S6a). Using an
antibody which allows to discriminate the phosphorylated and
nonphosphorylated pRb protein forms by the band size of the protein
on the gel, we found the phosphorylated pRb to be the main form
present in early passages, whereas the most abundant form in late
passages was the nonphosphorylated one (Fig. 1E). On the contrary,
expression of cyclin D1 was not altered at late passages (Fig. S6b).

3.2. Microglia show no change in proliferation rates with age in vivo

Microglia from the aged brain showed an altered phenotype
characterized by increased size and reduced length of processes
(Fig. S7a); however, we did not observe a difference in the size of the
nuclei (Fig. S7a and b). To analyze the microglia cell proliferation, we
evaluated the levels of cell division markers Ki-67 and BrdU. Sur-
prisingly, in the cortex of aged mice brains, we found a higher
number of microglia expressing Ki-67 as compared with 3-month-
old brains (1.07 + 0.3% vs. 0.14 + 0.007%) suggesting slightly
increased cell cycle activity in aged microglia. (Fig. 2A and B). How-
ever, the mRNA expression levels of Ki-67 were the same in microglia
isolated from 3-month-old and 24-month-old brains (Fig. S8). To
further analyze the proliferative potential of microglia ex vivo, we
stained freshly isolated microglia for 1 h and 24 h with a BrdU pulse
and determined the number of BrdU-positive cells. After 1 hand 24 h,
there were no significant differences in the number of proliferating
microglia cells; however, there was again a clear trend toward a
higher proliferation of microglia from 24-month-old brains (0.44 +
0.1%vs.0.62 +0.15% after 1 h pulse; 0.43 4+ 0.06% vs.1.39 & 0.68% after
24 h pulse, Fig. 2C, Fig. S9a and b). Taken together, these results
suggest that most of microglia from both 3 and 24 months old brains
are quiescent. The long-term proliferative capacity of microglia
extracted from 24-month-old brains was further evaluated using a
mixed culture protocol (Moussaud and Draheim, 2010). The purity of
the acutely isolated microglia obtained by shaking from mixed cul-
tures was >98%, as analyzed with Ibal, CD11b, F4/80, and lectin
staining. We found that microglia from aged mice can be cultured for
extended periods of time and that the number of cells obtained from
astrocyte monolayers during 2 months ex vivo was the same for
cultures obtained from adult (3-month-old) and aged (24-month-
old) brain tissues (Fig. S10). This indicates that microglia from aged
brains still maintain a proliferative capacity. In support to this, levels
of cyclin A were increased in microglia isolated from aged mice, but
still much lower than cyclin expression in microglia in vitro (Fig. 2D,
Fig. S6a). We could not detect expression of the phosphorylated form
of the pRb protein in these cells, probably due to the very low number
of microglia cells proliferating in the aged brain in vivo. The
unphosphorylated form of the protein was expressed in 3-month-old
and 24-month-old microglia with no significant differences due to
age (Fig. 2D). Similar as for microglia from early and late passages,
cyclin D1 expression was not altered (Fig. S6¢).

3.3. Analysis of senescence markers in microglia after long-term
culture and in the aged brain in vivo

Expression of SA-B-Gal, a marker of cell senescence, was
increased in microglia after long-term culture compared with the
early time points (Fig. 3A and B). Although we were not able to
specifically detect SA-B-Gal in microglia from the aged brain, and a
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Fig. 1. Effect of long-term coculture on astrocyte-microglia replicative activity. (a) Growth curve of mixed astrocyte-microglia cocultures. Cells were cultured in a medium con-
taining 10% FBS, under ambient (21%) or 3% O, atmosphere, and cell counting was performed before the cells were split. Microglia were separated from astrocytes after 2 weeks
(early passage) and after 8—10 weeks (late passage) for further analysis. (b) Representative images of mixed cultures at early and late passages. (c) Representative image of BrdU
incorporation assay on mixed cultures at early and late passages. Microglia cells were stained for Ibal (green) and BrdU (red) at early and late passages. For nuclear staining, DAPI
was used (blue). (d) Analysis of microglia cell proliferation in cocultures assessed by BrdU incorporation assay 24 hours after BrdU delivery. (e) Representative Western blots
showing expression levels of proliferation markers using a phospho pRb-Ser780—specific antibody, both unphosphorylated pRb and phospho pRb antibody, cyclin A antibody in
microglia at early and late passages with loading controls (8-actin). (f) Analysis of microglia in cocultures assessed by Ki67 labeling. ***p < 0.001, two-sided t-test. Bars represent the
mean + SEM (n = 3—5), scale bars 100 pm. Abbreviations: FBS, fetal bovine serum; Ibal, ionized calcium-binding adapter molecule 1. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)

quantification was not carried out, this senescence marker was
seemingly increased in slices from aged brains (24 months) (Fig. 3C).

As we found increased SA-B-Gal levels in microglia from both late
passages and in slices from 24-month-old mice, we further evalu-
ated the putative senescent phenotype of these cells by measuring
the expression of senescence markers p21, p16, and p53. To char-
acterize microglia acutely isolated from aged brains, we used a
protocol that yielded a >94% highly enriched microglia cell popu-
lation (Njie et al., 2012). The number of p21-positive cells in late
passages increased, whereas p21 was almost not detectable in early
passages (44.4 +2.81%vs.5.9+0.92; p < 0.001; Fig. 4A, Fig. S11a).In
contrast to the in vitro situation, we found no p21-positive microglia
cells in the aged brain in vivo (Fig. 4B, Fig. S11b). In support of this
finding, the mRNA and protein levels of p21 were significantly
upregulated only in late passaged microglia in vitro with no changes
observed under ex vivo conditions (Fig. 4C—F).

Next, we analyzed protein levels and relative mRNA expression
of the cyclin-dependent kinase inhibitor 2A, also referred to as
p16™42 or generally as p16, a well-established senescence marker.
Protein and relative mRNA levels were increased at late passages
compared with early time points (Fig. 4E, G, and Fig. S12a, b, c), and
also in aged microglia (from 24-month-old brains) ex vivo (Fig. 4F,
H, J and Fig. S13a, b, c) . Interestingly, low expression of p16 protein
was also found in early passages in vitro and in 3-month-old
microglia ex vivo. This was confirmed by immunocytochemistry,
indicating that p16 is ubiquitously expressed in all microglia cells
(Fig. 4G and H, Figs. S12a, b, S13a, b). The observed increase in
nuclear p16 in late passage microglia in vitro and aged microglia
cells ex vivo was quantified by fluorescence intensity measurements
(Fig. S12¢, S13c), which confirmed findings from quantitative PCR
and Western blotting. When compared with microglia at late pas-
sages (used as a positive control), p16 expression levels in aged
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microglia was significantly lower (Fig. S14a), which corresponds to
Western blot findings (Fig. 4E and F, Fig. S14b). The reason for dif-
ferences in p16 expression levels may come from the sustained
oxidative stress in vitro.

Because our finding regarding the age-independent p16
expression in microglia is in agreement with a recent report indi-
cating that p16 is physiologically expressed in tissue macrophages
and can be regulated by different M1 stimuli (Hall et al., 2017), we
stimulated late passaged microglia with LPS and IFNy for 72 h and
measured p16 mRNA expression in these cells. Although we found
no significant differences, there was a trend towards increased p16
expression in stimulated microglia (n = 3—4, Fig. S14c).

We subsequently evaluated the protein and mRNA levels of the
tumor suppressor protein p53 in microglia both in vitro and in vivo.
The levels of the phosphorylated active p53 protein were enhanced
(~250 fold) in microglia at late passages with no differences ex vivo
(Fig.4E and F). Similarly, the mRNA levels of p53 were higher than the
control conditions in vitro, with no changes ex vivo (Fig. S15a and b).

In addition, we found signs of increased DNA damage in late
passaged microglia as indicated by increased protein levels of 53bp1,
Chk2, and pChk2 (Fig. 4E). However, we found no differences in levels
of these proteins in microglia obtained from adult and aged brain
tissues (Fig. 4F). Furthermore, we observed 53bp1 foci formation in
long-term cultured microglia (Fig. S16a), but not in microglia isolated
from aged mice, suggesting no significant DNA damage or double
strand breaks occurring in microglia with age (Fig. S16b), as compared
with late passage microglia. In addition, we also observed a dramatic
increase in autofluorescence in microglia at late passages and aged
microglia (24 months old) (Fig. S17a and b, Fig. S18a and b), possibly
associated with accumulation of lipofuscin or other undegraded
proteins known to accumulate in the aged central nervous system.

3.4. Telomere length and telomerase activity are differentially
regulated in senescent and aged microglia

The telomere length in microglia was determined by a repro-
ducible real-time quantitative PCR assay (Cawthon, 2002;
O’Callaghan and Fenech, 2011). A list of the primers used for real-
time PCR reactions is provided in Supplementary Table S1. In vitro,
late passages were associated with a strong reduction of the telomere
length (at 6—8 weeks and 8—10 weeks in culture) compared with
early passages (Fig. 5A and Fig. S19a and b). There was no difference
in the telomere length between the two late time points (Fig. 5A). The
telomerase activity in vitro showed cyclical activity with an increase
at 6—8 weeks and returning to basal levels at 8—10 weeks (Fig. 5B).

Aging of microglia did not significantly alter telomere length, as
indicated in Fig. 5C. The telomerase activity was reduced in
microglia acutely extracted from aged brains compared with adult
brains. Notably, in contrast to young microglia, it did not increase
when these cells were cultured for 6—8 weeks (Fig. 5D). Similar to
microglia from young brains, telomeres shortened when microglia
from adult and/or aged brains were cultured for 6—8 weeks
(Fig. 5E). The dynamics of telomere shortening was similar for all
groups with an approximately identical slope coefficient
(-0.7313x + 2.49 for 3-month-old vs. -0.7317x + 2.56 for microglia
cultured from 24-month-old brains).

3.5. Senescence and aging are associated with microglial activation

To further characterize senescent and aged microglial cells, we
analyzed the functional characteristics by determining the mRNA
expression of typical activation markers, growth factors, and cyto-
kines. Senescent microglia at late passages were activated, as indi-
cated by higher expression levels of Cd68, Cd14, Tlr2, Tlr7, and Trem2
(Fig. 6A). Toll-like receptors 2 and 7 (TIr2 and TIr7) are involved in

effective innate immune responses to pathogens and danger signals
associated with inflamed or damaged tissues. Coreceptor CD14 in-
teracts with TLR2 and TLR4 for signal transduction and is crucial for
an effective microglia response (Janova et al., 2016). TREM2 is a re-
ceptor involved in microglia activation and phagocytosis. In addi-
tion, senescent cells also exhibited an inflammatory and secretory
phenotype, as indicated by increased expression levels of IL-18 and
anti-inflammatory cytokines and growth factors, such as II-10 and
Tgf-B. The expression of Bdnf, an important growth factor involved in
neuronal plasticity, tended to decrease. We also found a significant
increase in senescence and microglial activation markers in micro-
glia cultured in 3% O, excluding the possibility that microglia
senescence in vitro is only due to inappropriate culture conditions
and increased environmental stress (Fig. S20).

To compare the properties of senescent microglia in vitro with
microglia from the aging brain, we analyzed the same markers in
acutely isolated cells from aged brains ex vivo. These microglia also
exhibited an activated phenotype, as confirmed by higher expres-
sion levels of Cd68 and TIr2 (Fig. 6B). In addition, the expression of
1I-16, Tnf-«, and Tgf-B was increased, which indicates an activation
of both proinflammatory and anti-inflammatory pathways. Tlr7,
one of the pattern recognition receptors for RNA involved in anti-
viral responses, was decreased. Bdnf was increased, which may
reflect a compensatory mechanism to support neurons in an in-
flammatory environment (Fig. 6B). The expression of Cx3crl1, an
important receptor for microglia activation and microglia-neuron
crosstalk, was decreased in aged microglia (Fig. 6B). In summary,
activation markers and cytokines in aged microglia were less
increased compared with senescent cells and exhibited differences
in the pattern of activation (see proposed model, Fig. 9).

3.6. Senescence and aging induce a dysfunctional phenotype in
microglia

We subsequently analyzed the functional activity of senescent
microglia and microglia from aged brains (24 months). We deter-
mined the migration and phagocytosis function and the responses to
the stimulators LPS and ATP. There were several notable differences
between the activation of senescent and aged microglia by LPS. This
was true for TNF-o, interleukin-6, IL-1B3, and IL-10 (Fig. 7A—F).
Interestingly, release of IL-18 in response to ATP exhibited a
completely opposite behavior: in vitro, there was an increased
release of IL-1P from senescent microglia, whereas the same protein
was decreased in supernatants from aged microglia ex vivo (Fig. 7E).

In senescent microglia, the migration rate increased (3-fold)
after ATP stimulation (Fig. 8A). In accordance with this finding, the
mRNA expression of the ATP receptors P2x4 and P2x7, which are
involved in cell migration and inflammasome activation (Horvath
and Deleo, 2009), was enhanced at late passages compared with
early time points (3-fold and 4-fold, respectively; Fig. S21a and b).
In contrast to senescent cells, the migration of microglia from aged
brains was not increased but tended to decrease (Fig. 8B). The
decreased response to ATP by aged microglia may be a result of a
decrease in the purinergic receptor expression P2x4 (Fig. S21c
and d). The phagocytic capacity of aged cells was significantly
reduced (Fig. 8D). Similarly, senescent microglia tended to exhibit
an impaired phagocytosis of fluorescent beads (Fig. 8C).

The main findings of this study and the proposed model explaining
differences between the process of microglial senescence in vitro and
microglial aging in vivo are summarized in Fig. 9 and Fig. S22.

4. Discussion

Knowledge regarding microglial aging and senescence remains
limited. Several recent publications use the term “microglia
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senescence” (Flanary et al., 2007; Streit et al., 2009); however, a
systematic analysis of typical senescent markers in microglia has
not previously been undertaken. One reason for this may be the
lack of adequate in vitro models to investigate microglia senes-
cence. In addition, microglial properties in the aged brain are
difficult to analyze because of complex isolation and culturing
protocols. Here, we developed an in vitro approach to investigate
the typical “Hayflick” replicative senescence of brain microglia
(Hayflick, 1965). The current findings indicate that the pattern of
microglial senescence in vitro is different from the pattern these
cells exhibit in the aging brain in vivo.

Microglia in vitro cannot survive longer than 2—3 weeks without
support from astrocytes. For this reason, we developed a repro-
ducible coculture protocol and obtained highly enriched and viable
Ibal-positive microglia populations. As expected for non-prolifer-
ative cells, the GO/G1 phase arrest was increased in senescent
microglia, whereas the proliferation markers were decreased,
which indicates a proliferative arrest. In accordance with these
findings, the proportion of SA-B-gal—positive cells, a well-
established marker for senescence, was increased 9-fold in

microglia at late passages. We therefore termed these cells “se-
nescent microglia.” Our in vitro approach has important advantages
compared with previous studies: Flanary et al, 2007 induced
telomere shortening in cultured microglia by stimulating them with
growth factors for 32 days, whereas Caldeira et al. (2014) left
microglia alone in culture for 2 weeks. These interventions decrease
microglia viability (Flanary and Streit, 2004; Saura, 2007). In addi-
tion, this approach reduces microglia purity as a result of the faster
astrocyte proliferation, which is always present to some degree at
the onset of cultures (Saura, 2007; Saura et al., 2003; Tomozawa
et al., 1996). Our protocol benefits from a constant interaction and
support from astrocytes, without additional granulocyte macro-
phage colony-stimulating factor stimulation, which has been
shown to change the cell phenotype (Re et al., 2002).

To analyze whether microglia in the aging brain in vivo also
exhibit similar signs of senescence as in vitro, we used freshly
extracted microglia from 24-month-old mouse brains, referred to
here as “aged microglia.” These microglia exhibited similar rates of
proliferation as microglia from adult brains when cultured for
2 months, thus indicating a preserved proliferating capacity.
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Furthermore, there was an increase in the number of Ki-
67—positive microglia. Although we cannot exclude the possibility
of a partial in vitro selection process that allows only nonsenescent
cells to proliferate, our data indicate that most microglia in the old
murine brain are not senescent. We found cyclin A slightly
increased in acutely isolated microglia from the aged brain. This
represents a novel finding and might be associated with a cell
cycle—independent function of this protein during development
and aging (Gygli et al., 2016); however, it deserves further research
to evaluate for a possible mechanism.

Cellular senescence classically involves two main cell cycle
regulatory pathways: p16 and p21/p53. Interestingly, we identified
striking differences between senescent microglia in vitro and “aged
microglia” from old brains. The p21/p53 pathway was highly
upregulated during the senescence process in culture; however,
this upregulation was not identified in the healthy aging brain.

This pathway is mainly activated by DNA damage, which could
be telomere associated; thus, we assessed DNA damage and telo-
mere length in mice and in cultures under low oxidative stress
conditions.

In our cell culture model, murine microglia contained shortened
telomeres after several passages, as determined with both qPCR and
Flow-FISH, and this was accompanied by increased DNA damage.
This finding is in agreement with previous findings for rat microglia
reported by Flanary et al. (2007). Interestingly, we did not find
telomere shortening in the aged murine microglia, which is in

contrast to the results from Flanary et al. (2007) for microglia from
the aging rat brain. One potential explanation for this finding may
be the interspecies differences in the telomere length. It has been
reported that inbred mouse strains, such as the strain used in this
study, have 5 times longer telomeres than rats (Bedoyan et al.,
1996). Accordingly, telomere shortening should not have an influ-
ence on aging or the lifespan in mice.

With regard to the discrepancy between the telomere length in
senescent and aged microglia, we assume that this is a result of the
strong difference in cell proliferation. In vitro, approximately 40% of
early passage microglia cells were cycling at the time of our anal-
ysis. In contrast, only 0.1%-1% of microglia proliferate at a given time
point in the normal adult murine brain in vivo, which is in accor-
dance with a previous study (Lawson et al,, 1992). Recent data
indicate that the median lifespan of microglia cells in vivo is at least
15 months, limiting microglial proliferative capacity to only 1-2 cell
divisions/cell for a lifetime in the healthy mouse brain (Fiiger et al.,
2017). To test our hypothesis, that telomere shortening in vitro re-
sults from increased cell proliferation, we cultured adult and aged
microglia for 2 months using the same mixed culture protocol as for
neonatal microglia. As expected, long-term cultured microglia
showed significant telomere attrition. Telomere shortening
observed in vitro may be due to replicative stress induced by
increased proliferation because microglia normally show a low
proliferation rate and low turnover under physiological conditions.
Long telomeres, as present in mice, are particularly prone to
replicative stress. In particular, a form of telomere rapid deletion
termed telomere trimming has been associated with length dy-
namics of long telomeres (Pickett and Reddel, 2012). Telomere rapid
deletion is compatible with continued cell proliferation. On the
contrary, there was no significant telomere shortening or DNA
damage in vivo, which would explain the lack of p21/p53 pathway
upregulation. In support of our hypothesis, this pathway, together
with telomere shortening, was also upregulated in microglia from
telomerase-deficient mice (Raj et al., 2015), which links telomere
shortening and DNA damage to the p21/p53 pathway.

As the telomere length is critically maintained by telomerase,
we determined whether activity of this enzyme is altered in
cultured senescent microglia and in aged microglia in vivo. After
6 weeks in vitro, the telomerase activity was increased in senescent
microglia; thus, it was negatively associated with the telomere
length dynamics shown here. The activity returned to the baseline
levels after 10 weeks. Whether telomerase increase is caused by
telomere shortening observed in vitro remains to be investigated.
These cyclical changes in the telomerase activity have also been
described in rats, which suggests a similar mechanism of telome-
rase regulation in both species (Flanary and Streit, 2004). In aged
microglia, the telomerase activity was significantly decreased
compared with adult microglia. However, there were no differences
after culturing these cells for 6—8 weeks (Fig. 5D). Because telo-
merase is known to have many noncanonical extratelomeric pro-
tective functions, this finding should be further investigated
(Martinez and Blasco, 2011).

As indicated, in addition to the p21/p53 pathway, the p16
pathway is associated with aging of different tissues, including the
brain cortex; however, the cell types involved remain unknown
(Krishnamurthy et al., 2004). Here, we identified a substantial in-
crease in the p16 expression in microglia cells extracted from aged
mouse brains and senescent cultures. Importantly, p16 expression
and function during aging has been shown to be independent of the
telomere status (Rayess et al., 2012; Rheinwald et al., 2002); thus,
we propose p16 as a candidate marker associated with both in vitro
microglial senescence and in vivo microglial aging. Interestingly,
some findings indicate that p16 may have CDK4/6-independent
roles, like in macrophage M1/M2 polarization or anti-
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Fig. 7. Effect of LPS and ATP stimulation on senescent and aged microglia. (a) TNF-¢, release 24 hours after LPS stimulation. (b) IL-6 release 24 hours after LPS stimulation. (c) IL-1B
release measured 24 hours after LPS stimulation. (d) IL-10 release measured 24 hours after LPS stimulation. (e) IL-1f release measured 24 hours after LPS and ATP stimulation
(5 mM) for 30 additional minutes. (f) IL-10 release 12 hours after LPS stimulation. *p < 0.05, **p < 0.01, two-sided t-test. Bars represent the mean + SEM (n = 3—7). Abbreviations:

ATP, adenosine triphosphate; LPS, lipopolysaccharide.

inflammatory roles through accelerated IRAK1 degradation in these
cells (Cudejko et al., 2011; Murakami et al., 2012). More recently, it
was found that macrophages express p16 and SA-B-gal under
physiological conditions (Hall et al., 2017), and this can be changed
by polarization stimuli like LPS, IFN-y, or IL-4. We found that
microglia, the brain macrophages, express p16 in young and in aged
cells, thus indicating that it may also play different roles in

microglia apart from senescence, like in cell polarization. However,
we could not observe significant difference of p16 expression after
LPS or IFN-vy stimulation, which could be due to the low number of
repetitions or because of using already senescent cells in this
experiment. As inflammatory stimuli are known to induce p16
expression (Campisi and d’Adda di Fagagna, 2007; Coppé et al.,
2011; Cudejko et al., 2011), we speculate that increased p16
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bars 100 pm, for Figure 8b 50 um. Abbreviation: ATP, adenosine triphosphate. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
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expression is due to increased SASP in the aged brain, possibly
playing a role in SASP suppression, as shown previously (Coppé
et al,, 2011). Data from p16 levels by Western blot and immuno-
fluorescence correlated well. The mRNA and protein expression,
however, were much higher in senescent cells in vitro, possibly due
to replicative stress as previously mentioned. The exact role of p16
in aged microglia requires further evaluation.

A recent study by Baker et al. (2016) indicated that the
removal of p16-positive cells is beneficial for the surrounding
tissue, delays aging, and increases the lifespan of mice (Baker
et al,, 2016). Our finding regarding the expression of p16 in
microglia from the aged brain suggests that this approach prob-
ably also targeted p16-positive tissue macrophages and microglia.

Indeed, treatment of aged mice with clodronate, a known
macrophage and microglia removing agent, leads to decreased
p16 expression (Hall et al., 2016). Furthermore, removal of
microglia from the Alzheimer’s brain was found to improve
cognitive performance (Dagher et al., 2015). In particular, amy-
loid-B is known to induce increased expression of senescence
markers in glial cells (Bhat et al., 2012), and patients with Alz-
heimer’s disease exhibit profound dystrophic changes in micro-
glia (Streit et al., 2009). Thus, removal of dystrophic/or p16-
positive microglia may contribute to an improved cognitive per-
formance and retard disease progression.

Here, we identified similarities, and important differences, be-
tween senescent microglia in vitro and microglia from the aged
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brain. The cytokine IL-16 and the activation markers Cd68 and TIr2
were increased in both the senescence and aging process, with a
substantially stronger increase in vitro. We presume that this may
be a result of the extreme conditions in vitro, including higher
oxidative stress or contact with serum, which are not typically
present in the aging brain. Caldeira et al. (2014) reported that “old”
microglia populations in vitro exhibit a decrease in the number of
NF-kB—positive cells and a decrease in the TIr2 expression. There-
fore, they concluded that microglia exhibit a deactivated “age-" like
phenotype. In contrast, our findings and the findings from another
study by Norden and Godbout (2013) suggest increased toll-like
receptor expression and cell activation. We determined that only
senescent microglia overexpress Cd14 and Trem2, which are
involved in both the innate immune response and phagocytosis
(Henjum et al., 2016; Janova et al., 2016). Unexpectedly, genes like
Bdnf, Tlr7, P2x4, and P2x7 exhibited a completely opposite pattern of
regulation in senescent and aged microglia. This finding further
confirms our hypothesis of different processes occurring in our
in vitro senescence model compared with healthy brain aging.

We identified a downregulation of the Cx3cr1 receptor in aged
microglia. The interaction between CX3CL1 and its receptor
CX3CR1 is one of the most important neuronal “off” signals to
regulate microglial activity (Kettenmann et al., 2011). This pathway
was not regulated in senescent microglia likely because of the
absence of neurons in the cultures. Complementary to this finding,
we identified an increase of Bdnf only in aged microglia, which may
be a compensatory neuroprotective mechanism in a state of
increased inflammation.

Microglia are the main immune cells in the brain; thus, we also
evaluated their responses to LPS and ATP. The microglial response
to LPS was decreased in late passages, which confirms the previous
observation that repeated microglia extraction by shaking impairs
the response to LPS (Floden and Combs, 2007). In contrast, aged

microglia exhibited an increased response, which confirmed the
previous finding of so called “primed” microglia with age, as re-
ported by others (Norden and Godbout, 2013). An opposite
response was also identified when the cells were challenged with
ATP, one of the most important damage-associated molecular
pattern stimuli in the brain. We assume that with age, microglia
become tolerant to ATP by downregulating the expression of the
ATP receptors, and the analysis of P2x4 and P2x7 receptor expres-
sion confirmed this hypothesis.

In addition to the activation profile, we analyzed two other
functions associated with microglial activity, that is, migration and
phagocytosis. Phagocytosis was impaired in aged microglia,
whereas this function was preserved in senescent microglia.
Migration was increased in senescent microglia, which correlates
well with purinergic receptor expression. In aged microglia, a ten-
dency toward a decreased migration was identified, which is in
agreement with previous observations (Hefendehl et al., 2014).

In summary, we identified striking differences between micro-
glial changes in vitro, leading to a senescent phenotype, and al-
terations that occur with aging in the murine brain (Fig. S22).

Unlike senescence in vitro, aged microglia do not show telomere
shortening and activation of the p21/p53 pathway. We conclude
that microglia cells from the aged brain in vivo are dysfunctional
but not senescent because their phenotype and functional re-
sponses strongly differ from that of senescent microglia in vitro.

Harsh conditions, including high oxygen levels, “cell culture
shock,” excess nutrients and metabolites, and nonphysiological
contact with blood serum, may lead to DNA damage and acceler-
ated senescence, telomere shortening and augmented SASP, which,
in turn, reinforces senescence in vitro. The in vitro approach
developed in this study is a valuable senescence model for evalu-
ating potential mechanisms and developing strategies to prevent/
postpone microglia dysfunction. However, a thorough systematic
analysis indicates that different mechanisms are involved in repli-
cative senescence in vitro and aging in vivo, which in mice is pre-
dominately telomere independent. A better understanding of
microglia aging is of great interest because it may lead to novel
approaches to the prevention and treatment of major age-related
neurodegenerative diseases.
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