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Multiple sclerosis (MS) is a chronic inflammatory CNS disease, which causes
demyelinated lesions and damages white and gray matter regions. Aging is a
significant factor in the progression of MS, and microglia, the immune cells of the
CNS tissue, play an important role in all disease stages. During aging, microglia are
functionally altered. These age-related changes probably already begin early and might
influence the progression of CNS pathologies. The aim of the present study was
to investigate whether microglia in the middle-aged CNS already react differently to
demyelination. For this purpose, several microglia markers (ionized calcium binding
adaptor molecule 1 (Iba-1), P2RY12, F4/80, CD68, major histocompatibility complex
II (MHCII), macrophage receptor with collagenous structure (Marco), Translocator
protein 18 kD (TSPO), CD206, and CD163) were analyzed in the acute cuprizone
demyelination model in young (2-month-old) and middle-aged (10-month-old) mice. In
addition, microglial proliferation was quantified using double-labeling with proliferating
cell nuclear antigen (PCNA) and bromodeoxyuridine (BrdU), which was injected with
the onset of remyelination. To compare age-related microglial changes during de-
and remyelination in both gray and white matter, the hilus of the dorsal hippocampal
dentate gyrus (DG) and the splenium of the corpus callosum (CC) were analyzed in
parallel. Age-related changes in microglia of healthy controls were more pronounced
in the analyzed gray matter region (higher levels of F4/80 and Marco as well as lower
expression of CD68 in middle-aged mice). During de- and remyelination, a stronger
increase of the microglial markers Iba-1, CD68 and TSPO was observed in the
splenium of the younger groups. There was a significant reduction of P2RY12 during
demyelination, however, this was age- and region-dependent. The induction of the
anti-inflammatory markers CD206 and CD163 was stronger in the middle-aged group,
but also differed between the two analyzed regions. De- and remyelination led to a
significant increase in PCNA+ microglia only in young groups within the white matter
region. The number of BrdU+ microglia was not changed during de- or remyelination.
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These results clearly show that microglia are already altered during middle-age and also
react differently to CNS demyelination, however, this is highly region-dependent.
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INTRODUCTION

With increasing age, microglia, the resident immune cells of
the CNS parenchyma, undergo functional changes (reviewed
in Mosher and Wyss-Coray, 2014). Aging microglia seem to
become more reactive to pro-inflammatory stimuli, and at
the same time, also more resistant to deactivation, which
together lead to an exaggerated and longer lasting inflammatory
response. This process has been described as ‘‘microglial
priming’’ (reviewed in Norden and Godbout, 2013; Norden
et al., 2015), and may influence the progression of CNS
pathologies (reviewed in Perry and Holmes, 2014). Additionally,
there is evidence that microglia functions (such as phagocytosis
and proteostasis), which are important for CNS homeostasis
and in reaction to CNS pathologies, become impaired during
aging (reviewed in Mosher and Wyss-Coray, 2014). These
age-related microglial changes most likely already start during
adulthood (e.g., Bardou et al., 2013; Lee et al., 2013; Hefendehl
et al., 2014), until, at extreme ages, microglia become
senescent and dystrophic (reviewed in Streit et al., 2014).
The exact time sequence and functional impact of microglial
age-related changes, however, need to be studied more
extensively.

Multiple sclerosis (MS) is a chronic inflammatory disease
of the CNS, which causes demyelination not only in white
matter regions, but also damages gray matter and leads to
axonal loss and neurodegeneration (reviews of MS pathology:
Mallucci et al., 2015; Baecher-Allan et al., 2018). In young adults,
MS is the main cause of non-traumatic neurological disabilities
(Browne et al., 2014). Despite different MS disease patterns,
aging is a very important factor in the progression of MS
pathology and increasing disability (Confavreux and Vukusic,
2006; Manouchehrinia et al., 2017).

Microglia accumulate in active MS lesions and play an
important role in all stages of MS pathology (reviewed in
Jack et al., 2005; Rawji and Yong, 2013; O’Loughlin et al.,
2018). There are indications that microglia can facilitate myelin
repair by phagocytosing myelin and cell debris, secreting
pro-regenerative signals (e.g., growth factors and cytokines),
and by influencing oligodendrocyte lineage cells (reviewed
in Napoli and Neumann, 2010; McMurran et al., 2016;
Miron, 2017). However, with increasing disease duration
and age, myelin regeneration becomes less successful, and
it is possible that age-related changes in microglia are one
factor contributing to this failure in myelin repair. Even
though this hypothesis is not new, most preclinical studies on
microglia in models for MS or demyelination used animals
of a young age, which could conceivably influence the
results.

The aim of the present study was to investigate whether
microglia in the middle-aged (10-months-old) CNS react

differently to demyelination than young microglia (2-months-
old). For this purpose, we performed a comprehensive
analysis of microglia using cell- and activity-specific markers
in combination with markers for proliferation in the acute
cuprizone demyelination model. This model is a well-studied
and reproducible toxic model, which induces demyelination
followed by spontaneous remyelination (Kipp et al., 2009; Praet
et al., 2014; Tagge et al., 2016). Similar to the pathology in
human MS patients, in the cuprizone model demyelination and
axonal damage not only occur in white matter regions, like
the corpus callosum (CC), but also in gray matter (Goldberg
et al., 2015), for example, in the hippocampus (Hoffmann
et al., 2008; Koutsoudaki et al., 2009; Norkute et al., 2009;
Sun et al., 2016). To compare age-related microglial changes
in both gray and white matter after demyelination, the hilus
of the hippocampal dentate gyrus (DG) and the splenium
of the CC were analyzed in parallel. The hippocampus was
chosen as a target of our investigation, since MS patients often
suffer from episodic memory impairment, which might be
caused by pathological changes (such as altered connectivity,
microstructural damage, atrophy and demyelination) in this
region (Geurts et al., 2007; Sicotte et al., 2008; Dutta et al.,
2011; Hulst et al., 2015; Planche et al., 2017). Recently, it has
been shown that the CA4/DG subfield is the first region of
the hippocampus that is atrophied at the earliest stages of MS
(Planche et al., 2018). While studies about aging microglia
often focus on changes affecting the old CNS, we specifically
chose to analyze middle-aged—not old—animals, since in MS
patients also around middle age, regeneration starts to fail
and irreversible disabilities occur (Confavreux and Vukusic,
2006; Manouchehrinia et al., 2017). The results of this analysis
should provide insight into the extent of age-related changes in
middle-aged microglia, which could be a useful background for
other studies, for example, to test new treatment strategies to
enhance remyelination.

Studies about microglia largely depend on antibodies that
recognize microglia activity state-specific antigens. This is an
ongoing topic of research, and the list of useful markers and
antibodies is constantly growing. Two markers that are strongly
expressed in microglia surveying the healthy CNS, and thus,
are ideal for general morphological analyses, are: (i) ionized
calcium binding adaptor molecule 1 (Iba-1), which is (like
most conventionally used microglia markers) expressed by
microglia and infiltrating macrophages, and plays a role in
calcium homeostasis (Imai et al., 1996; Ito et al., 1998); and
(ii) the G-protein-coupled purinergic receptor P2RY12, which
distinguishes microglia from CNS-infiltrating monocytes and
other peripheral macrophages (Sasaki et al., 2003; Butovsky
et al., 2014; Bennett et al., 2016). Despite their use as general
markers for microglia, the expression of Iba-1 and P2RY12 is
differentially affected by inflammatory stimuli, which lead to
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an up-regulation of Iba-1 (e.g., Mori et al., 2000; Ito et al.,
2001), whereas P2RY12 is increased during anti-inflammatory
conditions (e.g., Moore et al., 2015; Beaino et al., 2017).
Also F4/80, an adhesion G protein-coupled receptor that is
expressed in mature mouse macrophages and microglia and
may be involved in the induction of peripheral immune
tolerance, is often analyzed (reviewed in Gordon et al., 2011).
In contrast to Iba-1 and P2RY12, F4/80 is expressed at
relatively low levels in microglia. One of the most widely
used markers for microglial activation, CD68 (also ED1 or
macrosialin), is a lysosomal/endosomal-associated protein, that
plays a role in microglial phagocytosis (Fulci et al., 2007),
however, its exact function is still unknown (reviewed in
Sierra et al., 2013). Another popular microglia activation marker
is major histocompatibility complex II (MHCII). In contrast to
professional antigen-presenting cells, the expression of MHCII
is low in microglia in the healthy CNS, however, it can be
upregulated upon activation (reviewed in Sierra et al., 2013).
The macrophage receptor with collagenous structure (Marco)
is a class A scavenger receptor that has been associated with
a pro-inflammatory microglial activation (reviewed in Colton,
2009; Sierra et al., 2013), and plays a role in defense against
bacterial meningitis (Braun et al., 2011) and in binding amyloid-β
(Brandenburg et al., 2010). Translocator protein 18 kD (TSPO),
another pro-inflammatory marker, is involved in the transport of
cholesterol across mitochondrial membranes, and is increased in
neuroinflammatory diseases in microglia and astrocytes. TSPO
is of particular interest, since it is used as a target for PET
imaging, for example with the tracer PK11195 (reviewed in
Jacobs and Tavitian, 2012). This PET signal is increased in
healthy aged humans (Schuitemaker et al., 2012), and was
also shown to correlate in MS patients with age, disease
progression and clinical outcome (reviewed in Airas et al., 2018).
Two markers that typically used to identify anti-inflammatory
microglia are the mannose receptor CD206, which is not
only expressed in microglia, but also in astrocytes (Burudi
et al., 1999; Régnier-Vigouroux, 2003) and plays a role in the
phagocytosis of pathogens (reviewed in Sierra et al., 2013), and
the hemoglobin-haptoglobin scavenger receptor CD163, which is
expressed in microglia and perivascular macrophages (reviewed
in Colton, 2009; Thomsen et al., 2013). Proliferatingmicroglia are
often identified using co-labeling with proliferating cell nuclear
antigen (PCNA). In addition, the generation and subsequent
survival and fate of microglia can be detected after labeling
proliferating cells in vivo using for example bromodeoxyuridine
(BrdU).

MATERIALS AND METHODS

Animals and Cuprizone Treatment
Male C57BL/6J mice, at the ages of 2 and 10 months, were
obtained from Janvier and afterwards kept in the animal
facility of the Paracelsus Medical University in Salzburg,
Austria under standard animal housing conditions with food
and water ad libitum. Mice were divided into four different
treatment groups per age, with six animals in each group,

resulting in a total number of 48 animals. Control animals
received a diet of standard food pellets (ssniff Spezialdiäten)
for 8 weeks. For demyelination, animals in the respective
groups received standard food pellets pre-mixed with 0.2%
cuprizone (ssniff Spezialdiäten) for 6 weeks. To allow for
remyelination, afterwards a normal diet consisting of standard
food pellets was resumed for 1 or 2 weeks. For the analysis of
proliferation of microglia and their subsequent survival during
the remyelination period, animals received i.p. injections of
BrdU (50 mg/kg body weight, in PBS) on six consecutive
days starting on the first day after cuprizone administration.
All experimental procedures were approved by the Federal
State Government Salzburg, Austria (permit 20901-TVG/61/14-
2016) and carried out in compliance with international ethical
guidelines.

The percentage of weight change over the course of the
experiment was calculated for each animal by subtracting the
mean weight on the 2 days before the start of cuprizone treatment
from the mean weight on the last 2 days before tissue collection.

Tissue Preparation
Perfusion fixation and tissue preparation were done as previously
described (Couillard-Despres et al., 2005). In short, mice
were terminally anesthetized by injection (i.p.) of ketamine
(273 mg/kg body weight), xylazine (71 mg/kg body weight) and
acepromazine (4 mg/kg body weight) in a physiological NaCl
solution and then transcardially perfused with a 0.9% NaCl (w/v)
solution followed by phosphate-buffered 4% paraformaldehyde
(pH 7.4). Afterwards, brains were extracted, postfixed overnight
in 4% paraformaldehyde, cryoprotected in 30% sucrose (w/v in
PBS), and sectioned on dry ice with a sliding microtome (Leica
SM 2000R). For quantitative analysis, a representative tenth of
one brain hemisphere was collected (i.e., every tenth section,
with an interval of 400 µm between sections). The 40 µm-
thick sections were stored at −20◦C in a cryoprotection solution
(equal parts glycerin, 0.2 M phosphate buffer, ethylene glycol and
H2O).

Immunohistochemistry
Immunohistological stainings were done according to a protocol
that was previously described in detail (Kandasamy et al., 2014),
with the addition of an antigen retrieval step after the first
washing of the tissue sections. In this step, the sections were
incubated in 10 mM citrate buffer (pH 6.0) in a steamer at 100◦C
for 20 min, followed by washing in PBS for 3 × 5 min. For
two antibodies, CD163 and CD206, the antigen retrieval was
shortened, i.e., the hot citrate buffer was put on the sections only
for 10 min at RT. For each staining, a tenth of a hemisphere was
used for immunohistochemistry.

The following antibodies and dilutions were used: primary
antibodies: rat anti-myelin basic protein (anti-MBP; 1:150,
MCA409S, AbD Serotec), goat anti-Iba-1 (1:500, Ab107159,
Abcam), rabbit anti-P2RY12 (1:500, 55043A, AnaSpec), rabbit
anti-CD68 (1:500, AB125212, Abcam), rat anti-MHCII (1:100,
14-5321-82, eBioscience), rat anti-Marco (1:200, MCA1849,
AbD Serotec), rabbit anti-TSPO (PBR; 1:250, Novus Biologicals,
NBP1-95674), mouse anti-CD206 (1:200, Ab8918, Abcam),
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rabbit anti-CD163 (1:200, Bs-2527R, Bioss), mouse anti-PCNA
(1:500, A1111, Santa Cruz), rat anti-BrdU (1:500, OBT003G,
Serotec), and rat anti-F4/80 (1:150, MCA497G, BioRad).
Secondary antibodies (all diluted 1:1,000): rabbit anti-rat
biotinylated (BA-4001, VectorLab), donkey anti-goat Alexa 488
(A11055, Mol Probes), donkey anti-rat Alexa 488 (A21208,
Molecular Probes), donkey anti-mouse Alexa 488 (A21202,
Life Tech), donkey anti-rabbit Alexa 568 (A10042, Life Tech),
donkey anti-goat Alexa 647 (705605147, Jackson IR), donkey
anti-rabbit Alexa 647 (A1573, Life Tech), and donkey anti-rat
Alexa 647 (712-606-150, Jackson IR). Cell nuclei were stained
with 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) at
a concentration of 0.5 µg/µl (Sigma-Aldrich).

Microscopy and Image Processing
For quantitative analysis of the MBP staining, images were
taken with a Zeiss Axioplan (5× objective) and the AxioCam
MRC5 Zeiss Imaging Software (version 4.30.01). For the analysis
of fluorescent stainings, z-stacks (spanning the whole 40 µm
thickness of the section) were generated with a confocal scanning
laser microscope (Zeiss LSM 700) equipped with LSM software
(ZEN 2012) using the 20× objective and 0.5× zoom. For the
figures, representative images were chosen from those taken
for analysis. From the confocal images, orthogonal maximum
intensity projections were created using the Zen 2012 blue
edition software. If necessary, brightness and contrast were
adjusted for the whole image.

Quantitative Analysis of
Immunohistochemistry
All image analysis was done blinded (i.e., without knowing
group or mouse number) using the software ImageJ 1.48 (GNU
General Public License). The percentage area covered by an
immunohistological staining was determined using the ‘‘Analyze
particles’’ function of ImageJ. For each animal, four tissue
sections were used to analyze staining in the two target regions.
The light microscopic images of MBP staining were quantified in
an area of 160 × 90 µm in the hilus of the dorsal hippocampal
DG and an area of 220 × 220 µm in the splenium of the CC.
For the fluorescent images of the other markers, first a maximum
intensity projection of the z-stacks was created in ImageJ, and
then an area of 200 × 100 µm was analyzed in the hilus of the
dorsal hippocampal DG and an area of 320 × 320 µm in the
splenium of the CC.

For analysis of cell numbers (of Iba-1+ PCNA+ and Iba-
1+ BrdU+ cells), the total numbers of stained cells within the
hilus of dorsal hippocampal DG (without the subgranular zone)
and the splenium of the CC were counted in a tenth of a
hemisphere using the ‘‘Cell Counter’’ plug-in (cell_counter.jar,
version 2, GNU General Public License) for ImageJ and then
multiplied per 10.

Statistical Analysis
Data are shown asmeans + standard deviation (SD). All statistical
analysis was done with Prism 7 (Graphpad Software Inc., San
Diego, CA, USA). For the analysis of the statistical significance
of the effects of age and treatment on immunohistological

parameters, statistical significance was determined with a
two-way ANOVA (factors: age and treatment) followed by a
Tukey’s post hoc test in which each group was compared to
all others. The effect of the different treatments on the change
of body weight during the experiment were analyzed separately
for each age group using a one-way ANOVA with a Tukey’s
post hoc test or a Kruskal-Wallis one-way analysis followed by a
Dunn’smultiple comparisons test depending onwhether the data
was normally distributed or not (as assessed by a Shapiro-Wilk
test). The resulting p-values of the comparisons between different
treatments of the same age group are represented as: ∗p < 0.05,
∗∗p< 0.01, ∗∗∗p< 0.001 and ∗∗∗∗p< 0.0001, whereas the p-values
of age-related differences within the same treatment are shown
as: #p < 0.05, ##p < 0.01, ###p < 0.001 and ####p < 0.0001. Other
significant differences (i.e., between different treatments across
the two age groups) are not shown.

RESULTS

De- and Remyelination in Young and
Middle-Aged Mice
To analyze age-related changes after demyelination, four
different groups (control, demyelination, remyelination 1 week,
and remyelination 2 weeks) were compared at two different
ages. In the young group the 6–8 week treatment started at
2 months, and in the middle-aged group at 10 months of age
(for experimental design see Figure 1A). For the analysis of the
extent of de- and remyelination, a staining for MBP was used
(Figure 1B). In the hilus of the dorsal DG of the hippocampus,
both age groups were significantly demyelinated, which was
followed by remyelination starting 1 week after cuprizone
withdrawal. During demyelination, MBP levels were slightly, but
significantly, lower in the younger group (Figure 1C). In the
splenium of the CC, regardless of the age group, a reduction
of MBP was found in the demyelination group. This observed
change in myelination, however, was not significant (Figure 1D).
In comparison to the control groups of the same age, no
significant differences in the percentage change of body weight
over the duration of the experiment were observed in the de- or
remyelination groups (Supplementary Figure S1). This indicates
that food intake was not negatively affected by the addition of
cuprizone to the food pellets.

Divergent Spatial and Temporal Expression
of “General” Microglia Markers
In the hilus of the hippocampal DG (Figure 2A) in both
age groups, Iba-1 immunoreactivity was significantly increased
during demyelination, which lasted until the first week of
remyelination (Figure 2B). P2RY12, however, was significantly
down-regulated in both age groups during demyelination
(Figure 2C). In the older animals, the down-regulation of
P2RY12 was significantly more pronounced than in the younger
age group, and persisted for a longer duration (until the first week
of remyelination; Figure 2C).

In the splenium of the CC (Figure 3A) in the young
group, the upregulation of Iba-1 lasted longer than in the
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FIGURE 1 | Experimental design and analysis of de- and remyelination. (A) Overview of the different treatment groups and the timeline of the experiment. All four
treatment groups (controls, demyelination, 1 week remyelination and 2 weeks remyelination) were compared at two different ages: young (starting in 2-month-old
animals) and middle-aged (starting in 10-month-old animals). To analyze proliferation and subsequent survival of microglia during remyelination, controls and the
remyelination groups received six BrdU injections starting as soon as the demyelination-inducing cuprizone treatment was stopped. The red lines indicate the time of
tissue collection. (B) Myelination was analyzed using staining for myelin basic protein (MBP). The analyzed regions of interest are indicated by rectangles. (C) In the
hilus of the dorsal hippocampal dentate gyrus (DG), both age groups were significantly demyelinated, followed by remyelination beginning 1 week after the end of the
cuprizone treatment. After six weeks of cuprizone treatment, demyelination was slightly, but significantly, more severe in the young group. (D) In the splenium of the
corpus callosum (CC), the observed myelin changes during de- and remyelination were less pronounced. Values are shown as means + standard deviation (SD
n = 6 per group). Statistical significance was evaluated using a two-way ANOVA followed by a Tukey’s post hoc test. The p-values are indicated in the graphs:
treatment effects within the same age group: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 and ∗∗∗∗p < 0.0001, age-related differences: ##p < 0.01. Bars: (B) 500 µm.
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FIGURE 2 | Different patterns of ionized calcium binding adaptor molecule 1 (Iba-1), and P2RY12 during de- and remyelination in the hilus of the DG. (A) Iba-1
(green) and P2RY12 (red) labeling. Cell nuclei are stained with 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI; blue). (B) In both age groups, Iba-1 staining was
significantly increased during demyelination until the first week of remyelination. (C) P2RY12 labeling was significantly decreased in both age groups during
demyelination, and this was more pronounced and longer lasting in the middle-aged animals. Values are shown as means + SD (n = 6 per group). Statistical
significance was evaluated using a two-way ANOVA and a Tukey’s post hoc test. The p-values are indicated in the graphs: treatment effects within the same age
group: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 and ∗∗∗∗p < 0.0001, age-related differences: ###p < 0.001. Bars: (A) 100 µm.
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FIGURE 3 | Age- and region-dependent differences in Iba-1 and P2RY12 during de- and remyelination in the splenium of the CC. (A) Iba-1 (green) and P2RY12 (red)
labeling. Cell nuclei are stained with DAPI (blue). (B) In young mice, Iba-1 was up-regulated during all phases of de- and remyelination, while in the middle-aged
group Iba-1 returned to control levels after 2 weeks of remyelination, resulting in an age-related difference at this time point. (C) A significant reduction of P2RY12 in
the splenium was observed only in the younger group during de- and remyelination. In the middle-aged group P2RY12 levels were not changed during de- or
remyelination. Values are shown as means + SD (n = 6 per group). Statistical significance was evaluated using a two-way ANOVA and a Tukey’s post hoc test. The
p-values are indicated in the graphs: treatment effects within the same age group: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 and ∗∗∗∗p < 0.0001, age-related differences:
####p < 0.0001. Bars: (A) 100 µm.
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hilus of the DG (until the second week of remyelination;
Figure 3B). At this time point, the level of Iba-1 expression
in the splenium of the older group had already returned to
control levels resulting in a significant age-related difference
in Iba-1 expression (Figure 3B). Interestingly, a significant
downregulation of P2RY12 in the splenium was observed
only in the younger group during de- and remyelination
(Figure 3C). In the older group, P2RY12 expression did not
change significantly in the splenium in response to de- or
remyelination (Figure 3C).

In the hilus of the hippocampal DG (Figure 4A, upper rows),
we found a significantly higher F4/80 expression in all older
groups compared to the young ones (Figure 4B). In addition,
F4/80 was reduced in all young groups following de- and
remyelination (significant after demyelination and 2 weeks of
remyelination; Figure 4B). In contrast, in the splenium of the
CC (Figure 4A, lower rows), no significant changes in F4/80
expression were observed (Figure 4C).

CD68 and MHCII React Differently to
De- and Remyelination
When analyzing CD68 expression in the hilus of the
hippocampal DG (Figure 5A), the first unexpected finding
was that the expression of this marker was higher in
the younger controls compared to the middle-aged ones
(Figure 5B). In the younger de- and remyelination groups,
the percentage of CD68 staining decreased significantly in
comparison to controls, whereas the opposite was observed
for the older groups (Figure 5B). These opposed regulation
patterns resulted in a significantly higher CD68 expression
in the middle-aged group after 2 weeks of remyelination in
comparison to the younger one (Figure 5B). The percentage
of MHCII staining was subtly, but significantly, reduced in
the hippocampal hilus of the younger group after 2 weeks of
remyelination (Figure 6C). In contrast, in the middle-aged
group, a small, not significant, increase in MHCII was
observed during de- and remyelination, which resulted in a
significant age-related difference after 2 weeks of remyelination
with higher levels of MHCII in the middle-aged group
(Figure 5C).

In the splenium of the CC (Figure 6A), there were no
differences between the controls of the two age groups,
neither in the expression of CD68 (Figure 6B), nor MHCII
(Figure 6C). Interestingly, de- and remyelination significantly
increased CD68 only in the younger group resulting in
significant age-related differences after demyelination and
2 weeks of remyelination (Figure 5C). MHCII expression was
not significantly altered during de- or remyelination in both age
groups in the splenium, and the expression of this marker was
generally much lower than in the DG hilus (Figure 6C).

TSPO, but Not Marco, Is Influenced by
De- and Remyelination
In the hilus of the hippocampal DG (Figure 7A), a significantly
higher expression of Marco was found in the older control
group compared to the younger one (Figure 7B). De- and

remyelination, however, did not significantly affect the (very
low) expression of this classical pro-inflammatory marker. In
the same region, there were no age-related differences in
TSPO expression, but in both age groups a significant TSPO
increase was found during demyelination and the first week of
remyelination (Figure 7C).

In the splenium of the CC (Figure 8A), no significant effects
of age or treatment onMarco expression were found (Figure 8B).
In contrast, TSPO was significantly increased in both age groups
during de- and remyelination, however, the TSPO levels were
significantly higher in the younger groups during de- and
remyelination (Figure 8C).

Age and Region Affect Induction of
CD206 and CD163 During Remyelination
In the hippocampal hilus (Figure 9A), de- and remyelination
had no significant effect on the expression of CD206 in either
age group (Figure 9B). In the middle-aged group, there was
a significant upregulation of CD163 during the whole de- and
remyelination phase, while in the younger group a similar pattern
was observed, but the increase in CD163 was only significant
2 weeks after remyelination (Figure 9C). In the splenium
(Figure 10A), CD206 was only significantly elevated in the
middle-aged group after 2 weeks of remyelination (Figure 10B).
For CD163, no significant changes were observed in this region
(Figure 10C).

Increased Proliferation of Microglia in the
Splenium of the CC in the Young Group
No significant increase in proliferating microglia (PCNA+)
was found during de- or remyelination in the hippocampal
hilus (Figure 11A), which could be due to the very high
variance within the demyelination groups in both age groups
(Figure 11C). In accordance with these results, the number of
Iba-1+ BrdU+ cells (Figure 11B) was also not increased during
de- or remyelination in either age group (Figure 11D).

In the splenium of the CC (Figure 12A), the number
of proliferating PCNA+ microglia was significantly higher in
the middle-aged controls than in the young ones. However,
only the younger group was affected by the cuprizone
treatment: in this age group, there was a significant increase
in proliferating microglia after demyelination and the second
week of remyelination. This dynamic resulted in age-related
differences at all time points (Figure 12C). The number of
BrdU+ microglia in the splenium (Figure 12B) was higher
in all middle-aged groups in comparison to the younger
ones, however, this was only significant after 1 week of
remyelination (Figure 12D). This increase of Iba-1+ BrdU+ cells
fits together with the higher proliferation in the middle-aged
groups that was observed in the PCNA staining in the
controls and 1 week after remyelination during which BrdU
was administered to the remyelination groups (Figure 12C).
However, de- or remyelination did not affect the number of
BrdU+ Iba-1+ microglia in either age group (Figure 12D).
This is in accordance with the PCNA data, since in both age
groups the number of proliferating PCNA+ microglia was not
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FIGURE 4 | F4/80 levels are affected by age and cuprizone treatment in the hilus of the DG, but not in the splenium of the CC. (A) F4/80 (white) staining in the hilus
of the DG (two upper rows) and the splenium of the CC (two lower rows). Cell nuclei are stained with DAPI (blue). F4/80 is relatively low in all groups. (B) In the
hilus of the hippocampal DG, F4/80 levels were higher in middle-aged groups compared to young ones. In young mice, F4/80 was significantly reduced after
demyelination and 2 weeks of remyelination. (C) In contrast, in the splenium of the CC no significant changes in F4/80 expression were found. Values are shown as
means + SD (n = 6 per group). Statistical significance was evaluated using a two-way ANOVA followed by a Tukey’s post hoc test. The p-values are indicated in the
graphs: treatment effects within the same age group: ∗p < 0.05 and ∗∗p < 0.01, age-related differences: ##p < 0.01 and ####p < 0.0001. Bars: (A) 100 µm.
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FIGURE 5 | Age-related heterogeneity in CD68 and major histocompatibility complex II (MHCII) in the hilus of the hippocampal DG. (A) CD68 (white) and MHCII
(green) labeling. Cell nuclei are stained with DAPI (blue). (B) There was an age-related difference of CD68 staining in the control groups (higher in the younger
controls). In the young groups, the percentage of CD68 staining decreased significantly during de- and remyelination, whereas the opposite was observed for the
middle-aged groups. These different patterns led to a significantly higher CD68 level in the middle-aged group in comparison to the younger one after 2 weeks of
remyelination. (C) MHCII expression was significantly reduced in the younger group after 2 weeks of remyelination. At the same time point, there was a significant
age-related difference, with higher levels of MHCII in the middle-aged group. Values are shown as means + SD (n = 6 per group). Statistical significance was
evaluated using a two-way ANOVA and a Tukey’s post hoc test. The p-values are indicated in the graphs: treatment effects within the same age group: ∗p < 0.05,
∗∗p < 0.01 and ∗∗∗∗p < 0.0001, age-related differences: ###p < 0.001 and ####p < 0.0001. Bars: (A) 100 µm.
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FIGURE 6 | Age-related differences in CD68, but not in MHCII, in splenium of the CC. (A) CD68 (white) and MHCII (green) labeling. Cell nuclei are stained with DAPI
(blue). (B) CD68 was significantly increased during de- and remyelination only in the younger group leading to significant age-related differences (with higher values in
the younger group) after demyelination and 2 weeks of remyelination. (C) MHCII staining was not significantly changed by de- or remyelination in both age groups.
Values are shown as means + SD (n = 6 per group). Statistical significance was evaluated using a two-way ANOVA followed by a Tukey’s post hoc test. The p-values
are indicated in the graphs: treatment effects within the same age group: ∗p < 0.05 and ∗∗p < 0.01, age-related differences: ##p < 0.01. Bars: (A) 100 µm.
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FIGURE 7 | Translocator protein 18 kD (TSPO), but not macrophage receptor with collagenous structure (Marco), reacts to de- and remyelination in the hilus of the
hippocampal DG. (A) Marco (green) and TSPO (white) labeling. Cell nuclei are stained with DAPI (blue). (B) Marco staining was significantly higher in the middle-aged
control group compared to the young one. De- and remyelination did not significantly change the levels of Marco. (C) TSPO was significantly increased during
demyelination and the first week of remyelination in both age groups. Values are shown as means + SD (n = 6 per group). Statistical significance was evaluated using
a two-way ANOVA followed by a Tukey’s post hoc test (C). The p-values are indicated in the graphs: treatment effects within the same age group: ∗∗p < 0.01 and
∗∗∗∗p < 0.0001, age-related differences: ##p < 0.01. Bars: (A) 100 µm.
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FIGURE 8 | Age-related differences in cuprizone-induced increase of TSPO in the splenium of the CC, while Marco remains unaffected. (A) Marco (green) and TSPO
(white) labeling. Cell nuclei are stained with DAPI (blue). (B) No significant effects of age or treatment on Marco levels were observed. (C) In both age groups, TSPO
was significantly increased during de- and remyelination. TSPO levels were significantly higher in the younger de- and remyelination groups. Values are shown as
means + SD (n = 6 per group). Statistical significance was evaluated using a two-way ANOVA followed by a Tukey’s post hoc test (C). The p-values are indicated in
the graphs: treatment effects within the same age group: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 and ∗∗∗∗p < 0.0001, age-related differences: ##p < 0.01 and
###p < 0.001. Bars: (A) 100 µm.

Frontiers in Aging Neuroscience | www.frontiersin.org 13 September 2018 | Volume 10 | Article 278

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Klein et al. Age Influences Microglia After Demyelination

FIGURE 9 | Age-related differences in cuprizone-induced increase of CD163 in the hilus of the hippocampal DG, while CD206 is unchanged. (A) CD206 (green) and
CD163 (white) labeling. Cell nuclei are stained with DAPI (blue). (B) In both age groups, de- and remyelination did not significantly affect CD206 staining. (C) In the
middle-aged group, CD163 was significantly upregulated during de- and remyelination. In the younger group, the CD163 increase was only significant 2 weeks after
remyelination. Values are shown as means + SD (n = 6 per group). Statistical significance was evaluated using a two-way ANOVA followed by a Tukey’s post hoc
test (C). The p-values are indicated in the graphs: treatment effects within the same age group: ∗p < 0.05, ∗∗p < 0.01 and ∗∗∗∗p < 0.0001. Bars: (A) 100 µm.
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FIGURE 10 | Increase of CD206 during remyelination in middle-aged mice in the splenium of the CC, while CD163 is unaffected. (A) CD206 (green) and CD163
(white) labeling. Cell nuclei are stained with DAPI (blue). (B) CD206 was significantly elevated in the middle-aged group after 2 weeks of remyelination. (C) CD163 was
not significantly affected by age or treatment. Values are shown as means + SD (n = 6 per group). Statistical significance was evaluated using a two-way ANOVA
followed by a Tukey’s post hoc test (C). The p-values are indicated in the graphs: treatment effects within the same age group: ∗p < 0.05. Bars: (A) 100 µm.
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FIGURE 11 | No significant changes in numbers of proliferating microglia (PCNA+ and BrdU+) in the hilus of the hippocampal DG. (A) Proliferating cell nuclear
antigen (PCNA; green) and Iba-1 (red) labeling. Cell nuclei are stained with DAPI (blue). (B) Bromodeoxyuridine (BrdU; green) and Iba-1 (red) labeling. Cell nuclei are
stained with DAPI (blue). (C) No significant effects on the number of proliferating PCNA+ microglia was observed. (D) The number of Iba-1+ BrdU+ cells was also not
affected during de- or remyelination in either age group. Values are shown as means + SD (n = 6 per group). Statistical significance was evaluated using a two-way
ANOVA and a Tukey’s post hoc test. Bars: (A) 100 µm.
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FIGURE 12 | Age-related differences in the number of proliferating microglia (PCNA+ and BrdU+) in the splenium of the CC. (A) PCNA (green) and Iba-1 (red)
labeling. (B) BrdU (green) and Iba-1 (red) staining. (C) The number of proliferating PCNA+ microglia was significantly increased in the middle-aged control group
compared to the younger one. In young mice, there was a significant increase in PCNA+ microglia after demyelination and 2 weeks of remyelination. Thus,
age-related differences in PCNA+ Iba-1+ cell numbers were found in all treatment groups. (D) The number of BrdU+ microglia was higher in the middle-aged group
after 1 week of remyelination (a similar tendency was also observed in the other two groups). De- or remyelination did not affect the number of BrdU+ Iba-1+

microglia. Values are shown as means + SD (n = 6 per group). Statistical significance was evaluated using a two-way ANOVA and a Tukey’s post hoc test. The
p-values are indicated in the graphs: treatment effects within the same age group: ∗∗∗∗p < 0.0001, age-related differences: #p < 0.05, ##p < 0.01 and ###p < 0.001.
Bars: (A) 100 µm.
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increased after 1 week of remyelination (during which BrdU was
injected).

DISCUSSION

The results of the present study show that microglia in the
middle-aged CNS are already subtly changed in comparison
to young microglia and that they also react differently to
demyelination in the cuprizone model. The observed age-related
microglial changes differed between the two analyzed regions,
hilus of the dorsal hippocampal DG a gray matter region
functionally involved in learning and memory, and the splenium
of the CC as a typical white matter region.

In both age groups, the analysis of MBP confirmed
cuprizone-induced de- and remyelination, which was even
more pronounced in the analyzed hippocampal region than the
splenium of the CC. This is in agreement with work by others
showing that in the cuprizone model demyelination occurs in
the splenium of the CC (Steelman et al., 2012; Le Blon et al.,
2016; Tagge et al., 2016) and the hippocampus (Hoffmann et al.,
2008; Koutsoudaki et al., 2009; Norkute et al., 2009; Sun et al.,
2016). Thus, the cuprizone model is well suited for studies
on demyelination in the hippocampus, a region which is also
affected in human MS patients (Geurts et al., 2007; Sicotte et al.,
2008; Dutta et al., 2011; Hulst et al., 2015; Planche et al., 2017)
with the hippocampal DG being particularly vulnerable at earliest
stages of MS progression (Planche et al., 2018).

For analyzing differences between young and middle-aged
mice during de- and remyelination, we first used Iba-1, a
classical microglia marker, since it is highly expressed in
microglia and is increased after pro-inflammatory stimulation
(e.g., Mori et al., 2000; Ito et al., 2001). In the analyzed
gray matter region, Iba-1 showed a similar pattern of increase
during demyelination and the first week of remyelination for
both age groups. However, in the splenium of the CC, the
younger group showed a prolonged activation. This pattern
fits to the observed changes in TSPO, a pro-inflammatory
marker, which, in contrast to Iba-1, is not only expressed in
microglia/macrophages, but also in astrocytes. For both Iba-1
and TSPO, a higher induction was observed in the younger
group after cuprizone treatment in the analyzed white matter
region, whereas there were no age-related differences in the gray
matter region. TSPO is of particular interest, since PET tracer
studies targeting TSPO have found convincing evidence that
microglial activation indeed correlates with MS symptoms: in
MS patients, this marker is not only increased in MS lesions and
normal appearing gray and white matter, but also correlates with
age, disease progression and disability (reviewed in Airas et al.,
2018).

An unexpected finding was the significantly lower expression
of CD68 in the hilus of the DG in the older controls,
since it is well described that CD68 increases during aging
in different brain regions (reviewed in Mosher and Wyss-
Coray, 2014; Norden et al., 2015). However, one study, which
performed a detailed analysis of microglia in different brain
regions, found no significant increase in CD68 in old mice
(20-months-old) in the DG under control conditions or after

LPS injection (Hart et al., 2012). During de- and remyelination,
CD68 expression tended to be higher in middle-aged mice
than in the younger groups in the hilus of the DG, while the
opposite was observed in the splenium of the CC, in which
CD68 was up-regulated to much higher levels in the younger
groups. Similar to the Iba-1 and TSPO results, this indicates
a more extensive and longer lasting activation of microglia in
the splenium of younger mice. However, at this point, we do
not know how myelin repair is affected by the higher levels of
activation markers in young microglia. It could be speculated,
for example, that this age-related difference may be indicative
for a more active phagocytosis in younger microglia, which
has been found in a focal demyelination model (Rawji et al.,
2018).

As expected, we found only low levels of MHCII in microglia
under control conditions. However, the staining pattern of this
marker seems to be associated at least in part with blood vessels,
which could be explained by the staining of vessel-associated
antigen presenting perivascular macrophages or dendritic cells.
Moreover, brain pericytes are also able to express MHCII and
inflammatory stimuli (such as IFN-γ) increase the MHCII
expression in this perivascular cell type (Pieper et al., 2014).
Surprisingly, a reduction of MHCII was found in the young
group after 2 weeks of remyelination in the hippocampal DG.
This, however, may be of limited functional relevance, since the
observed MHCII levels are very low, and in particular are highly
variable in the young control.

For two other markers that are induced by pro-inflammatory
stimuli, F4/80 and Marco, the expected increase in expression
was observed in middle-aged mice, but only in the analyzed
gray matter region. Here, Marco was significantly higher in the
older controls, and F4/80 was significantly up-regulated in all
middle-aged groups, while surprisingly the F4/80 expression
in the young groups was further reduced during de- and
remyelination. Since most studies on microglial aging
are done in old, not middle-aged mice, it is difficult to
find comparable results in the literature. An age-related
increase in F4/80 was found in the hippocampus of old mice
(24-months-old) in one study (Boehme et al., 2014), whereas
another group found that F4/80 increased in white matter
regions, but not in the DG of old mice (20-months-old;
Hart et al., 2012). While an injection of an M1-inducing
cytokine cocktail increased Marco expression in young
(6-month-old), middle-aged (12-month-old) and old mice
(24-month-old mice), that study, however, reported no
differences between vehicle-treated animals of different ages
(Lee et al., 2013).

P2RY12 is expressed in microglia under physiological
conditions, and it has been shown that it can also be used to
distinguish microglia from infiltrating macrophages in mice,
which is not possible with other commonly used microglia
markers (Butovsky et al., 2014). Additionally, P2RY12 is
being discussed as an M2-like anti-inflammatory marker,
since it has been shown in vitro that P2RY12 expression
is increased in microglia following anti-inflammatory stimuli
(Moore et al., 2015; Beaino et al., 2017). In the present study,
a significant reduction of P2RY12 was found in both age
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groups in the hippocampal DG, which was even more severe
in the middle-aged group. In the splenium, a similar pattern
was only observed in the younger group. This reduction in
P2RY12 coincided with an upregulation in Iba-1 and TSPO
(which were both less pronounced in the splenium of the
middle-aged group), suggesting that these markers are inversely
regulated. These results are in accordance with other studies,
which observed a reduced expression of P2RY12 in active
inflammatory lesions in MS patients (Beaino et al., 2017;
Mildner et al., 2017; Zrzavy et al., 2017). However, in a
study investigating experimental autoimmune encephalomyelitis
(EAE), an MS model in which pathology is driven mainly
by CD4+ T cells (reviewed in Sonar and Lal, 2017), an
increased P2RY12 expression was found during the remission
phase (Beaino et al., 2017), which indicates that the regulation
of P2RY12 may be more complex. Zrzavy et al. (2017)
analyzed P2RY12 and the anti-inflammatory microglia markers
CD206 and CD163 in parallel in MS patients. This study
showed a different pattern for these markers: P2RY12 was
lost in active lesions but reappeared in the center of inactive
lesions while the expression of CD163 and CD206 were highest
in late active/inactive lesions (Zrzavy et al., 2017). In the
present study, we also did not find a correlation between the
changes in P2RY12 and the other analyzed M2-like markers,
but rather it seems that P2RY12 is negatively correlated with
pro-inflammatory markers.

Microglia have been shown to change their activation state
during phagocytosis of myelin to more anti-inflammatory
and pro-regenerative traits (Boven et al., 2006; van Rossum
et al., 2008; Neumann et al., 2009). The anti-inflammatory
marker CD206 (which is not only found in microglia, but
also in astrocytes) was only significantly up-regulated in the
analyzed white matter region after 2 weeks of remyelination
in the middle-aged group. However, the CD206 expression
was highly variable, particularly during demyelination and early
remyelination. In contrast, CD163, a marker for microglia
and perivascular macrophages, was significantly increased in
both age groups, but this process started earlier in the
middle-aged group and was only observed in the analyzed
gray matter region. Thus, it seems that middle-aged mice are
more likely to display M2-like characteristics than young ones.
This difference may have consequences for remyelination, since
in MS patients, the M2 marker CD206 is only increased in
lesions with ongoing myelin repair (Butovsky et al., 2006;
Miron et al., 2013). Others also have found an age-related
increase in CD206 in microglia isolated from the cortex of
old (24-month-old) mice (Zöller et al., 2018). In contrast, in a
focal demyelination model using parabiotic pairs of aged mice
(10–12 months-old), it has been shown that there is a lower
number ofM2-polarizedmicroglia/macrophages (identified with
the mannose receptor CD206) in demyelinated lesion, while at
the same time remyelination efficiency is reduced. A parabiotic
pairing of an aged mouse with a younger one (5–6 weeks-old)
increased both the number of lesion-associated M2-polarized
cells and remyelination in the older parabiotic partner (Miron
et al., 2013). The contrasting results from Miron and colleagues
and our study possibly could be due to differences in the

investigated demyelination models—e.g., the longer de- and
remyelination phases in the cuprizone model. Additionally, at
the two analyzed time points, we did not find a difference in the
extent of remyelination between the two age groups. However, it
would be interesting to do functional studies with M2-polarized
microglia/macrophages from aged mice after cuprizone-induced
demyelination to find out whether they are indeed beneficial for
myelin repair.

A significant increase of PCNA+ proliferating microglia was
only observed in the splenium of the CC of the younger group
after demyelination and the second week of remyelination. A
possible explanation for the few changes in proliferation could
be that at 6 weeks of demyelination, which was analyzed in the
present study, the peak of microglial proliferation that occurs
at 4.5 weeks had already passed (Matsushima and Morell, 2001;
Praet et al., 2014). The slightly higher number of Iba-1+ PCNA+

and Iba-1+ BrdU+ cells in the splenium of middle-aged healthy
controls in comparison to young ones was unexpected, since it
was shown that microglia have a relatively stable turnover rate
during aging in different brain regions, such as the CC (Askew
et al., 2017). However, in a stroke model an increased number
of Iba-1+ BrdU+ microglia has been found in middle-aged mice
(13–14 months; Moraga et al., 2015).

Traditionally, microglial activation has often been grouped
into the classical pro-inflammatory or ‘‘M1’’ activation and
the alternative, more anti-inflammatory, ‘‘M2’’ activation with
functions in wound healing and regulation of immune responses
(Colton, 2009; Olah et al., 2012; Boche et al., 2013). This
classification has been derived originally from peripheral
macrophages, however its usefulness has been increasingly
challenged (Martinez and Gordon, 2014), in particular for
the analysis of microglia (Ransohoff, 2016) as it is probably
an oversimplification. Nevertheless, the markers which have
been described as more M1- or M2-like are still popular
targets for microglia analyses. Our results clearly show that
immunohistochemical markers for microglia are useful, but great
caution has to be taken when it comes to the interpretation of
markers as being representative for specific microglia activity
states such as M1, M2, pro- or anti-inflammatory. The markers
which are currently used rather highlight the presence of a certain
cell component, which, in turn, may more or less correlate with
a certain microglia function. Along these lines, the present data
clearly shows that the expression patterns of markers that are
considered to be within the same ‘‘activation category,’’ i.e., either
pro- or anti-inflammatory, differ strongly.

The present study examines microglial alterations only after
a relatively acute demyelination period. For follow-up studies,
it would be interesting to examine age-related differences in
microglial activation at different ages and after repeated and/or
longer demyelination periods with the ultimate goal to better
model the situation in MS patients suffering from cycles of
relapse and remission or from chronic progressive pathology.
Also, it would also be important to study both sexes in
parallel—the present study only analyzed male mice.

Our results show that microglia changes already start during
middle-age, but that they need to be carefully analyzed, in
particular, because there are also region-dependent differences.
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In healthy controls, age-related microglial changes were more
pronounced in the analyzed gray matter region (resulting in
more F4/80 and Marco as well as less CD68 in middle-
aged mice). However, after cuprizone-induced demyelination,
specifically in the analyzed white matter region, the activation
of microglia in the young CNS seems to be stronger and longer
lasting than in the middle-aged CNS (as indicated by increased
Iba-1 and TSPO as well as reduced P2RY12). Interestingly,
anti-inflammatory characteristics (increased CD206 and CD163)
tend to be more pronounced in middle-aged mice. How
these age-related microglial alterations might affect regeneration
and myelin repair after prolonged or recurrent demyelination
requires further investigation.
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