
INTRODUCTION

Astrocytes are known to be the most abundant cells in the 
brain that play an important role in maintaining the brain en-
vironment. Astrocytes maintain the physical structure of the 
brain, the ion homeostasis, and the secretion of extracellular 
matrix proteins to support the maintenance of neuronal cells 
and the brain environment (Simard and Nedergaard, 2004; 
Burda et al., 2016). Astrocytes also secrete inflammatory me-
diators such as cytokines and chemokines to protect brain 
cells (Abbott, 2002). With these roles, any dysfunction of as-
trocytes directly or indirectly affects various neuronal cells and 
the brain environment (Seifert et al., 2006; Sidoryk-Wegrzyno-
wicz et al., 2011; Scuderi et al., 2013; Phatnani and Maniatis, 
2015; Acosta et al., 2017; Dossi et al., 2018).

Astrocytes in aged subjects show diverse dysfunction and 
altered phenotypes. In the brains of the elderly with Alzheim-

er’s disease, there are increased expressions of aged astro-
cytes and changes in astrocyte morphology (Bhat et al., 2012). 
Aged astrocytes show flattened morphology and increase the 
number of senescence-associated -galactosidase-positive 
cells (SA--gal-positive cells) and senescence-associated 
secretory phenotypes (SASPs) (Enokido et al., 2008; Campu-
zano et al., 2009; Campisi et al., 2011; Salminen et al., 2011; 
Bhat et al., 2012; Yoon et al., 2016; Yu et al., 2017; Hou et al., 
2018). The roles of astrocytes in the aging process of the brain 
are important, but studies relating to these roles are a few and 
are only simple observations.

The concept of serial passage cultivation was first de-
scribed in a study back in 1961 using human diploid cells 
(Hayflick and Moorhead, 1961). Primary cells as well as stem 
cells can undergo successive passages. Interestingly, aging-
related phenotypes have been observed during late passages 
of primary cells. For instance, late passage-cultivated mes-
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Astrocytes play various important roles such as maintaining brain homeostasis, supporting neurons, and secreting inflammatory 
mediators to protect the brain cells. In aged subjects, astrocytes show diversely changed phenotypes and dysfunctions. But, the 
study of aged astrocytes or astrocytes from aged subjects is not yet sufficient to provide a comprehensive understanding of their 
important processes in the regulation of brain function. In this study, we induced an in vitro aged astrocyte model through late pas-
sage cultivation of rat primary cultured astrocytes. Astrocytes were cultured until passage 7 (P7) as late passage astrocytes and 
compared with passage 1 (P1) astrocytes as early passage astrocytes to confirm the differences in phenotypes and the effects 
of serial passage. In this study, we confirmed the morphological, molecular, and functional changes of late passage astrocytes 
showing aging phenotypes through SA--gal staining and measurement of nuclear size. We also observed a reduced expression 
of inflammatory mediators including IL-1, IL-6, TNF, iNOS, and COX2, as well as dysregulation of wound-healing, phagocytosis, 
and mitochondrial functions such as mitochondrial membrane potential and mitochondrial oxygen consumption rate. Culture-
conditioned media obtained from P1 astrocytes promoted neurite outgrowth in immature primary cultures of rat cortices, which is 
significantly reduced when we treated the immature neurons with the culture media obtained from P7 astrocytes. These results 
suggest that late passage astrocytes show senescent astrocyte phenotypes with functional defects, which makes it a suitable 
model for the study of the role of astrocyte senescence on the modulation of normal and pathological brain aging.
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enchymal stem cells (MSCs) displayed up-regulated SA--gal 
activity and reduced cell migration ability at (Hong et al., 2019) 
and further induced p21 and c-Myc expressions (Lian et al., 
2016) as well as an increased number of S phase cells at 
passage 20 (Izadpanah et al., 2008). Human fibroblasts also 
show cellular senescence phenotypes at more than 45-fold 
population doublings (Gerland et al., 2003).

The aging of astrocytes or brain cells can be caused by 
various factors such as oxidative stress, shortened or dysfunc-
tional telomeres, DNA damage, mitochondrial dysfunction, cel-
lular senescence, and oncogenic mutations which could lead 
to diverse results (Munoz-Najar and Sedivy, 2011; Zhu et al., 
2011). However, any suitable model for each cause of aging 
in astrocytes is not yet established. In this study, we aimed to 
set up an aged astrocyte model and compare the phenotypes 
of this model in line with known markers or effects of aging in 
astrocytes. Accordingly, we induced an in vitro senescent cell 
model through late passage cultivation. The changed pheno-
types of astrocytes by late passage cultivation may provide 
essential clues for brain aging study. 

MATERIALS AND METHODS

Materials
The materials used in this study are the following: Dulbec-

co’s modified Eagle medium (DMEM)/F12, Penicillin-Strepto-
mycin (P/S), 0.25% trypsin-EDTA, and 10% Fetal Bovine Se-
rum (FBS) from Gibco BRL (Grand Island, NY, USA); Tween® 
20 and ECLTM Western blotting detection reagent from Am-
ersham Life Science (Arlington Heights, IL, USA); anti- Actin 
from Sigma (St. Louis, MO, USA); anti-iNOS and senescence 
detection kit from Abcam (Cambridge, UK); Agilent Seahorse 
XF Cell Mito Test Kit from Agilent Technologies (CA, USA); 
Alexa Fluor® 594 conjugated Escherichia coli (K-12 strain) 
BioParticles® from Thermo Fisher Scientific (MA, USA); Tet-
ramethylrhodamine Methyl Ester (TMRM) from Thermo Fisher 
Scientific.

Rat primary cortical astrocyte culture
Animal care and experimental procedures were executed 

following the protocols and approved by the Institutional Ani-
mal Care and Use Committee (IACUC) of Konkuk University 
(Seoul, Korea) (KU18050). Sprague-Dawley (SD) rats were 
obtained from Samtako, Inc (Gyeonggi, Korea). Astrocytes 
were cultured in the brain cortex of postnatal day 2 (P2) SD 
rats as described previously (Bang et al., 2019b). Briefly, brain 
cortices were isolated and mechanically triturated to make 
single cells. triturated single cells were seeded on the poly-D-
lysine-coated plate (20 g/mL) and incubated in DMEM/F12 
with 100 U/mL of penicillin, 100 mg/mL of streptomycin, and 
10% heat-inactivated FBS in a 95% CO2 incubator at 37°C. 
The culture medium was changed every 4 days. After 2 weeks, 
the incubated astrocytes were rinsed twice with serum-free 
medium and separated from the poly-D-lysine-coated plate by 
0.25% trypsin-EDTA. The isolated cells were seeded in the 
poly-D-lysine-coated well plates. The sub-cultured astrocyte 
purity was more than 95% based on a positive glial fibrillary 
acidic protein (GFAP) marker. The first sub-cultured astrocytes 
were used as passage 1 (P1) and were incubated until conflu-
ent growth. After then, P1 astrocytes were sub-cultured into 
2.5×105 cells/mL to make the second passage (P2). These 

processes were repeated until passage 7 (P7) to make the 
late passage astrocytes.

Rat primary cortical neuron culture
Sprague-Dawley (SD) rats were obtained from ORIENT 

(Gyeonggi, Korea). The neurons were isolated from the cere-
bral cortex of embryonic day 18 (E18) SD rats. The isolated 
primary cortical neurons were seeded on the poly-D-lysine-
coated plate (50 g/mL) and maintained in NBM with B27 and 
L-glutamine in a 95% CO2 incubator at 37°C for 10 days and 
the media were half-changed with fresh ones every 3 days.

Senescence-associated-β-galactosidase (SA-β-gal) 
staining

SA--gal staining was performed using Senescence Detec-
tion Kit (Abcam) to detect SA--gal positive cells in vitro. The 
experimental procedures were conducted following the man-
ufacturer’s instructions (Dimri et al., 1995). Astrocytes were 
seeded on 12-well plates at 2.5×105 cells. After 4 days, the 
SA--gal-positive cells were observed with bright-field micros-
copy. To quantify the senescent cells, the number of SA--gal-
positive cells were counted in the captured images. 

Nuclear staining
The grown cells on a poly-D-lysine-coated coverslip were 

fixed by 4% paraformaldehyde (PFA) for 10 min at 37°C. After 
then, the cells were permeabilized with 0.1% Triton X-100 for 
20 min and washed 3 times with PBS at room temperature. 
The fixed samples were stained for 10 min at room tempera-
ture with DAPI (4′,6-diamidino-2-phenylindole). After then, the 
samples are mounted and visualized by a digital microscope 
(CELENA, Logos Biosystems, Gyeonggi, Korea). To measure 
the size of the nucleus, the indicating blue color pixels in the 
captured images by the digital microscope were measured us-
ing the Image-J software (NIH, MD, USA). 

Reverse transcription-polymerase chain reaction (RT-PCR)
The expressions of mRNAs in astrocytes such as IL-1, IL-

6, TNF, iNOS, COX2, and GAPDH were measured using RT-
PCR. The RNA was isolated with TRIzol reagent (Invitrogen) 
and the RNA concentration was measured using a spectro-
photometer (Nanodrop Technologies, Wilmington, DE, USA). 
cDNA was synthesized using RNA and RT reaction mixture 
with RevertAid Reverse transcriptase reaction buffer (Thermo 
Fisher Scientific) and dNTP (Promega, WI, USA). A total of 
0.5 g of cDNA was used for PCR amplification under the 
following cycle parameters: [94°C, 30 s; 60°C, 1 min; 72°C, 
30 s]×30 cycles, then 72°C for 10 min to detect IL-1, IL-6, 
TNF, iNOS and COX2; and [94°C, 30 s; 60°C, 1 min; 72°C, 
30 s]×23 cycles, then 72°C for 10 min to detect GAPDH. The 
primers were designed as the following: IL-1 (sense: 5’-AAA 
ATG CCT CGT GCT GTC TG-3’/ antisense: 5’-CTA TGT CCC 
GAC CAT TGC TG-3’), IL-6 (sense: 5’-TTG TGC AAT GGC 
AAT TCT GA-3’/ antisense: 5’-TGG AAG TTG GGG TAG GAA 
GG-3’), TNF (sense: 5’-TAG CCC ACG TCG TAG CAA AC-
3’/ antisense: 5’- GGA GGC TGA CTT TCT CCT GG-3’), iNOS 
(sense: 5’-CTG GCT GCC TTG TTC AGC TA-3’/ antisense: 
5’-AGT GTA GCG TTT CGG GAT CT-3’), COX2 (sense: 5’-
TGC ATG TGG CTG TGGATG TCA TCA A-3’/ antisense: 5’-
CAC TAA GAC AGA CCC GTC ATC TCC A-3’), and GAPDH 
(sense: 5’-GTG AAG GTC GGT GTG AAC GGA TTT-3’/ anti-
sense: 5’-CAC AGT CTT CTG AGT GGC AGT GAT-3’). The 
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PCR products were electrophoresed with 1.2% agarose gel 
and imaged with ethidium bromide (Sigma). The bands were 
measured using the Image-J software (NIH). Each band inten-
sity was normalized by GAPDH mRNA.

Western blot analysis
Western blot was analyzed following a previously published 

protocol (Bang et al., 2019b). Briefly, the cells were harvested 
with radioimmunoprecipitation assay (RIPA) buffer consisting 
of 2 mM EDTA, 0.1% (w/v) SDS, 50 mM Tris-HCl, 150 mM so-
dium chloride, 1% Triton X-100, and 1% (w/v) sodium deoxy-
cholate. The separated proteins were quantified by BCA assay 
kit (Thermo Fisher Scientific) and boiled for 5 min at 100°C. 
The SDS-PAGE was performed for 120 min at 100 V. The 
electrophoresed proteins were transferred to nitrocellulose 
membranes for 90 min and were blocked with 1 g/mL polyvi-
nyl alcohol for 5 min at room temperature. After then, samples 
were washed with Tris-buffered saline and 0.1% Tween 20 
(TBS-T). The prepared proteins were incubated with primary 
antibodies for 16 h at 4°C. The samples were washed and 
maintained with horseradish peroxidase-conjugated second-
ary antibody (Life Technologies, Carlsbad, CA, USA) at room 
temperature for 60 min. The protein blots were detected by 
a chemiluminescence detection system (Amersham Life Sci-
ence) and quantified using Image-J software (NIH). -Actin 
was used as the loading control.

Wound closure assay
The cells were seeded on poly-D-lysine-coated 96-well 

plates at a density of 2.5×105 cells/mL and maintained for 4 
days. After then, a 700 nm-wide scratch was made in each 
well using a certified Essen Bioscience automated 96-wound-
makerTM (Essen Bioscience, MI, USA). Wound width was de-
tected using the IncuCyte ZOOM system (Essen Bioscience) 
by imaging each well every 3 h for 72 h and were analyzed 
using the IncuCyte ZOOM microscope software 2015A (Essen 
Bioscience). 

NO assay
NO was detected as described previously by measuring the 

nitrite, a stable oxidation product of NO (Green et al., 1990). In 
brief, Griess reagent was prepared by mixing equal volumes 
of 0.1% napthylethylenediamine dihydrochloride and 1% sul-
fanilamide in 5% phosphoric acid. This reagent was added 
to the supernatant of cell grown medium for 10 min and was 
measured the absorbance at 550 nm using a UV spectropho-
tometer (DU-650, Beckman Coulter, CA, USA). Sodium nitrite 
was used to generate a standard curve.

Mitochondrial oxygen consumption rate (OCR)
The mitochondrial OCR of cells was measured following 

the Agilent Seahorse XF Cell Mito Test Kit user guide (Agilent 
Technologies). Briefly, the cartridges were hydrated overnight 
with a calibrant buffer in a non-CO2 incubator at 37°C. Either of 
the 1.0 M oligomycin, 1.0 M FCCP, or 0.5 M rotenone/0.5 
M antimycin A were put in the cartridge of each port A to 
C, respectively. The cell medium was changed to Seahorse 
XF Base Medium containing 1 mM pyruvate, 2 mM glutamine, 
and 10 mM glucose and then maintained for 45 min to 1 h. The 
assay was performed using Agilent Seahorse XFe96 Analyzer 
(Agilent Technologies). The results were obtained using Wave 
Desktop 2.6 software (Agilent Technologies) and calculated 

using the Agilent Seahorse XF Cell Mito Test Kit user guide 
(Agilent Technologies).

Phagocytosis
Alexa FluorTM 594 conjugated Escherichia coli (K-12 strain) 

BioParticlesTM were used for detecting phagocytosis activity in 
astrocytes. The cells were maintained with E. coli BioParticles 
for 12 h in a 95% CO2 incubator at 37°C. We detected the red 
fluorescence using the IncuCyte ZOOM system (Essen Bio-
science) by imaging each well every 30 min for 12 h and ana-
lyzed the red particles using the IncuCyte ZOOM microscope 
software 2015A (Essen Bioscience). 

Determination of mitochondrial membrane potential
TMRM is a dye that penetrates the cells and accumulates 

in the mitochondria which have active membrane potentials. 
The cells were maintained in light protection conditions with 
100 nM TMRM for 30 min in a 95% CO2 incubator at 37°C. 
After then, the cells were washed with phosphate-buffered sa-
line (PBS) and visualized by a digital microscope (CELENA, 
Logos Biosystems). The red particles of the captured images 
were analyzed using the IncuCyte ZOOM microscope soft-
ware 2015A (Essen Bioscience). 

Measurement of neurite outgrowth 
For the neurite outgrowth measurement, neurons were 

seeded on a PDL-coated well plate at 7×105 cells/mL in the 
culture media. The plated neurons were maintained for 2 days 
and were added with astrocyte cultured medium with 1/3 medi-
um. Astrocyte cultured medium was obtained from astrocytes 
incubated for 24 h in serum-free conditions. We captured and 
measured the neurite outgrowth image using the IncuCyte® 
Live-Cell Analysis system by the NeuroTrack Scan Type (Es-
sen Bioscience). We obtained the images every 12 h for 72 h. 
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Fig. 1. Late passage astrocytes induced SA--gal positive cell 
number and nuclear size. Astrocytes were sub-cultured either 
once (passage 1; P1) or 7 times (passage 7; P7). (A) Astrocytes 
were measured by the SA--gal staining. Stained astrocytes were 
indicated by black triangles as SA--gal-positive cells. The graph 
represents the fold change of SA--gal-positive cell number in as-
trocytes. (B) Astrocytes were stained to determine the nuclear size. 
The graph shows the nuclear size of P7 compared to P1. The bars 
indicate the mean ± SEM (n=3). *indicates p<0.05 and, ***indicates 
p<0.001 vs. P1 astrocytes.
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Statistical analysis
All the experimental data were expressed as the mean 

± SEM and the statistical analyses were conducted using 
GraphPad Prism version 5 software (GraphPad Software Inc., 
CA, USA). The group comparisons were performed using two-
way ANOVA followed by Bonferroni’s post-test. Two-sample 
analyses were conducted with unpaired t-test. A p-value of 
<0.05 was considered significant.

RESULTS

Late passage astrocytes show phenotypes of 
morphologically aged cells

To investigate whether serial passage cultivation induces 
astrocyte senescence, passage 7 (P7) considered as late 
passage astrocytes were compared with passage 1 (P1) as 
early passage astrocytes. We performed SA--gal staining in 
P1 and P7 astrocytes to confirm the differences in phenotypes 
and the effects of serial passage. Late passage astrocytes 
showed increased SA--gal positive cell number about 1.3 
times more than early passage astrocytes (Fig. 1A). The black 
arrows represent SA--gal-positive cells. The late passage 
astrocytes (P7) showed a significantly increased nuclear size 
of about 12% more than P1 (Fig. 1B). These results indicate 
that the P7 serial passage cultivated astrocytes exhibits the 
phenotypes of aged cells. 

Late passage astrocytes show decreased immune 
responses with LPS treatment

To evaluate whether the expressions of immune-related 
genes are changed in the late passage astrocytes, the mRNA 
expressions of IL-1, IL-6, iNOS, TNF, and COX2 using RT-
PCR were measured with or without LPS. Astrocytes were 
treated with 0 (vehicle), 1, and 10 ng/mL of LPS for 24 h. The 
higher dose of LPS increased the mRNA expression of im-
mune-related genes at least three times more in P1 astrocytes 
than the vehicle group including IL-1, IL-6, iNOS and TNF, 
but not COX2. Late passage astrocytes (P7 astrocytes) were 
detected with down-regulated mRNA expression of immune-
related genes including IL-1, IL-6, iNOS, TNF, and COX2. 
Immune stimulation through LPS treatment did not have any 
change in the mRNA expression of the immune-related medi-
ators in late passage astrocytes (Fig. 2A). The protein level of 
iNOS was also not affected by LPS treatment in late passage 
astrocytes (Fig. 2B). Additionally, the determination of nitrite in 
late passage astrocytes shows no difference in the non-stim-
ulus group and LPS-stimulated group (Fig. 2C). These data 
demonstrate that late passage astrocytes may have reduced 
immune responses, even with LPS stimulation.

Late passage astrocytes show decreased astrocytic 
functions

To investigate the change of astrocytic function in late pas-
sage astrocytes, we evaluated the wound healing ability and 
phagocytic capacity. The wound healing ability was measured 
using a wound-scratch assay in late passage astrocytes (P7) 
compared with early passage astrocytes (P1). Late passage 
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astrocytes show a wider wound width and lower relative wound 
density than early passage astrocytes (P1) and 36 h after 
making the wound scratch, the wound of P1 was closed while 
the wound width of P7 was still about 260 m (Fig. 3A, 3B). 
The wound healing ability was also significantly decreased 
in the late passage astrocytes. To confirm the phagocytotic 
capacity in late passage astrocytes, E. coli BioParticles were 
introduced. Early astrocytes show a brighter red fluorescence 
than late passage astrocytes in the cells over time. The total 
fluorescence objective area of P1 was about 8 times wider 
than P7 (Fig. 3C, 3D). The total fluorescence intensity and 
total fluorescence objective area were significantly decreased 
than early passage astrocytes as time goes on. These results 
indicate that late passage astrocytes have reduced functions 
such as wound healing ability and phagocytotic capacity. 

Late passage astrocytes show decreased mitochondrial 
functions

To investigate the mitochondrial function in late passage 
astrocytes, we measured the mitochondrial membrane poten-
tial through TMRM and the mitochondrial oxygen consumption 

rate (OCR) in the late passage astrocytes (P7) and early pas-
sage astrocytes (P1). Late passage astrocytes (P7) showed 
decreased TMRM objective area and total TMRM intensity 
about 80% less than early passage astrocytes (P1) (Fig. 4A). 
Doxorubicin was used as a positive control. Mitochondrial 
OCR was experimented using Agilent Seahorse XFe96 Ana-
lyzer (Agilent Technologies) showing that late passage astro-
cytes have reduced ATP production (Fig. 4B). These results 
show that late passage astrocytes have decreased mitochon-
drial function, which indicates reduced energy metabolism. 

Late passage astrocytes aff ected the neurite outgrowth
The results above demonstrated that late passage astro-

cytes have decreased astrocytic functions (Fig. 3, 4). To deter-
mine the effects of late passage astrocytes on neurons, astro-
cyte conditioned media (ACM) was added on neurons with 1/3 
medium. The ACM was harvested in serum-free conditions. 
The primary cortical neurons in DIV2 were treated with ACM, 
and the neurite outgrowth was measured every 12 h for 72 
h. P1 ACM-treated neurons have increased neurite outgrowth 
compared with vehicle-treated neurons (no ACM). The late 
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passage (P7) astrocyte conditioned media (P7 ACM)-treated 
neurons presented a down-regulated neurite outgrowth of 
about 30% shorter neurite in comparison with early passage 
(P1) ACM-treated neurons (Fig. 5). These results demonstrate 

that late passage astrocytes have lesser supportive functions 
on neurons than P1. 

DISCUSSION 

Astrocytes play important physical and molecular roles in 
the brain. Any disruption of their normal physiological func-
tion can lead to the pathology of CNS disorders. Therefore, 
the aging of astrocytes has the potential to affect the brain 
environment and function. As an important mechanism of ag-
ing, cellular senescence has been considered as an inducing 
factor of age-related neurodegenerative disorders. However, 
little is known about the importance or effect of astrocyte aging 
in the brain. Therefore, we attempted to make an in vitro aged 
astrocyte model to aid in the study of astrocytes during the ag-
ing process. Late passage cultivation is a method that is used 
in both stem cells and primary cells. Several studies showed 
that late passage can induce cellular senescence. Cultured 
stem cells undergo senescence by late passage, whereby the 
cells expand and eventually stop proliferation. Age-related 
gene expression in cultured cells of late passages is similar 
to the gene profiles of aging in human progenitor cells in vivo 
(Wagner et al., 2009). Evidence from late culture study sug-
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gested replicative senescence in astrocyte-like cells from nor-
mal CNS tissues but not from gliomas (Ponten and Macintyre, 
1968). Similarly, a study using a technique called minicloning 
found that glial cells from late passages had a reduced capac-
ity for population doublings, which may result in earlier cellular 
senescence (Blomquist et al., 1980). Subsequent studies sug-
gested that a gradual and constant increase in non-dividing 
cells, just like the case in fibroblast (Hayflick and Moorhead, 
1961), is responsible for the reduced proliferative capacity of 
late passage cells (Ponten et al., 1983), which is reminiscent 
of Shall and Stein model of cellular aging (Shall and Stein, 
1979). Replicative senescence of astrocytes has also been 
demonstrated using primary cultures derived from normal or 
AD postmortem brain tissues (Evans et al., 2003; Blasko et 
al., 2004).

Astrocytes that underwent serial passage cultivation for sev-
eral times showed aged astrocyte phenotypes. Various stud-
ies have reported nuclear enlargement of aged primary astro-
cytes (Yoon et al., 2016; Bang et al., 2019a). The increased 
nuclear or cell size in aged cells could be due to the increased 
macromolecule contents such as DNA, RNA, and proteins (De 
Cecco et al., 2011). Senescence-associated -galactosidase 
(SA--gal) staining is a method most widely used as a bio-
marker for cellular senescence due to the overexpression and 
accumulation of the lysosomal -galactosidase protein spe-
cifically in senescent cells (Lee et al., 2006). Late passage 
astrocytes manifest cellular senescence phenotypes such as 
increased nuclear size and SA--gal positive cell number. 

We also examined the molecular and functional changes 
in late passage astrocytes. Astrocytes along with microglia 
are known to have immune-related functions in the brain. All 
neuroinflammatory and regulatory processes in the CNS are 
generally initiated to prevent the disruption of cellular homeo-
stasis. The acute inflammatory response in the CNS induces 
the repair of damaged brain regions and is rapidly triggered 
by activated glial cells. However, sustained secretion of in-
flammatory mediators by dysregulated astrocytes can induce 
chronic inflammation which can lead to brain degeneration 
(Sochocka et al., 2017). All of these processes can contrib-
ute to prominent neurodegeneration and cognitive decline 
(Morales et al., 2014). SASPs are excessively increased by 
aging. Excessive SASP activity was suppressed by reducing 
the inflammatory cytokine levels (Bhaumik et al., 2009; Rodier 
and Campisi, 2011). Further research is needed to determine 
the mechanism of the reduction of cytokine by late passage 
cultivation in aged astrocytes. In addition, the decreased im-
mune response of late passage cells by LPS may be induced 
by immunosenescence.

Immunosenescence, a term first introduced by Walford in 
1969, is characterized by a quantitative reduction in the ad-
equate immune responses, a process that decreases respon-
siveness and increases vulnerability to extrinsic factors such 
as bacterial, viral, and fungal pathogens (Rosenstiel et al., 
2008; Boraschi and Italiani, 2014; Fulop et al., 2014; Poland et 
al., 2014; Montgomery and Shaw, 2015). Aging is associated 
with declined innate and adaptive immunity (Lutz and Quinn, 
2012; Wong and Goldstein, 2013; Golomb et al., 2015). Sev-
eral papers reported the down-regulation of toll-like receptors 
(TLRs) and nucleotide-binding oligomerization domain-like 
receptors (NLRs) during the aging process (Rosenstiel et al., 
2008). Taken together, aging can suppress the response to 
the presence of bacterial invasion which shows a similar re-

sponse in the induction of LPS. Down-regulated TLRs also 
affect the reduced susceptibility to inflammation. Most immu-
nosenescence studies are focused on the peripheral nervous 
system (PNS), therefore, studies on the central nervous sys-
tem (CNS) are also needed.

In addition to the morphological and molecular features of 
aged astrocytes, we investigated the role of late passages on 
brain function including wound healing, phagocytosis, mito-
chondrial energy metabolism, and neurite outgrowth. Our re-
sults showed that late passage cultivated astrocytes exhibited 
functional changes manifested by decreased wound healing 
capacity. These results are consistent with our previous re-
ports showing the decreased wound healing capacity in aging-
induced astrocytes through tenovin-1 or etoposide treatment 
(Bang et al., 2019a, 2019b). Old satellite cells and tenocytes 
show impaired migration in vitro similar to aged bone marrow-
derived dendritic cells (Grolleau-Julius et al., 2008; Chang et 
al., 2012; Collins-Hooper et al., 2012). The regulatory mecha-
nisms of astrocyte migration could be associated with matrix 
metalloproteinase (MMP) such as MMP2 and MMP9 in brain 
injury states, although the specific mechanisms are not yet 
clear (Hsu et al., 2008). For instance, uveal melanoma cell 
lines such as 92.1 and Mel 270 show reduced wound heal-
ing capacity by down-regulated MMP2 and MMP9 (Dai et al., 
2016; McHugh and Gil, 2018). Astrocytes move rapidly dur-
ing injury and form glial scars, thus, astrocytic migration ability 
is important. The astrocyte migration during aging is attenu-
ated by downregulating the growth factors such as EGF and 
VEGF which is associated with astrocyte migration (Wittko et 
al., 2009; Li et al., 2014; Moraga et al., 2015). In addition, 
the activation of the P2X7 receptor increases the migration of 
glial cells, while P2X7 receptor deficiency inhibits immune cell 
migration such as microglia (Murphy and Lynch, 2012; Nadal-
Nicolas et al., 2016). Several proteins are regulating the as-
trocyte migration including Integrin, Syndecan-4 proteoglycan, 
P2X7, and Pannexin1 (Caldeira et al., 2014). Further studies 
are needed on the mechanism of astrocyte migration and its 
functional role.

Astrocytes show a reduced phagocytic capacity during re-
active astrogliosis, while the microglia have increased phago-
cytosis following various stimuli and aging (Jung and Chung, 
2018). Our results demonstrated that aged astrocytes through 
late passage cultivation have decreased phagocytotic capac-
ity. There are some regulatory factors related to phagocytosis 
in astrocytes. Drosophila glial cells in aged brains have de-
creased phagocytosis through a decreased translation regula-
tor, draper, a homolog of Meg10 for phagocytosing synapses 
in astrocytes. Also, A1 reactive astrocytes have decreased 
phagocytic ability capacity by decreasing the mRNA expres-
sion of Mertk and Megf10 (Liddelow et al., 2017). Therefore, 
these results indicate that late passage cultivation can in-
duce aging in primary cultured astrocytes as manifested by 
decreased phagocytotic capacity. The regulatory factors of 
phagocytosis in aged astrocytes by late passage cultivation 
may be an interesting area for future investigation.

Glial cells including astrocytes and microglia play a cen-
tral role in A regulation and clearance (Ries and Sastre, 
2016). Microglia and astrocytes can generate A degrading 
proteases such as neprilysin (NEP), endothelin-converting 
enzyme (ECE), cathepsin B (CAT-B), and matrix metallopro-
teases (MMPs) (Eckman et al., 2001, 2003; Yan et al., 2006; 
Yin et al., 2006; Halle et al., 2008). Senescent astrocytes 
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have reduced physiological functions and increased SASPs, 
which play a role in A accumulation, tau hyperphosphory-
lation, and the deposition of NFTs (neurofibrillary tangles) in 
AD. Receptors such as receptor for advanced glycation end 
products (RAGE), triggering receptor expressed on myeloid 
cells 2 (TREM-2), scavenger receptors (SR), and formyl pep-
tide receptors (FPR) play roles in the uptake and clearance 
of A and are located on the surface of glial cells. Astrocytes 
are also contacted with blood vessels, which support the ex-
cretion of A from the brain. Therefore, aged astrocytes lead 
to blood-brain barrier (BBB) disruption, and have a putative 
role in the pathologic progress of AD regarding astrocytes se-
nescence. Astrocytes and microglia play an essential role in 
the phagocytosis of A through numerous receptors on the 
surface (Ries and Sastre, 2016). Likewise, the dysfunction of 
phagocytosis in aged glial cells may have increased relevance 
to neurodegenerative diseases via the accumulation of A, 
debris, or misfolded proteins. In the therapeutics development 
for age-related neurodegenerative disorders such as AD, tar-
geting astrocyte senescence by late passage cultivation can 
be a feasible approach.

Mitochondrial dysfunction of aged astrocytes was con-
firmed through mitochondrial membrane potential and mito-
chondrial OCR. Aged astrocytes by replicative senescence 
showed glutamate uptake and decreased mitochondrial ac-
tivity (Pertusa et al., 2007). The impaired mitochondrial func-
tion of astrocytes may lead to abnormalities in maintaining the 
extracellular environment, which is expected to affect neurons 
directly or indirectly. A previous study also reported that se-
nescent astrocytes by in vitro culturing for 90 days showed 
decreased mitochondrial activity (Pertusa et al., 2007). As-
trocytes release proteins such as growth factors, ECM, cyto-
kines, and chemokines, which affect neuroprotection, synapse 
formation, and neuronal growth. There are several factors re-
lated to mitochondrial defects in aged astrocyte. IGF-1 recep-
tor (IGFR) expression is attenuated in aging with altered mito-
chondrial structure and function (Sadaba et al., 2016; Logan 
et al., 2018). In addition, HO-1 upregulation in glia can lead to 
mitochondrial dysfunction in brain aging and age-related neu-
rodegenerative disorders such as MCI (mild cognitive impair-
ment) (Pertusa et al., 2007). Overexpression of HO-1 in rat 
astrocytes in MCI promotes mitochondrial iron sequestration 
and free radical-induced MnSOD expression that lead to oxi-
dative damage of mitochondrial protein and lipid, which result 
in cellular toxicity (Schipper et al., 1999; Frankel et al., 2000). 
Our data demonstrate that aged astrocytes by late passage 
cultivation exhibit alterations of mitochondrial activity. The det-
rimental role of mitochondrial activity and protein oxidation in 
aged astrocytes will be our further study.

Although there is no direct study on the effects of aged as-
trocytes on neurons, one study isolated astrocytes and neu-
rons from old rats (24 months) and co-cultured both for 5 days. 
Astrocytes from old rats supported the neurite outgrowth less 
than astrocytes from young rats (3 months) (Rozovsky et al., 
2005). These data suggest that aged astrocytes can negative-
ly affect neurons. Conditioned media from aged astrocytes re-
duced the proliferation of neural progenitor cells (NPC) via de-
creasing the Wnt signal in aged astrocytes and anti-apoptotic 
protein survival in NPCs (Miranda et al., 2012). These results 
suggest that astrocyte senescence could affect neuron surviv-
al and neurogenesis during aging. Taken together, we suggest 
that late passage cultivation can be used as an in vitro aged 

astrocyte model which exhibited morphological, molecular, 
and functional characteristics of well-known senescent cells 
in comparison to P1 astrocytes. Also, additional phagocytic 
and mitochondrial function studies confirmed that this model 
exhibits mitochondrial dysfunction, and can affect neurons in 
the neurite outgrowth process. The results could be used for 
the study of brain aging and age-related neurodegenerative 
diseases. Aged astrocyte research usually consists of simple 
observational experiments and further in-depth studies on this 
area are needed. Our studies could become the cornerstone 
in the understanding of neuroinflammation by aging.
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