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The decline in brain function during aging is one of the most critical health problems
nowadays. Although senescent astrocytes have been found in old-age brains and
neurodegenerative diseases, their impact on the function of other cerebral cell types
is unknown. The aim of this study was to evaluate the effect of senescent astrocytes on
the mitochondrial function of a neuron. In order to evaluate neuronal susceptibility to a
long and constant senescence-associated secretory phenotype (SASP) exposure, we
developed a model by using cellular cocultures in transwell plates. Rat primary cortical
astrocytes were seeded in transwell inserts and induced to premature senescence
with hydrogen peroxide [stress-induced premature senescence (SIPS)]. Independently,
primary rat cortical neurons were seeded at the bottom of transwells. After neuronal
6 days in vitro (DIV), the inserts with SIPS-astrocytes were placed in the chamber
and cocultured with neurons for 6 more days. The neuronal viability, the redox state
[reduced glutathione/oxidized glutathione (GSH/GSSG)], the mitochondrial morphology,
and the proteins and membrane potential were determined. Our results showed
that the neuronal mitochondria functionality was altered after being cocultured with
senescent astrocytes. In vivo, we found that old animals had diminished mitochondrial
oxidative phosphorylation (OXPHOS) proteins, redox state, and senescence markers
as compared to young rats, suggesting effects of the senescent astrocytes similar to
the ones we observed in vitro. Overall, these results indicate that the microenvironment
generated by senescent astrocytes can affect neuronal mitochondria and physiology.
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INTRODUCTION

Cellular senescence is a central and influential hallmark of
aging (López-Otín et al., 2013; Cohen and Torres, 2019), able
to promote tissue remodeling and repair, but also capable of
inducing cellular and tissue dysfunction. The accumulation of
senescent cells during aging has been related to a significant
increase in inflammation and tumorigenesis. On the other hand,
benefits of the clearance of senescent cells have been reported
(Baker et al., 2011; Hernandez-Segura et al., 2018; Triana-
Martínez et al., 2019).

The senescent phenotype is characterized by cellular
morphological changes: a chronic DNA damage response,
activation of cyclin-dependent kinase inhibitors, antiapoptotic
genes, an increase in metabolism, and endoplasmic reticulum
stress (Antelo-Iglesias et al., 2021). In addition, senescent cells,
through the senescence-associated secretory phenotype (SASP),
secrete a complex mixture of factors, including proinflammatory
cytokines and tissue remodelers, that may adversely affect
neighboring cells and tissues with chronic inflammatory signals
and oxidative stress (Rodier and Campisi, 2011; Yan et al., 2014;
Van Eldik et al., 2016).

The central nervous system (CNS) undergoes numerous
detrimental transformations with age such as mitochondrial
dysfunction, oxidative stress, and chronic inflammation
(Chakrabarti et al., 2011; Maciel-Barón et al., 2018b) and
the presence of senescent cells has been associated with
neurodegenerative diseases including Alzheimer’s disease (AD),
Parkinson’s disease (PD), and HIV-dementia (Bhat et al., 2012;
Chinta et al., 2015, 2018; Cohen et al., 2018; Guerrero et al.,
2021).

Brain metabolic homeostasis depends on tight integration
between neurons and glia. Glia maintains the proper function
of the neuronal mitochondria ensuring ATP production, lipid
biogenesis, reactive oxygen species (ROS) elimination, and
calcium regulation. Substrates as lactate provided by astrocytes
represent an important precursor to ATP production in neurons
(Kirchhoff et al., 2001; Ricci et al., 2009; Bouzier-Sore and
Pellerin, 2013; Jha and Morrison, 2018). In addition, astrocytes
display an important role as modulators of oxidative stress in
neurons, providing GSH and glutamine as a substrate for the
glutamate production used in GSH de novo synthesis (Dringen
et al., 2000; Vicente-Gutiérrez et al., 2021). Taken together, this
evidence indicates that astrocytes are vital protectors for neurons
and the functional dysfunction associated with senescence
may have profound implications for CNS and the etiology of
neurological disorders (Maciel-Barón et al., 2018b; Cohen and
Torres, 2019). The senescent state brings with it important
changes encompassing the loss of specific functions and the
acquisition of certain characteristics, such as the SASP, which are
associated with neuronal dysfunction leading to neuropathology.
Astrocyte senescence might impact the neuron either by the
secretions the senescent astrocytes produce (such as the SASP)
or by the metabolites they stop transferring, which are essential
for neuronal support, thus modifying the mitochondrial content
and the redox state. Hence, the aim of this study was to evaluate
the effects that senescent astrocytes could have on neuronal

functionality, in particular, on the mitochondrial function and
dynamics. Our results showed that the neuronal mitochondria
functionality was altered after being cocultured with senescent
astrocytes. In vivo, old animals showed diminished mitochondrial
oxidative phosphorylation (OXPHOS) proteins, redox state, and
senescence markers as compared to young rats, suggesting effects
of the senescent astrocytes similar to the ones we observed
in vitro.

MATERIALS AND METHODS

Chemicals
All the chemicals and reagents were purchased from Sigma
Chemical Corporation (St. Louis, MO, United States). Reagents
obtained from other sources are detailed throughout the text.

Animals
The primary astrocytes were obtained from 3 to 7 days- old
neonatal Wistar rats (Rattus norvegicus), provided by the closed
breeding colony of the Universidad Autónoma Metropolitana-
Iztapalapa (UAM-I). The primary neurons were isolated from
embryonic Wistar rats (17–18 days of gestation), provided by the
Instituto de Fisiología Celular (IFC), UNAM.

For the Western blot (WB) and the redox state determinations,
the rats were also provided by the closed breeding colony at
UAM-I. Young (4 months old) and old (24 months old) male
rats were used. The animals were housed five per cage in
polycarbonate cages, in a 12-h light-dark cycle, and provided with
a standard commercial rat diet (Harlan 2018S, United States) and
water ad libitum. All the procedures with the animals were strictly
carried out according to the National Institutes of Health Guide
for the Care and Use of Laboratory Animals and the Principles
of the Mexican Official Ethics Standard 062-ZOO-1999 and the
Standard for the Disposal of Biological Waste (NOM-087-ECOL-
1995). This study was approved by the Ethics Committee of
the Division of Biological and Health Sciences, UAMI, with
the dictum 1851.

Astrocyte Primary Culture
Astrocytes were isolated as described previously (McCarthy and
de Vellis, 1980) and modified by Maciel-Barón et al. (2018a).
Dissected brains were submerged in cold-sterile phosphate
buffered saline (PBS) with 2% of antibiotic-antimycotic (Ab-
Am), brought to the laminar hood, and decanted in a Petri
dish. The brains were washed three times with sterile PBS
and the cortex was dissected, cut into small fragments, and
resuspended in 5 ml of sterile PBS in a 15-ml tube. With a 5-
ml micropipette, the suspension was strongly resuspended 15
times to separate the cells from the tissue. The suspension was
centrifuged for 10 min at 3,500 rpm. The pellet was recovered
and resuspended in 8 ml of an astrocyte culture media (ACM)
containing neurobasal medium (Gibco, 21103-049, Grand Island,
NY, United States), supplemented with 10% fetal bovine serum
(FBS)/1% Ab-Am/1.1% glutamine. The suspension was filtered
in a cell strainer (pore 100 µm) and incubated for 24 h at 37◦C–
5% carbon dioxide (CO2). After 24 h, the cells were washed with
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cold-sterile PBS to eliminate other cell types. Astrocytes were
observable by optical microscope 1 or 2 weeks after the isolation.
ACM was changed two times a week. When cultures exceed 75%
of confluence, the cells were trypsinized and reseeded at normal
density (104 cells/cm2).

Cortical Neuron Primary Culture
Cortical neurons were isolated as described by Brewer et al.
(1993) with modifications (Gerónimo-Olvera et al., 2017). The
cerebral cortex was dissected and cut into small pieces and
incubated with 0.25% trypsin/10% Ethylenediaminetetraacetic
acid (EDTA) solution at 37◦C for 3 min. The digestion was
stopped with a solution containing soybean-trypsin inhibitor and
DNAse (0.52 and 0.08%, respectively). The cells were suspended
in a neuronal culture media (NCM) containing neurobasal
medium (Gibco, 21103-049, Grand Island, NY, United States),
supplemented with 1% of B27 (Gibco, 17504-044), 1% of B27
minus antioxidants (Gibco, 10889038), 0.5 mM L-glutamine,
20 µg/ml gentamicin (Gibco, 15710-064). Neurons were seeded
at a 2.2 × 105 cells/cm2 density at the bottom of the transwell
chambers. The transwell plates were precoated with poly-L-lysine
(Sigma-Aldrich, P-1524, St. Louis, MO, United States). The cells
were cultured at 37◦C and 5% CO2 and half of the NCM was
renewed twice a week. The experiments were carried out at 12
days in vitro (DIV).

Astrocytes Senescence Induction
Astrocytes senescence was induced by hydrogen peroxide
(H2O2) as we have previously described (Maciel-Barón et al.,
2018a). Non-senescent astrocytes were used at early population
doublings (PD) (PD < 5) to avoid replicative senescence.
Astrocytes were trypsinized and seeded at normal density
(1 × 104 cells/cm2) on the transwell inserts (0.4 µm membrane
pore) (Corning Life Sciences, Acton, MA, United States)
previously humidified with ACM overnight. After 3 days in
culture, the astrocytes were incubated for 2 h with 75 µM H2O2
dissolved in the ACM at 37◦C and 5% CO2. H2O2 was removed
by changing the medium and the cells were allowed to recover
fresh ACM for 2 more days before further measurements.

Senescence-Associated-
β-Galactosidase (SA-β-Gal)
Staining
The senescence-associated-β-galactosidase activity was
determined as previously described (Dimri et al., 1995).
The cells were fixed with 3% formaldehyde. Three wells were
stained 2, 4, 6, and 8 days after the induction of senescence
and the number of SA-β-Gal-positive cells was determined by
counting at least 100 cells per well under a microscope. The
number of SA-β-Gal-positive cells is reported as the percentage
of the total scored cells.

Neuron and Astrocytes Coculture
Neurons and astrocytes were isolated independently as described
above and the cocultures were assembled in transwell chambers
as described below and in Figure 1. The isolated astrocytes were

divided in which half of them was used as control astrocytes (CA)
and the other half was induced to senescence astrocytes (SA).
Besides the neurons with control and senescent astrocytes, other
neurons were also seeded alone as a control.

a. Neurons. Newly isolated neurons were seeded at the
bottom of the transwell chamber. The neurons were kept
in NCM for 12 DIV when the experiments were performed.
Half of the NCM was renewed two times a week.

b. Neurons + CA. Newly isolated neurons were seeded at the
bottom of the transwell chambers in NCM as described
above. The neurons were allowed to mature and generate
their processes for 6 days. The astrocytes were isolated and
handled separately as explained above. Two days before the
coculture assembly, the control astrocytes were seeded in
the transwell inserts in ACM. After 24 h, the ACM was
replaced with NCM and the astrocytes were allowed to
adapt for another 24 h. The coculture was performed on
the six DIV for the neurons, when the transwell inserts,
containing the CA, were placed over the wells in which
neurons were previously seeded.

c. Neurons + SA. This coculture was carried out similarly to
the previous one, except that the astrocytes were seeded
in the transwell inserts 9 days before the coculture. After
3 days, senescence was induced as described above and
the astrocytes were maintained in ACM for 2 days. After
that time, the medium was changed to NCM. After 6 days
of senescence induction, the transwell inserts containing
senescent astrocytes were placed over the wells in which
neurons were previously seeded.

The cocultures were maintained for 6 days (corresponding
to 12 DIV for the neurons) and half of the NCM was
renewed twice a week.

Mitochondrial Membrane Potential
Assay
After 6 days in coculture, corresponding to neurons 12 DIV,
the mitochondrial membrane potential was assayed by using
the cationic colorant JC1 (Thermo Fisher Scientific, MA,
United States) (Rivero-Segura et al., 2019). For this assay, the
newly isolated neurons were cultured in coverslips and laid
inside the bottom of the transwell at day 0 and the normal
coculture procedure was performed. At 12 DIV, the neurons were
incubated with 100 nM JC-1 diluted in NCM and incubated
for 30 min at 37◦C in the dark. After that time, each coverslip
was immersed into Locke’s solution [sodium chloride (NaCl)
154 mM, potassium chloride (KCl) 5.6 mM, sodium bicarbonate
(NaHCO3) 3.6 mM, calcium chloride (CaCl2) 2.6 mM,
N-(2-Hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid), 4-(2-
Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) 5 mM,
and glucose 5.6 mM, pH 7.4] and observed in a confocal
microscope (Leica TCS-SPS) by using the argon laser (488 nm
excitation wavelength). Signals obtained at 590 nm for polarized
mitochondrion and 525 nm for depolarized mitochondrion were
quantified with the ImageJ software (Rasband, W.S., ImageJ, U. S.
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FIGURE 1 | Cocultures experimental design. The timeline of each primary culture and the times selected to assemble the coculture are shown. Neuron isolation was
used as the reference for the days in vitro (DIV). The neurons were seeded at the transwell bottom and the astrocytes were seeded at the transwell insert. The
astrocytes were isolated on the same day and then split into the control and senescent groups.

National Institutes of Health, Bethesda, MD, United States1) and
the 590/525 nm ratio was calculated.

Viability Assay
At 12 DIV, the cell survival fluorescent markers for live and dead
cells calcein-AM 2 µM and ethidium homodimer 1 µm were
added to the cultured neurons for 30 min. After that time, the cells
were washed with Locke’s solution and images were obtained by
using confocal microscopy (FV1000; Olympus, China) motorized
FV10ASW 2.1 with Ar 488 laser [for fluorescein (FITC)] and
Ar 596 nm (for ethidium) and images from the different
treatments were captured.

Mitochondrial Mass Analysis
JC1 images corresponding to active mitochondria (J-aggregates,
590 nm) were processed according to Merrill et al. (2017)
and Baulies et al. (2018) with few modifications. Images from
J-aggregates (590 nm) from each condition were processed with
the rolling ball algorithm to subtract the background with Fiji.2

Then, the color map Fire was used to identify different shades
of the same color in the 8-bit image. Consecutively, the images

1https://imagej.nih.gov/ij/
2https://imagej.net/Fiji

were converted to monochrome images with the binary tool, and
the threshold was adjusted to black and white (mitochondrial
mask) for further analysis. Finally, the mitochondrial mass was
analyzed with the particle analyzer tool from Fiji with the size
of the following parameters (pixel units) = 0.095-Infinity and
circularity = 0.00–1.00. The results were plotted in GraphPad
Software version 5.0 for Windows (La Jolla, CA, United States3)

Mitochondrial Network
After 6 days in coculture, corresponding to the neuron cultured
during 12 DIV, the mitochondrial network morphology was
assayed by using MitoTracker Red (cat M7512, Thermo Fisher
Scientific, MA, United States). For this assay, the neurons were
also cultured in coverslips inside the bottom of the transwell
as described above. At 12 DIV, the neurons were incubated
in the dark for 30 min at 37◦C with 100 nM MitoTracker
Red diluted in NCM. After that time, each coverslip was
immersed into Locke’s solution (as mentioned before) and
observed live in a confocal microscope (Leica TCS-SPS) by
using 543 nm as excitation wavelength and 599 nm as emission
wavelength. The mitochondrial morphology was analyzed with
the ImageJ software.

3www.graphpad.com
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Mitochondrial network morphology was evaluated by
classifying the neurons into one of three mitochondrial
morphologies: tubular, fragmented, or intermediate. The
length/width ratio of stained mitochondria was used to classify
cells into the corresponding group. The cells were scored as
having “tubular” mitochondria when distinct mitochondrial
tubules were observed with length/width >20. Regularly, these
tubules traversed at least one-fifth of the cell with length/width
25–100 and few tubules were present per cell, even if they
coexisted with other types of mitochondrial morphologies. When
the cells had only round mitochondria with length/width < 5,
they were scored as fragmented. The cells that did not fall into
any of the previous categories were scored as “intermediate”
(short mitochondria with length/width mostly between 5 and 10
and no distinct longer tubules in the cell).

Western Blot Assay
a. Neurons. At 12 DIV, the neurons were trypsinized and
resuspended in lysis buffer mammalian protein extraction
reagent (M-PER) (Pierce Chemical, Rockford, IL, United States)
supplemented with protease inhibitors (complete; Roche
Applied Science, Indianapolis, IN, United States), 1 mM
phenylmethylsulfonyl fluoride (PMSF), and 0.1 mM
dithiothreitol (DTT).

b. Cerebral cortex (Cx). The Cx was isolated after the
euthanization of the rats and stored at –70◦C until used. A total of
100 mg of each dissected tissue were mechanically homogenized
in lysis buffer.

Neuronal or tissue homogenates were incubated at 4◦C for
5–10 min and centrifuged at 14,000 g and 4◦C for 20 min.
The protein concentration was determined in the supernatants
by using a commercial Bradford reagent (Bio-Rad Laboratories,
Hercules, CA, United States). To prepare the samples for
the sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), we used the Laemmli buffer and the reducing
agent 2-mercaptoethanol (Bio-Rad Laboratories, Hercules, CA,
United States). Mixed samples were heated at 90–100◦C for
5 min and placed on ice for 5 min. A total of 30 µg of the
protein were loaded on the gel. Cell lysates were separated on
12% SDS-PAGE and transferred to polyvinylidene difluoride
membranes (Invitrogen, Waltham, MA, United States) by using
a semidry blotting process (Trans-Blot Turbo System; Bio-Rad
Laboratories, Hercules, CA, United States). The membranes
were then blocked with 10% bovine serum albumin (BSA) in
PBS for 1 h, followed by excess removal with TRis buffered
saline (TBS)-Tween rinses, and then probed with primary
antibodies specific to anti-Drp1 (1:500, SC32898), anti-Fis1
(1:500, ab50838), anti-Opa1 (1:500, SC-393296), anti-Mfn2
(1:1,000, ab71498), anti-GLB (1:1,000, ab55177), anti-p16 (1:750,
MAB4133), anti-p38 (1:1,000, ab31828) anti-p105 (1:1,000, SC-
293141), anti-OXPHOS (1:4,000, ab110413), and anti-actin
(1:1,000, SC47778). Antibodies were incubated overnight at
2–8◦C; the membranes were washed three times with TBS-
Tween and incubated for 2 h with the secondary antibody
antirabbit (SC2357) or antimouse (SC358914) at a dilution
of 1:1,000. The membranes were then washed three times
with TBS-Tween horseradish peroxidase-conjugated secondary

antibodies (Pierce, Rockford, IL, United States) for 1 h. After
the three washes, blots were developed by using a commercial
chemiluminescent reagent (SuperSignal Pierce, Rockford, IL,
United States). Signal development was carried out in the WB
and Chemiluminescence Imaging System (FUSION FX Vilber
Lourmat, Vilber smart imaging).

Redox State (Reduced
Glutathione/Oxidized Glutathione Ratio)
The GSH and GSSG content was determined as described
by Posadas-Rodríguez et al. (2020) with modifications. The
treated cells were trypsinized and homogenized in hydrochloric
acid (HCl)/Bathophenanthrolinedisulfonic acid disodium salt
hydrate (BPDS) (HCl 10%/BPDS 1 mM), while the Cx (100 mg)
was mechanically homogenized in 1 ml of hydrochloric
acid/BPDS. The homogenates were then centrifuged at
13,500 rpm at 4◦C for 5 min. Supernatants were recovered
and 100 µl from each sample were injected into the high
performance liquid chromatography (HPLC) system. The 1525
Waters Binary Pump coupled to a UV/Vis 2489 (210 nm)
was used. The stationary phase used was the ZORBAX
Eclipse XDB-C18, 4:6 mm × 250 mm, 5 µm column with
acetonitrile 1% and potassium phosphate monobasic buffer
99% (20 mM Potassium phosphate monobasic (KH2PO4);
pH 2.7). An isocratic flow of 1 ml/min was used. The
samples were analyzed by UV detection at 210 nm. The
area under the curve was determined by using GSH and GSSG
standards at different concentrations (10, 25, 50, 100, 200,
and 400 µM).

Statistical Analysis
Data are reported as the mean± SD for at least three independent
experiments by using cells from different donor animals. The
ANOVA test was followed by the Tukey–Kramer variance
analysis. P < 0.05 level of probability was used as a minimum
criterion of significance.

RESULTS

Neuronal Viability After Coculture With
Senescence Astrocytes and Control
Astrocytes
Neuron and astrocyte cocultures were performed as shown
in Figure 1. Senescence induction in rat primary astrocytes
was performed as we previously reported (Maciel-Barón et al.,
2018a). To make sure that astrocytes were senescent before
cocultures assays, a proliferation curve and the SA-β-Gal
activity were determined (Supplementary Figure 1). Six days
after the H2O2 treatment, 79.6% of astrocytes were senescent;
therefore, this day was selected to plate astrocytes in coculture
with neurons.

After 6 days in co-culture, the neuronal viability was evaluated.
As shown in Figure 2, when the neurons were cocultured
with CA, the percentage of living cells was 77.8%, which was
significantly different from the neurons cultured alone (66.2%)
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FIGURE 2 | Neuronal viability. (A) Representative images of the live-death assay by using calcein and ethidium homodimer. Neuronal viability was assessed at 12
DIV after being alone or in coculture with senescent astrocytes (SA) and control astrocytes (CA). (B) Percentage of living (calcein-positive cells) and death
(EtH-positive cells). Each bar represents the mean ± SD; n = 3 for each group. Significant differences were tested by the ANOVA and the Tukey–Kramer test,
*p ≤ 0.05 vs. neurons + CA.

and the neurons cocultured with SA (65.4%). The last two
groups were not different between them. The difference in
survival suggests that astrocytes improve neuronal endurance
and that this beneficial effect was abrogated when the astrocytes
became senescent.

Mitochondrial Membrane Potential
(19m) Decreases in Neurons Cocultured
With Senescence Astrocytes and the
Redox State Becomes More Oxidized
mitochondrial neurons (19) were evaluated with the cationic
dye JC1. The coculture with senescent astrocytes significantly
decreased the neuronal mitochondrial membrane potential
as shown in Figure 3A and quantified in Figure 3B. The
mitochondrial membrane potential value for the neurons was
0.608, which represents 21% less than neurons cultures alone
(0.774) and 17% less than neurons + CA (0.741). Due to the loss
of the 19m, we evaluated the neuronal redox state by measuring
the GSH/GSSG ratio in cellular lysates. Interestingly, the neurons
that were cocultured with the SA (neurons + SA) showed a
significantly more oxidized state 1.993, which represents 48%
more than the neurons cultured alone (3.874) and 40% more than
the neurons+ CA (3.319) (Figure 3C).

Mitochondrial Mass Decreases and the
Mitochondrial Dynamics Are Altered in
Neurons Cocultured With Senescence
Astrocytes
The mitochondrial mass was evaluated by using the active
mitochondria JC1 images (J-aggregates, 590 nm). Figure 4A
shows that there is a decrease in mitochondrial mass in the
neurons + SA, which was significantly different from that of the
neurons alone and the neurons+ CA.

The proteins that execute mitochondrial fusion (Opa1 and
Mfn2) or fission (Fis1 and Drp1) were determined through the
WB of neurons. Mfn2 significantly decreased 0.36 times in the
neurons+ SA and 0.94 times in the neurons alone compared with
the neurons + CA (Figure 4B). No differences were determined
for OPA1 and Fis1 (Figures 4C,D), but a significant decrease was
observed in Drp1 in the neurons + SA compared to the other
groups (Figure 4E).

The mitochondrial network morphology was evaluated by
using MitoTracker Red staining and classifying the neurons
into one of three basic mitochondrial morphologies: tubular,
fragmented, or intermediate (Supplementary Figure 2A).
Representative images are shown in Supplementary Figure 2B,
where red squares emphasize the different mitochondrial
morphologies found in the neurons. Cells were counted blindly
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FIGURE 3 | Senescent astrocytes decrease neuronal mitochondrial membrane potential (19m) and the redox state. (A) Neurons representative micrographs. 19m
was assessed by using the cationic colorant JC1 as described in materials and methods; the J-aggregates were determined at 590 nm (green) and the single
molecules were determined at 525 nm (red). (B) 590/525 nm ratio quantification. (C) Reduced glutathione/oxidized glutathione (GSH/GSSG) ratio. Each bar
represents the mean ± SE of three independent experiments for panels (A,B) and two experiments for panel (C). Statistical significance with respect to a. p ≤ 0.05
vs. neurons and b. p ≤ 0.05 vs. neurons +CA, tested by the ANOVA and the Tukey–Kramer test.

and the results are shown in Supplementary Figure 2C. Almost
60% of the neurons alone or with SA were fragmented and <20%
were tubular, while the neurons + CA showed predominantly
an intermediate morphology (60%), 32% were fragmented, and
<10% were tubular. These changes in mitochondrial morphology
suggest that there might be alterations in fusion and fission
events, which could be related to mitochondrial dysfunction.

Senescence and Mitochondrial Marks in
the Cerebral Cortex of Old and Young
Rats
In order to verify in-vivo alterations in cellular senescence
and mitochondrial content during brain aging, we evaluated
the status of several senescences and mitochondrial markers
in the Cx from old and young rats. Beta-galactosidase (GLB)
and p16 were evaluated as proteins related to the senescent
phenotype. As illustrated in Figure 5A, they show a 4- and
2-fold increase, respectively, compared to young counterparts.
Inflammation markers or SASP-related proteins such as p38
and p105 were determined. p38 augmented by 2-fold, but no
significant difference was found in p105 between aged and young
Cx (Figure 5B). Since we demonstrated in Figure 4A that there is
a significant decrease in mitochondrial mass in the neurons+ SA,
we evaluated the OXPHOS components in the Cx from young
and aged rats. Figure 5C shows that there is a significant decrease

in the mitochondrial complexes, particularly in CV (3-fold), CIII
(1.1-fold), and CII (2.17-fold). However, it was not possible to
resolve CI in these conditions. Finally, the redox state was also
evaluated in the Cx and as shown in Figure 6, we confirm the
findings observed in vitro, with a significant decrease of 30% in
the GSH/GSSG ratio in aged brains.

DISCUSSION

Senescent astrocytes have been defined as brain components
associated with aging and AD (Bhat et al., 2012). Our group has
characterized the SASP in rat astrocytes in response to oxidative
stress and proteasome inhibition (Maciel-Barón et al., 2018a).
Nevertheless, the number of studies related to cellular senescence
within the CNS and the impact that senescent astrocytes have on
the physiology and functionality of the neurons are limited.

Astrocytes comprise one of the most numerous glial cell
populations and their function is key to several important
processes such as synapse modulation, neurotransmitter and
trophic factors regulation, mitochondrial substrates production,
and others (Bouzier-Sore and Pellerin, 2013; Matias et al., 2019).
Thus, any change in astrocytes functionality, such as those
associated with the acquisition of the senescent phenotype, might
have an important impact on brain functioning, particularly on
neurons. A recent publication by using astrocyte and neuron
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FIGURE 4 | Senescent astrocytes decrease the mitochondrial mass in primary cultures of cortical neurons and change mitochondrial dynamics. (A) Images show
the J-aggregates (590 nm) corresponding to active mitochondria and their mitochondrial mask processed with the binary filter. Mitochondria mass analysis,
performed in Fiji software, shows a significant decrease in the mitochondrial area corresponding to the neurons exposed SA. Mitochondrial mass analysis is
expressed in pixels area and each column represents the mean ± SD of at least five areas of four independent experiments. *p ≤ 0.05. Scale bar = 20 µm. (B–E)
Mitochondrial dynamics-related proteins were evaluated by Western blot on neurons lysates as described in the methodology. Each bar represents the mean ± SE
of three independent experiments. Statistical significance was tested by the ANOVA with respect to neurons group #p ≤ 0.05 and neurons + CA group. *p ≤ 0.05.
Representative images of the blot and densitometric analysis for (B) Mfn2, (C) total OPA1, (D) Fis1, and (E) Drp1.

cocultures found that treating senescent astrocytes with two
different p53 isoforms modifies the SASP, confirming that SASP
of the astrocytes is able to induce neurotoxicity (Turnquist

et al., 2016). Moreover, it has also been reported that senescent
astrocytes have altered glutamate transporters homeostasis,
causing neuronal death (Limbad et al., 2020).
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FIGURE 5 | Senescent and mitochondrial marks in the old and young cerebral cortex. Representative Western blots and densitometric analysis of proteins isolated
from young (4 months old) and old (24 months old) rats as described in the methodology. (A) Senescent marks: p16 and GLB. (B) Proteins related to
senescence-associated secretory phenotype (SASP) production. p38 and p105. (C) Representative proteins in mitochondrial OXPHOS. Each bar represents the
mean ± SE of three independent experiments. Statistical significance with respect to young rats ∗p ≤ 0.05.

In this study, we analyzed the effects of SA on neuronal
mitochondrial dysfunction by using a novel coculture model
composed of astrocytes and neurons that are not in direct contact
with each other, supporting a role for SA as modifiers of neuronal
homeostasis. In this study, a higher percentage of living cells was
found in the neurons that were cocultured with CA (neurons
+ CA), while the neurons cocultured with SA (neurons +
SA), survived the same as the neurons alone (Figures 2A,B).
However, with respect to the mitochondrial membrane potential,
a decrease was only found in the neurons + SA. These results
suggest two possible scenarios: in the first one, the SA might

have stopped secreting factors required for the correct function
of neurons, since the outcome observed in the first assay was
similar in neurons cultured alone or neurons + SA. This is in
line with this study mentioned before, where astrocytes lost their
basal functions involved in glutamate reuptake, thus harming
the neurons (Limbad et al., 2020). In the second scenario, the
SASP secreted by the SA might have a detrimental influence on
the functionality of neurons, since only neurons + SA decreased
their mitochondrial potential. A similar effect was observed in
cocultures performed by Turnquist et al. (2016), where the SA
had a neurotoxic effect attributed to the SASP. Nevertheless, in
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FIGURE 6 | Redox state in the cerebral cortex (Cx) from young and old rats.
Reduced glutathione/oxidized glutathione (GSH/GSSG) ratio was determined
by using the proteins isolated from young (4 months old) and old (24 months
old) rats as described in the methodology. Each bar represents the
mean ± SE of three independent experiments. Statistical significance with
respect to young rats ∗p ≤ 0.05.

previous studies, the cells were in direct contact with each other.
The improvement observed in Figures 2A,B in the neurons +
CA might be due to the contribution of nutrients that this type
of glia provides to neurons, which, when senesce, cease to be
supplemented as astrocytes become senescent (Pannese, 2021).

It is known that astrocytes are mainly glycolytic and synthesize
lactate from pyruvate, which is released and taken up by neurons,
then it is reoxidized to pyruvate to continue with oxidation in
the tricarboxylic acid cycle, where energy is obtained through
oxidative phosphorylation (Dienel, 2017; Takahashi, 2021). It
has been observed that astrocytes have an age-related metabolic
change from glycolytic metabolism to oxidative metabolism,
carried out by the mitochondria (Jiang and Cadenas, 2014).
Astrocyte senescence has also been reported to be accompanied
by a general upregulation in mitochondrial metabolism (Cohen
et al., 2017). Moreover, high metabolic activity is important for
the development of SASP (Wiley and Campisi, 2016); so, in aged
brains, astrocyte lactate input might no longer be supplied to
the neurons. Interestingly, the percentage of dead cells that we
observed in the neurons and neurons + SA was the same, but it
was only a 10% decrease compared to the group of neurons+CA.
Increasing the time in coculture might be an interesting proposal
for future studies that could lead to gradual neuronal death as
described during some types of neurodegeneration.

The proinflammatory components within the SASP have been
considered as senescence markers of great relevance related to the
chronic inflammation observed during aging or “inflammaging”
(Franceschi et al., 2007), related to diverse chronic illnesses. It
is known that the accumulation of senescent cells during aging
contributes to an increase in neuroinflammation in older adults
(Cohen and Torres, 2019). The SASP secreted by senescent cells
contains a variety of proteins such as cytokines, interleukins,
chemokines, proteases, growth factors, and degrading enzymes
such as matrix metalloproteinases and insoluble extracellular

matrix components (Perrott et al., 2017; Ritschka et al., 2017;
Maciel-Barón et al., 2018a), which may be contributing to
neuroinflammation.

Since inflammatory mediators are known to increase ROS
and to alter mitochondrial metabolism (Missiroli et al., 2020),
we determined if the SA could be affecting ROS generation
and the redox state in neurons through the quantification
of GSH/GSSG. A change in the cellular redox state induced
by ROS increase could initiate and propagate chain reactions
that damage important biomolecules, such as phospholipids,
proteins, and DNA, leading to altered membrane properties,
enzymes, and receptors inactivation, genomics instability, etc.
(Chakrabarti et al., 2011). Our results showed that neurons
+ SA modified their redox state (Figure 3C), turning it into
a more oxidized cellular environment, and the same result
was confirmed in Cx from old rats. Another factor that could
be affecting the redox state is the mitochondrial dysfunction
itself since in the brain mitochondrial function is of great
importance. In neurons, mitochondria are widely distributed
in dendrites and axons, where their energy supply is key for
chemical neurotransmission and cell maintenance (Mattson et al.,
2008). Mitochondrial dysfunction has also been proposed as
one of the hallmarks of aging (López-Otín et al., 2013); since
during such process, the mitochondria lose functionality due
to three possible causes: decreased electron transfer, increased
internal membrane permeability to H+, and the decrease in ATP
synthesis (Boveris and Navarro, 2008). On the other hand, it
has been observed that during aging, there is an increase in
point mutations and deletions in mitochondrial DNA, which is
close to the ROS generation sites. This damage might, in turn,
induce alterations in respiratory chain complexes, promoting
mitochondrial dysfunction (Theurey and Pizzo, 2018).

Multiple alterations related to the mitochondria have been
described in the brains of aged animals, such as changes in
their morphology, either due to elongation or fragmentation,
changes in the electron transport chain, and a depolarization of
the mitochondrial membrane potential (1ψm) (LaFrance et al.,
2005; Mattson and Arumugam, 2018). Our results with respect to
the decrease in the mitochondrial membrane potential of neurons
+ SA correlate with the redox state oxidation and with the reports
of 1ψm affected by the respiratory complexes malfunction,
which at the same time may increase ROS generation, affecting
cellular functionality. Therefore, to complement this idea, it
would be important to determine ATP synthesis in neurons +
SA to confirm mitochondrial dysfunction.

It is essential for the cells to constantly regulate mitochondrial
size, morphology, and number. The mitochondrial network
is regulated by the two opposing processes of mitochondrial
fusion and fission, which are carried out continuously in
accordance with cellular needs. Fission is regulated by Drp1, a
cytosolic protein that is recruited to mitochondria by different
adapters such as Fis1, Mff, Mid49, and Mid51, while fusion
is a sequential process that joins the external mitochondrial
membrane by mitofusins 1 and 2 (Mfn1 Mfn2) and then the inner
mitochondrial membrane by Opa1 (Cid-Castro et al., 2018),
resulting in a tubular-shaped mitochondrial network. Our results
are pioneers in relating the influence that senescent astrocytes
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have on the mitochondrial remodeling processes in neurons.
Neurons + CA presented a mixture of tubular and fragmented
mitochondrial morphology. In contrast, neurons alone and
neurons+ SA showed predominantly fragmented mitochondria,
which, in turn, correlated with decreased Mfn2 (Cid-Castro
et al., 2018), with mitochondrial dysfunction suggested by a
decrease in the mitochondrial membrane potential and with
decreased mitochondrial mass in neurons + SA. A decrease
in the fission protein Drp1 was also observed in neurons +
SA. It is known that Drp1 activity is regulated by a large
number of post-translational modifications (Nakamura et al.,
2010) that were not evaluated in our model and that could
increase the mitochondrial fission activity even without increased
Drp1. Mitochondrial morphology does not linearly correlate
with the number of proteins that execute these events, as
many of these proteins are not limiting and are regulated post-
translationally. Unbalanced mitochondrial dynamics are known
to cause structural mitochondrial disturbances and dysfunction.
Failure of mitochondrial fission can lead to the accumulation
of damaged and inactive mitochondria, which increase ROS
production, while inadequate mitochondrial fusion results in
mitochondrial fragmentation, leading to increased mitochondrial
destruction (Adaniya et al., 2019). So, altered mitochondrial
equilibrium between these two processes may contribute to
neuronal dysfunction. It would be interesting to include in
future studies real-time experiments of mitochondrial dynamics
in the cocultures.

The results obtained in vivo confirm that the Cx from old
rats had more senescence markers than the young animals such
as p16 and GLB. This concurs with what has been reported in
the brain of elderly people and patients with AD (Bhat et al.,
2012). Yet, more experiments are needed to determine the types
of brain cells that are senescent. Likewise, it was found that
other markers that promote SASP were also increased, while the
proteins related to mitochondrial OXPHOS decreased, therefore
suggesting that a senescent microenvironment promoted by
the astrocytes might affect the neuronal physiology and that a
possible target are the neuronal mitochondria. However, more
studies are needed to determine if the glia or the neurons are
the prominent senescent cells during normal aging in order to
develop the therapeutic strategy to follow before eliminating all
the senescent cells in the brain.

CONCLUSION

It is very important to understand how SA could modify
neuronal homeostasis, in particular, mitochondrial function.
In this case, the changes in neuronal functionality might be
attributed both to the SASP secreted by SA and to the important
substrates with which they normally supplement neurons that
may be discontinued in SA. Unlike other experiments that use
conditioned media or cocultures in direct interaction, this study
simulated a scenario where the neurons microenvironment is
modified by SA. Moreover, decreased mitochondrial OXPHOS
proteins, redox state, and senescent markers were also found
in the cortex of old animals, correlating with the in-vitro

results. In this study, we present for the first time, to the
best of our knowledge, the effect of astrocyte senescence on
mitochondrial neurons, suggesting that the modulation of the
brain microenvironment may be a potential target to prevent
neuronal dysfunction during aging.
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Supplementary Figure 1 | (A) Astrocytes proliferation. Cellular proliferation was
determined every other day in hydrogen peroxide (H2O2) treated and untreated
astrocytes. Each point represents the mean ± SD of three independent
experiments. Statistical significance tested by the ANOVA and Tukey–Kramer test
∗p ≤ 0.05 with respect to control cells. (B)

Senescence-associated-β-galactosidase (SA-β-Gal) staining. Representative
images of H2O2 treated and untreated astrocytes. (C) SA-β-Gal-positive cells
quantification. Each point represents the mean ± SD of three independent
experiments. Statistical significance tested by the ANOVA and the Tukey–Kramer
test ∗p ≤ 0.05 with respect to control cells.

Supplementary Figure 2 | Mitochondrial morphology was evaluated by
fluorescent microscopy by using MitoTracker red as described in the
methodology. (A) Representative images of the three basic morphologies used for
classification: tubular, fragmented, and intermediate. (B) Representative images
observed in neurons, neurons +CA, and neurons +SA. (C) The percentage of
evaluated morphologies in each condition. A total of 50 cells were blindly
counted per treatment.
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