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Abstract

The increase in senescent cells in tissues, including the brain, is a general feature
of normal aging and age-related pathologies. Senescent cells exhibit a specific phe-
notype, which includes an altered nuclear morphology and transcriptomic changes.
Astrocytes undergo senescence in vitro and in age-associated neurodegenerative
diseases, but little is known about whether this process also occurs in physiologi-
cal aging, as well as its functional implication. Here, we investigated astrocyte se-
nescence in vitro, in old mouse brains, and in post-mortem human brain tissue of
elderly. We identified a significant loss of lamin-B1, a major component of the nu-
clear lamina, as a hallmark of senescent astrocytes. We showed a severe reduction
of lamin-B1 in the dentate gyrus of aged mice, including in hippocampal astrocytes,
and in the granular cell layer of the hippocampus of post-mortem human tissue from
non-demented elderly. The lamin-B1 reduction was associated with nuclear deforma-
tions, represented by an increased incidence of invaginated nuclei and loss of nuclear

circularity in senescent astrocytes in vitro and in the aging human hippocampus. We

Abbreviations: 53BP1, p53-binding protein 1; ACM, astrocyte conditioned medium; AD, Alzheimer's disease; Ara C, cytosine arabinoside; BSA, bovine serum albumin; CNS, central
nervous system; DHE, dihydroethidium; DIV, days in vitro; DMEM, Dulbecco's minimum essential medium; FBS, fetal bovine serum; FTD, frontotemporal dementia; GAPDH,

glyceraldehyde 3-phosphate dehydrogenase; GFAP, glial fibrillary acidic protein; iNOS, inducible nitric oxide synthase; MMP3, metalloproteinase 3; NO, nitric oxide; NO,", nitrite; PBS,
phosphate-buffered saline; PD, Parkinson's disease; SASP, senescence-associated secretory phenotype; SA-p-Gal, senescence-associated p-galactosidase activity; TGF-p1, transforming
growth factor- beta 1.
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during aging.
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1 | INTRODUCTION

Aging is characterized by a progressive change in the physiology
of brain cells that may contribute to cognitive deficits, leading ul-
timately to dementia and impairment of quality of life. The unique
complexity of the human brain, as well as the increasing longevity of
humans, represents additional challenges to prevent and postpone
aging effects.

It is estimated that by 2050 the number of people aged 60 and
older is double from now, reaching nearly 2.1 billion worldwide
(Nations, 2017). In this context, a substantial increase in the inci-
dence of age-associated diseases, such as cancer, diabetes, and neu-
rodegenerative diseases, is expected for the next few years (Hou
et al., 2019). However, the mechanisms underlying the transition
from a healthy fully functional brain to an elderly increasingly dys-
functional brain are not well understood.

Among the causal factors of aging, cellular senescence is an im-
portant tumor suppression mechanism, but it also leads to a harmful
cellular phenotype which affects tissue homeostasis and regenera-
tion (Campisi, 2005; Lopez-Otin et al., 2013). Several studies have
reported age-related accumulation of senescent cells in humans,
non-human primates, and rodents (Herbig et al., 2006; Wang et al.,
2009; Yousefzadeh et al., 2020). In the aging brain, neural stem cells,
neurons, and glial cells display several features of cellular senes-
cence and have been implicated in the pathogenesis of age-related
neurodegenerative diseases, such as Alzheimer's disease (AD) and
Parkinson's disease (PD; Cohen & Torres, 2019; Martinez-Cué &
Rueda, 2020). However, so far little is known about the impact of
glial cell senescence on normal brain aging.

Astrocytes form a large and heterogeneous glial cell popula-
tion in the central nervous system (CNS), playing several vital roles
in brain homeostasis and physiology (Verkhratsky & Nedergaard,
2018). In contrast, astrocyte dysfunction has been associated with
many brain disorders, such as AD and PD (Diniz et al., 2019; Matias
et al., 2019; Osborn et al., 2016), in which senescent astrocytes ac-
cumulate and are linked to neurodegeneration and cognitive and

motor impairments in mouse models (Bhat et al., 2012; Bussian

also found differences in lamin-B1 levels and astrocyte nuclear morphology between
the granular cell layer and polymorphic layer in the elderly human hippocampus, sug-
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feature of hippocampal cells aging, including astrocytes, and shed light on significant

defects in nuclear lamina structure which may contribute to astrocyte dysfunctions
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et al., 2018; Chinta et al., 2018). Nevertheless, despite the amount
of evidence pointing to the involvement of astrocyte senescence
in age-related pathologies, the phenotypic and functional changes
of senescent astrocytes in the context of physiological brain aging
remain to be elucidated. This is at least partially due to the lack of
senescence-associated biomarkers for glial cells. Moreover, most
of our knowledge of astrocyte biology and brain aging comes from
rodent models. A growing number of studies show the unique com-
plexity of human astrocytes (Barbar et al., 2020; Oberheim et al.,,
2009) and thus it is important to study whether the mechanisms un-
derlying rodent brain aging also apply to the human brain.

The senescent state usually requires a coordinated activation
of well-known molecular changes, which identify senescent cells
in vitro and in vivo (Sharpless & Sherr, 2015). Moreover, senescent
cells undergo important morphological changes, including altered
nuclear size and shape (Mehta et al., 2007), as well as reduced levels
of lamin-B1 (Freund et al., 2012).

Lamin-B1, together with the other nuclear lamins, constitute the
major components of the nuclear lamina, where they form a dense
filamentous meshwork essential for maintaining the structural and
functional integrity of the nucleus (de Leeuw et al., 2018). Mutations
in lamin genes cause several devastating human diseases, collec-
tively known as laminopathies, among which are premature aging
syndromes (Schreiber & Kennedy, 2013). Interestingly, nuclear de-
formations and reduced levels of B-type lamins are present in post-
mortem human brain tissue of AD and frontotemporal dementia
(FTD) patients (Frost et al., 2016; Paonessa et al., 2019). Besides,
lamin-B1 loss was found specifically within astrocytes in PD brain
tissue, suggesting the contribution of senescent astrocytes to PD
pathology (Chinta et al., 2018). Still, it remains to be elucidated
whether lamin-B1 levels and nuclear morphology are altered in as-
trocytes during normal brain aging.

Here, we investigated whether lamin-B1 loss and changes in nu-
clear morphology accompany astrocyte senescence in vitro and in
the mouse and human aging brain. Altogether, our findings suggest
that lamin-B1 loss and defective nuclear morphology are hallmarks

of astrocyte senescence in vitro and human hippocampal aging.
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2 | RESULTS

2.1 | Age-related loss of lamin-B1 in the mouse
hippocampus

Loss of lamin-B1 has been described as a senescence-associated
biomarker in some tissues in vivo (Saito et al., 2019; Wang et al.,
2017; Yue et al., 2019), although it remains less known whether this
also applies to the aged brain. To address this question, we first ex-
amined with immunofluorescence the levels of lamin-B1 in the hip-
pocampal dentate gyrus (granular cell layer and molecular layer) of
C57BI/6 mice at 2-3 months and 18-24 months of age. We observed
a steady reduction of more than 75% of lamin-B1 intensity in aged
mice compared with young ones (Figure 1a-g). Interestingly, in young
mice, lamin-B1 intensity was higher at the subgranular zone and in
a few cells of the molecular layer (Figure 1c-c’). In contrast, there

was a widespread decline of lamin-B1 throughout the molecular and

Lamin-B1

Mouse
Dentate gyrus

Mouse
Dentate gyrus

Aging

granular cell layers of the dentate gyrus in aged mice (Figure 1f-f’
and Figure S1).

To further address the subcellular decrease of lamin-B1 in the
aged hippocampus, we evaluated lamin-B1 staining in glial fibril-
lary acidic protein (GFAP)+cells in young and aged mice. While we
found ~65% of lamin-B1+/GFAP+-cells at hippocampal dentate gyrus
of young mice, aged mice showed 25% of lamin-B1+/GFAP+cells
(Figure 1h-n).

In addition, to confirm the acquisition of the senescent pheno-
type by aged astrocytes, we analyzed two well-established markers
of DNA damage signaling and the senescence-associated secretory
phenotype (SASP): p53-binding protein 1 (53BP1) and transforming
growth factor beta 1 (TGF-B1), respectively (Di Micco et al., 2021;
Salminen et al., 2011). We observed an increased colocalization of
53BP1 in total cell nuclei, as well as in GFAP+cells nuclei, in the hip-
pocampal dentate gyrus of old mice (Figure S2a-d). Similarly, densi-
tometric analysis of TGF-f1 staining revealed a five times increase in
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FIGURE 1 Age-related loss of lamin-B1 in the mouse hippocampus. (a-g) Densitometric analysis of lamin-B1 staining in the mouse
hippocampal dentate gyrus, including the molecular layer (ML) and granular cell layer (GCL), revealed a global reduction of lamin-B1 intensity
in aged mice compared with young mice (p = 0.0033). (h-n) Decreased proportion of lamin-B1 + cells in relation to the total number of
GFAP + cells in the dentate gyrus of aged mice compared with young ones (p = 0.0126). Significance was determined using unpaired t test
with Welch's correction. Error bars represent +SEM. Individual data points are plotted and represent individual animals (n = 4 animals per

experimental group). Scale bars, 20 um
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intensity in the molecular layer of the aged dentate gyrus, including

a 3.1 times increase in GFAP-positive cells (Figure S2e-h).

Altogether, these results point to an age-related decline of
lamin-B1 and upregulation of 53BP1 and TGF-p1 in the mouse hip-
pocampal dentate gyrus, partially due to their regulation in astro-
cytes, suggesting the acquisition of the senescent phenotype by
these cells.

2.2 | Senescent astrocytes reveal a distinct
phenotype and impaired neuritogenic and
synaptogenic properties in vitro

To further investigate the molecular and functional changes of aged
astrocytes, we first established a new in vitro model for astrocyte
senescence by culturing mouse cortical astrocytes for 9-10 days in
vitro (DIV, control group) or 30-35 DIV (senescent group) followed
by evaluation of several features of cellular senescence (Figure 2a).
We first analyzed the astrocyte cultures for two classical
senescence-associated biomarkers: SA-B-Gal and the expression of
the tumor suppression protein, p16'NK4a (Sharpless & Sherr, 2015).
Accordingly, we observed increased activity of SA-p-Gal, based on
the optical density of X-Gal staining per experimental condition
(Figure 2b-d). Similarly, the percentage of f-Gal+cells was increased
by 7.6 times in senescent astrocytes cultures (20.7% of B-Gal+cells)
compared with the control group (2.7% of B-Gal+cells) (Figure
S3f-h). Additionally, astrocytes cultured for 30-35 DIV showed in-

creased intensity and expression of p16'NK42

compared with control
astrocytes (Figure 2e-h).

Senescent cells are known to express the SASP, linked to in-
creased secretion of several inflammatory mediators, matrix metal-
loproteinases, and reactive oxygen and nitrogen species (Coppé
et al., 2010). In line with this, we observed an upregulation of matrix
metalloproteinase 3 (MMP3) and IL-6 mRNA in senescent astrocytes
compared with the control group (Figure 2i). Moreover, senescent
astrocytes also showed increased levels of reactive oxygen species
(Figure 2j-1), as well as higher intensity of inducible nitric oxide syn-
thase (iNOS, Figure 2m-o) and extracellular nitrite (NO,"), a stable
metabolite of nitric oxide (NO; Figure 2p). Despite classical fea-
tures of senescent cells, we did not observe evident morphological
changes in astrocytes over time in vitro (Figure S3b-e).

To further investigate the functional implication of the senescent
astrocyte phenotype, we have addressed two known properties of
astrocytes; induction of neuritogenesis and synaptogenesis. To do
that, we cultured neural progenitor cells derived from the cerebral
cortex of mouse embryos (E14-15) in the presence of astrocyte
conditioned medium (ACM) from control or senescent cultures for
48 h (Figure 3a). The number of primary neurites per cell in each
experimental condition was quantified based on immunostaining
for p-Tubulin 1ll. As expected, ACM from control cultures (ACM-
Control) induced neuritogenesis, as shown by the increased number
of neurites per cell, compared with Dulbecco's minimum essential

medium (DMEM; vehicle). Conversely, ACM from senescent cultures

(ACM-Senescent) failed to increase neuritogenesis compared to
ACM-Control (Figure 3b-e).

Additionally, we treated mature neuronal cultures (12 DIV) with
the ACM-Control or ACM-Senescent for 3 h, followed by the anal-
ysis of synaptic density, which was based on the immunostaining
for pre- (synaptophysin) and post-synaptic (spinophilin) proteins.
As previously shown by our group and others, the ACM-Control in-
duces synapse formation in vitro through astrocytes’ secretion of
synaptogenic factors. In contrast, the ACM-Senescent did not in-
crease synapse formation (in comparison with DMEM), indicating
that senescent astrocytes present impaired synaptogenic capacity
(Figure 3f-i).

Taken together, these results indicate first, that mouse astro-
cytes cultured for 30-35 DIV recapitulate key features of the se-
nescent phenotype, and validate their use as an alternative in vitro
model for astrocyte senescence. In addition, these results point to a
senescence-associated impairment in the neuritogenic and synapto-
genic properties of astrocytes.

2.3 | Nuclear deformations are associated with
lamin-B1 loss in cultured senescent astrocytes

Lamin-B1 downregulation has been described as a senescence-
associated biomarker in different in vitro models for cellular senes-
cence, including in replicative, oncogene, and DNA damage-induced
senescence models (Freund et al.,, 2012; Limbad et al., 2020).
However, less is known about the regulation of lamin-B1 in aged glial
cell cultures.

We thus sought to investigate lamin-B1 as an aging biomarker of
astrocytes as suggested by hippocampal mouse data by analyzing its
levels in control and senescent astrocyte cultures. Immunostaining,
Western blotting, and quantitative RT-PCR (qPCR) assays revealed
a robust reduction in lamin-B1 intensity (Figure 4a-c), protein level
(Figure 4d), and expression (Figure 4e), of approximately 50%, 30%,
and 40%, respectively, in senescent astrocytes compared with con-
trol cultures.

It has been shown that lamin concentration within the nucleus is
essential in regulating nuclear lamina assembly and, therefore, main-
taining nuclear structure and function (Guo et al., 2014; Paonessa
et al., 2019). In this sense, we investigated the impact of lamin-B1
downregulation in astrocyte nuclear morphology.

We first

lamin-B1 staining, which has a maximum value of 1 and diminishes

analyzed the nuclear circularity based on
as the nuclear shape becomes increasingly convoluted. We ob-
served a significant reduction in nuclear circularity in senescent
astrocytes compared with control ones (Figure 4f-j), which had a
positive correlation with the reduced intensity of lamin-B1 in se-
nescent cells (Figure 4k).

We next asked whether alterations of the nuclear circularity
could be associated with other types of nuclear lamina abnormali-
ties. To do so, we initially performed three-dimensional reconstruc-

tion of lamin-B1+ nuclei of astrocytes, based on z-stack fluorescence
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FIGURE 2 Characterization of a new in vitro model for astrocyte senescence. (a) Primary murine astrocyte cultures were maintained
for 9-10 DIV (control group) or 30-35 DIV (senescent group) and analyzed for several senescence-associated biomarkers. (b-d) Astrocytes
cultured for 30-35 DIV showed increased SA-p-galactosidase activity compared with control cultures (p = 0.0481). (e-g) Higher
immunostaining for p16™NK4? in senescent astrocytes compared with control cultures (p = 0.0459). (h) Senescent astrocytes showed
increased expression of p16'NK42 (p = 0.0471). (i) Expression levels of MMP3 and IL-6 were increased in senescent astrocyte cultures
compared with control ones (p = 0.0267 and p = 0.0142, respectively). (j-I) Increased intensity of DHE labeling (level of ROS) in senescent
astrocytes compared with control cultures (p = 0.0467). (m-0) Higher immunostaining for iNOS in senescent astrocytes (p = 0.0311).

(p) Nitrite production was elevated in senescent astrocytes (p = 0.0100). Significance was determined using unpaired t test. Error bars
represent +SEM. Individual data points are plotted and represent individual cultures (n = 3-6 cultures per experimental group). Scale bars,
50 um in (c) and 20 pm in (f), (k), and (n)

microscopy, to classify the types of nuclear deformations present in from the nuclear lamina (Figure S4b; Video S2); and aberration,
control and senescent astrocyte cultures. The nuclear morphological when nuclei presented a combination of more than one invagination,
classification was divided into three types: invagination, when nu- evagination or additional nuclear abnormalities (Figure S4c; Video
clei showed one clear lamin-B1 invagination (Figure S4a; Video S1); S3). Regular nuclei were considered those without any of these

evagination, when nuclei exhibited one clear lamin-B1 protrusion deformations.
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FIGURE 3 Senescent astrocytes present impaired neuritogenic and synaptogenic properties in vitro. (a) Neural progenitor cell cultures
were maintained in DMEM (vehicle), ACM-Control, or ACM-Senescent for 2 DIV. (b-d) The number of primary neurites per cell was
quantified based on B-Tubulin Il immunostaining. () Neural progenitor cells treated with ACM-Control showed increased number of neurites
compared with those treated with DMEM (p = 0.0097). In contrast, neural progenitors treated with ACM-Senescent exhibited reduced
neurite number compared with ACM-Control (p = 0.0044). (a, f-h) Mature neurons (12 DIV) were treated with DMEM, ACM-Control, or
ACM-Senescent for 3 h, and the number of synapses was quantified based on synaptophysin/spinophilin colocalization puncta. (i) Neurons
treated with ACM-Control showed increased percentage of colocalized puncta compared with those treated with DMEM (p = 0.0083).
Conversely, ACM-Senescent reduced the number of synapses compared with ACM-Control (0.0010). Significance was determined using
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Therefore, in order to optimize the analysis, we used conventional
fluorescence microscopy to image and quantify the number of nu-
clear deformations in control and senescent astrocyte cultures. We
observed a reduced proportion of regular nuclei in senescent astro-
cyte cultures compared with control astrocytes (Figure 4l-n). This
was mainly due to the increased incidence of nuclear invaginations in
these cells (Figure 4l-n). The proportion of nuclear evaginations and
aberrations was similar between control and senescent astrocytes
(Figure 4l-n). Interestingly, the incidence of nuclear invaginations neg-
atively correlated with lamin-B1 intensity in astrocytes (Figure 40).

Together, these results corroborate previous reports on the
lamin-B1 decline in cellular senescence models and provide a new

hallmark for astrocyte senescence. Moreover, they strongly indicate

that this process is associated with defects in nuclear morphology,
represented by nuclear invaginations and reduced nuclear circular-

ity, which correlate with reduced levels of lamin-B1 in astrocytes.

2.4 | Lamin-B1 reduction in the human dentate
gyrus upon aging

Whether the mechanisms underlying rodent brain aging apply to the
human brain is still a matter of investigation. Thus, we further evalu-
ated whether lamin-B1 downregulation also occurs in the human
brain during normal aging. To do so, we gathered post-mortem

human hippocampal tissue from two independent brain banks, both
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composed of non-demented controls separated into two age groups: granular cell layer of the hippocampal dentate gyrus in the elderly
middle-aged and elderly donors. Clinic-pathological information of all compared with middle-aged donors (Figure 5). It is noteworthy that
donors is present in Table S1. this hippocampal layer is mainly composed of granule neuron cells,

Densitometric analysis of lamin-B1 immunostaining revealed an and at its inner boundary reside neural stem/progenitor cells and

overall reduction of approximately 15% in lamin-B1 intensity at the glial cells, especially astrocytes (Casse et al., 2018).
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Recent evidence revealed regional heterogeneity upon aging in
the mouse and human brain (Boisvert et al., 2018; Soreq et al., 2017).
To further investigate lamin-B1 content within the human hippo-
campus, we also analyzed the polymorphic layer, the innermost layer
of the dentate gyrus. Curiously, we did not observe any significant
difference in lamin-B1 intensity between middle-aged and elderly
donors in this region (Figure S5).

Taken together, these results indicate that human aging is ac-
companied by a downregulation of lamin-B1 in the granular cell layer
of the dentate gyrus. Moreover, they also suggest intra-regional het-
erogeneity in lamin-B1 regulation within the human hippocampus
during aging.

2.5 | Human hippocampal neural cells, including
astrocytes, undergo nuclear abnormalities upon aging

Recent studies reported that lamin misregulation is associated with
defects in neuronal nuclear morphology in age-related neurodegen-
erative diseases, including FTD and AD (Frost et al., 2016; Paonessa
et al., 2019). However, it is still unknown whether these nuclear al-
terations also occur in neural cells during human brain aging.

Thus, we first analyzed the percentage of regular, evaginated, in-
vaginated, and aberrant lamin-B1+ nuclei in the human hippocampal
dentate gyrus from middle-aged and elderly donors. We observed
a reduced proportion of regular nuclei at the hippocampal granular
cell layer in elderly donors in comparison with middle-aged cases
(Figure 6a-c), which was due to increased incidence of nuclear invag-
inations and aberrations (Figure 6a-c), accounting for a higher pro-
portion of the total nuclear deformations in the elderly hippocampus
compared with middle-aged cases (Figure 6d). We did not observe
differences in the percentage of nuclear evaginations between
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middle-aged and elderly cases at the granular cell layer (Figure 6a-c).
Therefore, these results indicate that neural cells, especially granule
cells of the dentate gyrus, undergo nuclear invaginations, and aber-
rations upon human aging.

Human astrocytes have several distinct features from their ro-
dent counterparts including morphological, molecular, and func-
tional properties (Barbar et al., 2020; Oberheim et al., 2009). We
then asked whether nuclear abnormalities were also evident in the
aged human astrocytes.

As we previously observed, cultured senescent astrocytes pre-
sented reduced levels of lamin-B1, which correlated with increased
nuclear deformation and decreased nuclear circularity in these
cells. Thus, to validate this data, we investigated the nuclear cir-
cularity of astrocytes of the granular cell layer from middle-aged
and elderly cases. To do so, we used the Hoechst or DAPI nuclear
staining, which provided a brighter signal of the nuclei boundaries
of GFAP+ astrocytes in post-mortem human tissue. We observed
a significant reduction of nuclear circularity in GFAP+ astrocytes
from elderly donors compared with middle-aged ones (Figure 6e-
g). Additionally, considering the total number of nuclei analyzed at
the granular cell layer, we also reported a global reduction of nu-
clear circularity in elderly donors in comparison with middle-aged
donors (Figure 6h).

Since we found age-dependent intra-regional variations in
lamin-B1 content between the granular cell layer and the poly-
morphic layer of the human hippocampus, we asked whether
these differences may impact the nuclear morphology of the
cells from these two regions during aging. To do so, we ana-
lyzed the nuclear morphology at the polymorphic layer based on
lamin-B1 staining. Interestingly, we did not observe any signifi-
cant differences in the proportion of invaginated, evaginated, or

aberrant nuclei between middle-aged and elderly cases (Figure
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FIGURE 5 Lamin-B1 reduction in the human dentate gyrus upon aging. (a-g) Densitometric analysis of lamin-B1 staining at the
hippocampal granular cell layer from post-mortem human tissue revealed an overall reduction of lamin-B1 intensity in elderly cases
compared with middle-aged ones (p = 0.0308). n = 16 and 13 individuals for middle-aged and elderly groups, respectively. Scale bars, 20 um.
Significance was determined using unpaired t test with Welch's correction. Error bars represent +SEM. Individual data points are plotted and
represent individual donors
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FIGURE 6 Neural cells, including astrocytes, from the granular cell layer of the human hippocampus undergo nuclear abnormalities
upon aging. (a, b) Distinct nuclear morphological profiles were evaluated, such as regular (1), evagination (2), invagination (3), and aberration
(4) at the hippocampal granular cell layer in post-mortem human tissue from middle-aged and elderly donors based on lamin-B1 staining.
Scale bars, 20 um in (b) and (b'); 10 um in (4). (c) Elderly donors exhibited a higher incidence of invaginated (p = 0.0494) and aberrant nuclei
(p = 0.0243), resulting in a decreased proportion of regular nuclei (p = 0.0102), compared with the middle-aged group. n = 16 and 14
individuals for middle-aged and elderly groups, respectively. (d) Elderly donors showed an increased proportion of total nuclear deformations
(ie, evagination + invagination + aberration) (p = 0.0119). n = 16 and 14 individuals for middle-aged and elderly groups, respectively. (e-g)
Nuclear circularity was quantified based on Hoechst or DAPI staining in post-mortem human tissue from middle-aged (e-e’) and elderly
donors (f-f'). Elderly donors presented a reduced nuclear circularity based on the number of GFAP+cells (g; p = 0.0243; n = 12 individuals
for both age groups) and on the total number of cells (h; p < 0.0001; n = 15 and 13 individuals for middle-aged and elderly groups,
respectively). Scale bars, 20 um in (f) and 10 um in (f'). Significance was determined using unpaired t test with Welch's correction. Error bars
represent + SEM. Individual data points are plotted and represent individual donors

Séa-d). Moreover, in contrast to astrocytes from the granular cell
layer, we did not observe a significant reduction of nuclear circu-
larity in GFAP+ astrocytes, nor in the total cells analyzed in the
polymorphic layer in elderly donors compared with middle-aged
ones (Figure Sé6e-h).

Taken together, we conclude that human aging is associated with
defects in the nuclear morphology of neural cells, including astro-
cytes, and reduction of the levels of lamin-B1. Those features are
heterogeneously distributed in the aging hippocampus. Our data
point to a new cellular and molecular marker to the human physi-
ological brain aging and support the emerging concept of regional

heterogeneity upon aging.

3 | DISCUSSION

In the current study, we have identified that lamin-B1 loss and
changes in nuclear morphology are hallmarks of astrocyte senes-
cence in vitro and of neural cells, including astrocytes, in the aging
mouse and human hippocampus. By using an in vitro model for
astrocyte senescence, we observed that these cells undergo nu-
clear invaginations and changes in nuclear circularity, which were
associated with the loss of lamin-B1. In agreement, these features
were also observed in hippocampal astrocytes and granule cells in
aged mice and post-mortem human hippocampal tissue from non-

demented elderly. In addition, we described that mouse senescent
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astrocytes lose their neuritogenic and synaptogenic potential in

vitro. Together, our data indicate that astrocytes undergo morpho-
logical, molecular, and functional changes during aging and suggest
that they may be important targets in understanding the basic mech-
anisms underlying human hippocampal aging as well as in identifying
new age-associated biomarkers.

The hippocampus is critical for cognitive functions and is one of
the most vulnerable brain regions to aging and implicated in age-
related cognitive decline (Small et al., 2011). Moreover, emerging
evidence has pointed to a differential vulnerability of hippocampal
subfields in aging and neurodegenerative diseases (Fu et al., 2018;
Morrison & Baxter, 2012; Roussarie et al., 2020), being the dentate
gyrus particularly affected during normal aging (Morrison & Baxter,
2012; Nadal et al., 2020). Although most of these studies have fo-
cused on neuronal populations, recent findings have suggested that
major changes in the gene expression profile of glial cells, especially
astrocytes, might predict and/or impact the selective vulnerability
of brain regions to aging-associated cognitive decline (Boisvert et al.,
2018; Clarke et al., 2018; Soreq et al., 2017). Nevertheless, the con-
tribution of astrocyte senescence to aging is far less studied.

The characterization of senescence-associated biomarkers is an
important and first step toward understanding the mechanisms un-
derlying senescence itself and its role in the context of aging and age-
related diseases. Emerging evidence shows that the loss of lamin-B1
is an important senescence-associated biomarker in several murine
and human cell cultures/lines (Freund et al., 2012) and aging tis-
sues, including in photoaged skin (Wang et al., 2017), thymus (Yue
et al., 2019), lung (Saito et al., 2019), kidney, and liver (Yousefzadeh
et al., 2020). However, relatively less is known about the potential
role of lamin-B1 in brain senescence. Here, we demonstrated that
lamin-B1 loss is also a hallmark of astrocyte senescence in vitro and
described for the first time that its reduction also occurs in hippo-
campal astrocytes from aged mice, as well as in the hippocampal
dentate gyrus from elderly humans. In addition, we reported an
overall increase of 53BP1 and TGF-p1 levels in the mouse dentate
gyrus, prominently in astrocytes. 53BP1 is one of the mediators of
DNA damage checkpoint in response to DNA double-strand breaks
(Di Micco et al., 2021). Therefore, it is usually upregulated in aging
and cellular senescence models, including in senescent astrocytes in-
duced by ionizing radiation (Turnquist et al., 2019), by the herbicide
paraquat (Chinta et al., 2018) and H,0O, treatment (Shang et al., 2020).
On the other hand, TGF-f1 is increased with aging and is considered
a SASP inducer molecule that can trigger the senescence pheno-
type in neighboring cells through paracrine signaling (Munoz-Espin
& Serrano, 2014; Tominaga & Suzuki, 2019). Thus, our data indicate
that the loss of lamin-B1 is accompanied by the acquisition of the
senescent phenotype by mouse hippocampal astrocytes upon aging.

We first reported a global reduction of lamin-B1 in the hippocam-
pal dentate gyrus from aged mice, which was partially due to a de-
creased proportion of hippocampal astrocytes expressing lamin-B1
in this age group. In agreement with our data, a recent study showed
age-dependent downregulation of lamin-B1 in adult neural stem/
progenitors cells in the mouse hippocampus, which underlies stem

cell aging and negatively impacted adult neurogenesis (Bedrosian
etal., 2020). Conversely, restoration of lamin-B1 expression was suf-
ficient to enhance progenitors cells proliferation and neurogenesis in
the aged hippocampus (bin Imtiaz et al., 2021).

To further investigate lamin-B1 level in astrocytes, we took ad-
vantage of an alternative long-term cell culture model for astrocyte
senescence. Astrocytes cultured for 30-35 DIV recapitulated key
features of the senescent phenotype, including increased SA-p-Gal

activity and p16'Nk42

expression, high expression of MMP3, IL-6, and
reactive oxygen and nitrogen species, characteristics of SASP. These
results corroborate other models previously described to study
glial senescence (Bellaver et al., 2017; Bigagli et al., 2016; Pertusa
et al., 2007; Souza et al., 2015) and reproduce several glial changes
observed in the aging brain, including increased expression of p21,
oxidative/nitrosative stress as well as an inflammatory phenotype
(Bellaver et al., 2017). Accordingly, astrocytes acutely isolated from
the cerebral cortex of aged mice showed a distinct gene expression
signature, including an increased inflammatory phenotype (Orre
et al., 2014).

It is well-known that astrocytes play several homeostatic func-
tions in the CNS, such as modulating neuronal morphogenesis, syn-
apse formation, and function (Verkhratsky & Nedergaard, 2018).
These actions can be triggered by the secretion of neurotrophic and
synaptogenic factors, as described by our group and others (Baldwin
& Eroglu, 2017; Matias et al., 2019). However, so far, little is known
about the functional profile of astrocytes during normal brain aging.
Interestingly, hippocampal neurons co-cultured with aged astro-
cytes showed a decreased excitatory synaptic transmission, due to
a reduced pool of readily releasable synaptic vesicles, although the
number of synapses was unchanged (Kawano et al., 2012). In our
study, we provide the first evidence that senescent astrocytes have
impaired neuritogenic and synaptogenic capacity. Neural progeni-
tor cells or mature neurons treated with ACM from senescent as-
trocytes displayed fewer neurites and synapses, respectively. These
results indicate that the content of astrocyte secreted molecules
changes upon senescence, suggesting the involvement of these cells
in age-related synaptic decline.

Together, these results strongly support the use of long-term cell
culture as an in vitro model to investigate the phenotype and func-
tion of glial cell senescence. In addition, as shown in the murine hip-
pocampus, we reported reduced levels and expression of lamin-B1
in senescent cultured astrocytes associated with nuclear membrane
malformations.

Human astrocytes are distinct from their murine counterparts,
morphologically as well as molecularly, pharmacologically, and
functionally (Barbar et al., 2020; Oberheim et al., 2009). Limited
availability to human post-mortem samples has deeply hampered
our understanding of brain aging at the cellular and molecular lev-
els. Whether the mechanisms underlying rodent brain aging apply
to the human brain is still a matter of investigation. Here, we took
the advantage of analyzing post-mortem human tissue from non-
demented elderly and middle-aged donors. We observed reduced
intensity of lamin-B1 in hippocampal cells at the granular cell layer
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from non-demented elderly donors. This was followed by increased
nuclear deformations and a global reduction of nuclear circular-
ity in the elderly hippocampus compared with middle-aged cases.
Similarly to senescent mouse astrocytes in vitro, we observed a
significant reduction of nuclear circularity in GFAP+ astrocytes
from elderly donors, suggesting that alteration in nuclear proper-
ties might be a conserved characteristic of mice and human astro-
cyte aging. In agreement with our results, a recent in vitro study
using X-irradiation induced senescent human astrocytes showed a
downregulation of the lamin-B1 gene in these cells, together with
higher expression of other classical senescent-associated biomark-
ers (Limbad et al., 2020).

Curiously, when analyzing lamin-B1 intensity at the polymorphic
layer, we did not see a clear reduction of its content, suggesting a
region-dependent aging regulation of lamin-B1 levels within the
human hippocampus. Recently, it has been shown organ-specific
(Schaum et al., 2020) and regional-specific (Boisvert et al., 2018;
Pestana et al., 2020; Soreq et al., 2017) molecular signatures during
aging. However, whether this intra-regional difference is a predictor
of selective vulnerability of the granular cell layer during aging is still
unknown.

Taken together, these findings strengthen the hypothesis that
lamin-B1 loss, in specific brain areas, is a hallmark associated with
cellular senescence, including in astrocytes, in mouse and human
hippocampal aging. Although a direct link between lamin-B1 loss
with changes in astrocyte phenotype and function has yet to be in-
vestigated, lamin-B1 downregulation has been recognized as a key
step for the progression of full cellular senescence in other cell types
and tissues (Freund et al., 2012; Saito et al., 2019; Shimi et al., 2011),
which can, in turn, contribute to tissue degeneration in aging and
induce pathological conditions (Saito et al., 2019; Yue et al., 2019).
However, whether the lamin-B1 loss is a consequence of the senes-
cent phenotype or a trigger of astrocyte senescence remains to be
investigated.

Lamin-B1 is a component of the nuclear lamina and is required
for proper organogenesis, cell proliferation, self-maintenance,
chromatin structure, nuclear integrity, and gene expression (Ho &
Lammerding, 2012). Misregulation of nuclear lamins and abnormal-
ities of the nuclear shape have been widely reported in laminopa-
thies, including premature aging syndromes (Schreiber & Kennedy,
2013), and more recently in in vivo models for age-related neurode-
generative diseases. Reduction in lamin-B protein levels and nuclear
invaginations have been shown in Tau-transgenic Drosophila brains,
as well as in AD human brains, events associated with an aberrant
cytoskeleton-nucleoskeleton coupling and neuronal death (Frost
et al., 2016). Here, we report increased nuclear invagination and
abnormal nuclear circularity in senescent astrocytes in vitro and in
human aged brain. Likewise, a higher incidence of nuclear lamina
invaginations is present in FTD human brain tissue and FTD iPSC-
derived neurons, resulting in disrupted neuronal nucleocytoplasmic
transport in vitro (Paonessa et al., 2019).

Astrocyte dysfunctions have been strongly implicated in the
pathogenesis of several age-related diseases, although astrocyte
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senescence has only recently been fully addressed (Bussian et al.,
2018; Chinta et al., 2018; Cohen & Torres, 2019). Recently, it has

been shown that senescent astrocytes of PD patients were lamin-B1

deficient, while non-astrocytic neighboring cells retained basal levels
of lamin-B1, suggesting that astrocytes may preferentially undergo
senescence in PD brain tissue (Chinta et al., 2018). In this sense, this
and other studies have shown that depletion of senescent cells, in-
cluding senescent glial cells, mitigates PD pathology (Chinta et al.,
2018), prevents tau-dependent pathology (Bussian et al., 2018), and
cognitive deficits in AD mouse models (Zhang et al., 2019).

The fact that loss of lamin-B1 has been reported in age-related
neurodegenerative diseases (Chinta et al., 2018; Frost et al., 2016;
Paonessa et al., 2019) suggests that this feature may represent an
early sign of age-associated brain pathology. Our study demon-
strated that lamin-B1 downregulation and nuclear deformations
are present in astrocytes (and other neural cells) from post-mortem
human tissues from elderly donors, suggesting that astrocytes may
play an important role in the mechanisms underlying brain aging.

4 | EXPERIMENTAL PROCEDURES

4.1 | Animals

Newborn (P0O) Swiss mice were used for astrocytes cultures. For
in vivo experiments, we used male C57BI/6 mice divided into two
age groups: 2-3 months old (young group) and 18-24 months old
(aged group). All animals were housed at standard conditions with
ad libitum access to food and water. Animal handling and experi-
mental procedures were previously approved by the Animal Use
Ethics Committee of the Federal University of Rio de Janeiro
(CEUA-UFRJ, approval protocol 006/18) and the Central Authority
for Scientific Experiments on Animals of the Netherlands (CCD, ap-
proval protocol AVD115002016659). Experiments were performed
according to Brazilian Guidelines on Care and Use of Animals for
Scientific and Teaching Purposes (DBCA) and the Directive of the
European Parliament and of the Council of the European Union of
22 September 2010 (2010/63/EU).

4.2 | Human post-mortem brain material

Human post-mortem brain material was obtained from two
brain banks to increase representation and statistical power: the
Netherlands Brain Bank, Amsterdam (www.brainbank.nl) (NBB) and
the Brain Bank of the Brazilian Aging Brain Study Group, University
of Sdo Paulo Medical School (http://en.gerolab.com.br/) (BBBABSG).
A written informed consent for a brain autopsy and the use of the
material and clinical information for research purposes had been
obtained by the NBB (project number 1073) and BBBABSG (CAAE
number: 30038520.0.0000.5257, approval number 3.986.070). We
obtained paraffin-embedded tissue of the hippocampal area from
both brain banks. A total of 30 donors were classified into two age
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groups: middle-aged (ranged from 50 to 60 years, n = 16) and el-

derly (ranged from 76 to 93 years, n = 14). Only non-demented con-
trols were included in the analysis, based on the medical history and
pathological scoring. Clinico-pathological information of all donors
is present in Table S1.

4.3 | Control and senescent astrocyte cultures
Primary cortical astrocyte cultures were derived from newborn
Swiss mice as previously described (Matias et al., 2017), and the
protocol for senescent astrocyte cultures was adapted from Bigagli
et al. (2016). Briefly, cerebral cortices were removed, and the menin-
ges were carefully stripped off. Tissues were maintained in DMEM
and nutrient mixture F12 (DMEM/F12, Invitrogen), supplemented
with 10% fetal bovine serum (FBS, Invitrogen). Cultures were in-
cubated at 37°C in a humidified 5% CO,, 95% air chamber for ap-
proximately 7 DIV until confluence. Cultures were separated into
two experimental groups: control and senescent astrocyte cultures.
After confluence, control astrocyte cultures were treated with cy-
tosine arabinoside (Ara C 10 uM, Sigma) in DMEM/F12 with 10%
FBS for 48 h, washed and maintained in DMEM/F12 without FBS
for additional 24 h until fixation or protein extraction. In contrast,
after the treatment with Ara C, senescent astrocyte cultures were
washed and maintained in DMEM/F12 supplemented with 10% FBS
for 30-35 DIV, with medium exchange every 2 days. Twenty-four
hours before fixation or protein extraction, senescent astrocyte cul-
tures were incubated in DMEM/F12 without FBS.

4.4 | Astrocyte-conditioned medium

Control and senescent astrocyte cultures were washed three times
to eliminate residual serum and maintained in DMEM/F12 serum-
free medium for 24 h. Then, the Astrocyte-conditioned medium
(ACM) was collected, centrifuged at 1000 x g x 10 min to remove
cellular debris, and used immediately or stored in aliquots at -80°C

for further use.

4.5 | Neuronal culture and treatments

Neuronal cortical cultures were prepared as described previously by
our group (Matias et al., 2017). Briefly, the cerebral cortices of em-
bryonic day 14-15 Swiss mice were removed, meninges were care-
fully removed, neural tissue was dissociated in Neurobasal medium
(Invitrogen), and the cells were plated at a density of 75,000 per
well of 13 mm diameter onto glass coverslips previously coated with
poly-L-lysine (10 ug/ml, Sigma). Cultures were maintained in ACM
or Neurobasal medium supplemented with B-27, penicillin, strepto-
mycin, fungizone, L-glutamine, and cytosine arabinoside (0.65 uM,
Sigma), at 37°C in a humidified 5% CO,, 95% air atmosphere for
2DIV or 12 DIV, respectively. To investigate the effect of the ACM

on neurite formation, neuronal cultures were incubated with DMEM,
ACM-Control, or ACM-Senescent for 2 DIV, followed by fixation and
immunostaining for B-Tubulin Ill. To analyze the effect of the ACM
on synapse formation, mature neuronal cultures (12 DIV) were in-
cubated with DMEM, ACM-Control, or ACM-Senescent for 3 h, fol-
lowed by fixation and immunostaining for pre- and post-synaptic
markers.

4.6 | Immunocytochemistry of astrocyte and
neuronal cultures

Astrocyte and neuronal cultures were fixed with 4% PFA in
phosphate-buffered saline (PBS; pH 7.4) for 15 min and nonspecific
sites were blocked with 3% bovine serum albumin (BSA; Sigma-
Aldrich), 5% normal goat serum (Sigma-Aldrich) and 0.2% Triton
X-100 diluted in PBS for 1 h, before incubation with the following
antibodies: rabbit anti-GFAP (1:1000; DAKO Cytomation), rab-
bit anti-lamin-B1 (1:1000; Abcam), rabbit anti-p16INK4a (1:100;
Proteintech), rabbit anti-iNOS (1:100; Abcam), rabbit anti-Spinophilin
(1:500; Abcam), or mouse anti-Synaptophysin (1:1000; Millipore) at
4°C overnight. Subsequently, the cells were thoroughly washed with
PBS and incubated with secondary antibodies at room temperature
(RT) for 2 h. Secondary antibodies were Alexa Fluor 546-conjugated
goat anti-rabbit 1gG or goat anti-mouse IgG (1:1000; Invitrogen),
or Alexa Fluor 488-conjugated goat anti-rabbit IgG or goat anti-
mouse 1gG (1:300; Invitrogen). Nuclei were counterstained with
DAPI (Sigma-Aldrich), and cells were observed with a TE2000 Nikon
microscope.

4.7 | Immunohistochemistry of mouse brain tissue

The animals were euthanized by i.p. injection of a lethal dose of sodium
pentobarbital (Euthanimal; Alfasan BV, Woerden, The Netherlands) and
then transcardially perfused with PBS. Brains were removed and fixed
with paraformaldehyde 4% at 4°C for 24 h, then kept in PBS at 4°C.
Forty-um thick sagittal sections were obtained using vibratome (Leica)
and subjected to immunohistochemistry. Sections were incubated with
blocking buffer composed of 5% normal donkey serum (NDS, Sigma-
Aldrich) or 5% normal goat serum (NGS, Sigma-Aldrich), 2% BSA (Sigma-
Aldrich), 1% Triton X-100 diluted in PBS for 1 h, before incubation
with the following primary antibodies: rabbit anti-lamin-B1 (1:1000;
Abcam), mouse anti-GFAP (1:1000; Sigma-Aldrich), mouse anti-GFAP
(1:1000; Millipore), rabbit anti-GFAP (1:1000; DakoCytomation),
mouse anti-TGF-p1 (1:1000; Abcam), or rabbit anti-53BP1 (1:300;
Novus Biologicals) at 4°C for 24 h. The slices were then washed with
PBS and incubated with secondary antibodies at RT for 2 h. Secondary
antibodies were Alexa Fluor 488-conjugated donkey anti-rabbit 1gG
(1:1400; Jackson Immuno Research Inc.), Cy3-conjugated donkey
anti-mouse IgG (1:1400; Jackson Immuno Research Inc.), Alexa Fluor
594-conjugated goat anti-mouse IgG (1:1000; Molecular Probes), Alexa
Fluor 594-conjugated goat anti-rabbit 1gG (1:1000; Molecular Probes),
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Alexa Fluor 488-conjugated goat anti-rabbit IgG (1:300; Molecular
Probes), or Alexa Fluor 488-conjugated goat anti-mouse 1gG (1:300;
Molecular Probes). Nuclei were counterstained with Hoechst 33528
(1:1000; Thermo Fisher Scientific) and coverslips were mounted in
Mowiol (0.1 M Tris, pH 8.5, 25% glycerol, 10% w/v Mowiol 4-88
[Sigma-Aldrich]) or mounting medium (DakoCytomation). Sections were

imaged on a confocal microscope Zeiss LSM 880 or Leica TCS SPE.

4.8 | Immunohistochemistry of human paraffin-
embedded hippocampal tissue

Immunohistochemistry of human paraffin-embedded tissue was
done according to a modified protocol (van Strien et al., 2014).
Paraffin sections (7 um thick) were deparaffinized, rehydrated, and
washed in distilled water, followed by PBS/0.05% Tween 20 for
30 min. Hereafter, sections were incubated with PBS/0.3% hydrogen
peroxide for 10 min, followed by antigen retrieval through exposure
heating in a steamer in citrate buffer (10 mM citric acid, 0.05% Tween
20, pH 6.0; 98°C) for 20 min. After cooling down to RT, nonspecific
sites were blocked with 5% NDS (Sigma-Aldrich) or 5% normal goat
serum (NGS, Sigma-Aldrich), 2% BSA (Sigma-Aldrich), 0.1% Triton
X-100 diluted in PBS for 1 h, before incubation with the following
primary antibodies: rabbit anti-lamin-B1 (1:1000; Abcam), mouse
anti-GFAP (1:1000; Sigma-Aldrich), or mouse anti-GFAP (1:1000;
Millipore) at 4°C overnight. The sections were then washed in PBS
and incubated with secondary antibodies at RT for 2 h. Secondary
antibodies were Alexa Fluor 488-conjugated donkey anti-rabbit IgG
(1:1400; Jackson Immuno Research Inc.) Cy3-conjugated donkey
anti-mouse IgG (1:1400; Jackson Immuno Research Inc.), Alexa Fluor
594-conjugated goat anti-mouse IgG (1:1000; Molecular Probes), or
Alexa Fluor 488-conjugated goat anti-rabbit IgG (1:300; Molecular
Probes). Next, sections were washed in PBS and incubated in
Sudan Black solution (0.3% Sudan Black in 70% ethanol) for 7 min
to quench autofluorescence, and then washed in 70% ethanol for
1 min, followed by an additional wash in PBS. Nuclei were counter-
stained with Hoechst 33528 or DAPI, and coverslips were mounted
in Mowiol (Sigma-Aldrich) or mounting medium (DakoCytomation).
Sections were imaged on a confocal microscope (Zeiss LSM 880 or
Leica TCS SPE).

4.9 | SA-p-Galactosidase activity

The SA-B-Galactosidase (SA-p-Gal) activity was performed with the
SA-B-Gal staining kit (Cell Signaling) according to the manufactur-
er's instructions. Briefly, control and senescent astrocyte cultures
were incubated with the fixative solution at RT for 15 min, washed
with PBS, and incubated with the p-galactosidase staining solution
at 37°C in a dry incubator overnight. Subsequently, the SA-p-Gal
staining was quantified under a TE2000 Nikon microscope. The op-
tical density of the X-Gal color was determined with the Threshold
color plugin from Image J software (NIH), which converts the blue
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color to grayscale. The optical density of each field was normalized
by the number of cells labeled by DAPI. This method of quantify-

ing chromogen-developed images has been previously described

(Figueiredo et al., 2013). Complementarily, the number of p-Gal
positive cells was quantified and normalized by the number of cells
labeled by DAPI per field.

410 | Reactive oxygen species measurement
Dihydroethidium (DHE; Invitrogen) was freshly prepared before
each experiment. Control and senescent astrocytes cultures were
loaded with DHE at a final concentration of 10 uM for 40 min, and
cells were immediately imaged on a TE2000 Nikon microscope. DHE
intensity was quantified using ImageJ software as previously de-
scribed (Diniz et al., 2017).

4.11 | Nitrite measurement

NO production was determined indirectly through the assay of ni-
trite (NO,), a stable metabolite of NO, according to the Griess reac-
tion (Ding et al., 1998). Briefly, a 50 ul aliquot of control or senescent
ACM was mixed with an equal volume of Griess reagent (0.1% N-[1-
naphthyl] ethylenediamine dihydrochloride, 1% sulfanilamide, and
2.5% phosphoric acid) and incubated at 22°C for 10 min, followed by
the absorbance measurement at 540 nm. Based on a standard curve
of NaNO, (Sigma-Aldrich) ranging from 0 to 100 uM, nitrite concen-
tration was calculated. Background NO,” was subtracted from each

experimental value.

412 | Quantitative RT-PCR

The cortical astrocytes were lysed with TRIzol® (Invitrogen), and
total RNA was isolated and purified with Direct-zol™ MiniPrep Plus
(Zymo Research) according to the manufacturer's protocol. The RNA
was quantified using a NanoDrop ND-1000 spectrophotometer
(Thermo Fisher Scientific). The total RNA (1-2 pg) was reverse tran-
scribed with a GoScript™ Reverse Transcriptase cDNA reverse tran-
scription kit according to the manufacturer's instructions (Promega
Corporation, an affiliate of Promega Biotecnologia do Brasil, Ltda).
Primers were designed and synthesized by IDT-DNA. The specific
forward and reverse oligonucleotides were as follows: p16'NK42: (F)
CAG CTC TTC TGC TCA ACT AC, (R) CGC ACG ATG TCT TGA TGT;
MMP3: (F) CTG AAG GAG AGG CTG ACA TA, (R) GAG CAG CAA
CCA GGA ATA G; IL-1B: (F) CAG GCA GGC AGT ATC ACT CA, (R)
TAA TGG GAA CGT CAC ACA CC; IL-6: (F) CAA AGC CAG AGT
CCT TCA GAG, (R) TGG TCC TTA GCC ACT CCT TC; Lamin-B1: (F)
CAA CTG ACCTCATCT GGA AGAAC, (R) TGAAGACTGTGCTTC
TCT GAG C and the reference gene RPLPO: (F) CAG GTG TTT GAC
AAC GGC AGC ATT, (R) ACT CAG TCT CCA CAG ACA ATG CCA.
Quantitative real-time PCR was performed using Fast SYBR Green
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Master Mix gPCR Master Mix (Applied Biosystem™); the cycling
conditions were 95°C for 20 s, and 40 cycles of 95°C for 1 s, 60°C
for 20 s in the Quant Studio 7 Flex System (Applied Biosystem™).

The relative expression levels of the genes were calculated using
the 2-AACT method (Livak & Schmittgen, 2001).

4.13 | Western blotting

Protein concentration in cell extracts was measured by the BCA
Protein Assay Kit (Cole-Parmer). Forty micrograms protein/lane was
electrophoretically separated on a 10% SDS polyacrylamide gel and
electrically transferred onto a Hybond-P PVDF transfer membrane
(Millipore) for 1.5 h. Membranes were blocked in PBS-milk 5% at RT
for 1 h. Next, membranes were incubated in block solution overnight
with the following primary antibodies: rabbit anti-lamin-B1 (1:1000;
Abcam) and mouse anti-GAPDH (1:1000; Abcam). Membranes were
incubated for 1 h with IRDye 680CW goat anti-mouse antibody and
IRDye 800CW goat anti-rabbit antibody (LI-COR, 1:20,000) and then

scanned and analyzed using Un-Scan-It gel version 6.1 (Silk Scientific).

4.14 | Densitometric and colocalization analysis of
mouse tissue

Hippocampal dentate gyrus, comprising the granular cell layer and
the molecular layer was imaged on a confocal microscope (Zeiss
LSM 880 or Leica TCS SPE). Densitometry for the immunohisto-
chemistry images was performed using integrated density values
generated by the Fiji software (NIH) or the mean intensity values
generated by the Leica LAS AF software (Leica Microsystems).
Colocalization analysis for 53BP1/Hoechst and TGF-p1/GFAP
were quantified by the Leica LAS AF software, in which the colo-
calization rate between these two channels was obtained per
image. Conversely, the colocalization rate of 53BP1/Hoechst in
GFAP-positive cells was quantified by randomly selecting GFAP-
positive cells with good delimitation relative to other astrocytes
per image. Densitometric analysis of lamin-B1 and 53BP1 rep-
resents the mean of 2 brain tissue sections per mouse, with 2-3
images per section from 4 to 5 animals per experimental group;
TGF-p1 data represent the mean of 1 brain tissue section per
mouse, with 1-3 images per section from nine animals per experi-

mental group, as indicated in the respective graph and legend.

4.15 | Densitometric analysis of astrocyte cultures

Densitometry for the immunocytochemistry images was performed
using integrated density values generated by the ImagelJ software
(NIH), and normalized by the number of cells per field. At least 10-
15 images were acquired from duplicate coverslips per experimen-
tal condition. In the graphs where the control is set at 100%, each
control culture was paired with its respective senescent culture and

imaged independently from the other cultures. In the other cases
where two or more controls with their respective senescent cul-
tures were imaged together, the control was not set at 100%, since
this condition enables the quantification of the mean of the con-
trols and their standard error of the mean (SEM). For each result,
the exact number of astrocyte cultures per experimental group is
indicated in the graph and legend.

416 | Synaptic puncta analysis

Synapse analysis was performed as previously described (Diniz et al.,
2017). Briefly, neurons were randomly identified and selected if nu-
clei staining (DAPI staining) were, at least, two diameters away from
the neighboring neuronal nucleus. Neuronal cultures were analyzed
by immunostaining for the pre- and post-synaptic markers, synap-
tophysin, and Spinophilin, respectively. The green and red channels
were merged and quantified using the Puncta Analyzer plugin from
ImageJ software (NIH). A number of 10-35 images were analyzed
per experimental condition, and the exact number of neuronal cul-

tures per experimental group is indicated in the graph and legend.

4.17 | Lamin-B1 three-dimensional
reconstruction of senescent astrocytes in vitro

After immunostaining for lamin-B1, astrocytes were observed with a
super-resolution fluorescence microscopy Zeiss Elyra PS.1 followed
by a structured illumination and maximum z-projection process with
ZEN 2011 microscope software (Zeiss, Carl Germany). A 3D recon-
struction in 3dmod (IMOD software) based on z-stack fluorescence
microscopy was performed to classify the types of nuclear deforma-
tions observed in each experimental condition. Thus, we established
three types of nuclear deformations: invaginated, evaginated, and ab-
errant nuclei. Invaginated nuclei showed one clear lamin-B1 invagina-
tion; evaginated nuclei showed one clear lamin-B1 protrusion from the
nuclear lamina; and aberrant nuclei were those with a combination of
more than one invagination, evagination, or additional nuclear abnor-
malities (Figure S2). For nuclear aberration, evagination, and invagina-
tion, 38, 32, 34 slices of one z-stack were used, respectively. Regular
nuclei showed a circular shape without any nuclear deformations.

4.18 | Nuclear deformations and circularity
measurements on astrocyte cultures

Control and senescent astrocyte cultures were immunostained for
lamin-B1, counterstained with DAPI, and images were acquired with
a TE2000 Nikon microscope with a 63x objective. Based on the pre-
vious classification of nuclear deformations through super-resolution
fluorescence microscopy and 3D reconstruction, we quantified the
relative number of nuclear deformations based on the total number
of lamin-B1+ nuclei per image. A total of 3084 cells from nine control
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astrocyte cultures and 4481 cells from 10 senescent astrocyte cul-
tures were analyzed. We also calculated the nuclear circularity per
lamin-B1+ nuclei using the Fiji software and by employing the formula:
circularity = 4x (area/perimeter?). Circularity has a maximum value of 1
and diminishes as the nuclear shape becomes increasingly convoluted
(Zhang et al., 2018). A total of 1231 and 944 lamin-B1+ nuclei, respec-
tively, were analyzed from 7 and 6, control and senescent astrocyte

cultures. Astrocytes cultures were prepared from different litters.

4.19 | Densitometric analysis of human paraffin-
embedded tissue

Human paraffin-embedded hippocampal tissues were immu-
nostained for lamin-B1 and counterstained with Hoechst or DAPI.
The granular cell layer and the polymorphic layer of the hippocam-
pal dentate gyrus were imaged on a confocal microscope (Zeiss LSM
880 or Leica TCS SPE), using the same image parameters for middle-
aged and elderly groups. Densitometry for the immunohistochemis-
try images was performed using the values of integrated density and
nuclear area generated with the Fiji software (NIH). The integrated
density was normalized by the area of lamin-B1 immunostaining.
The values represent the mean of 2-4 independent hippocampal tis-
sue sections per donor. For each result, the exact number of donors
is indicated in the graph and legend.

4.20 | Nuclear deformations and circularity
measurements of human paraffin-embedded tissue

Human paraffin-embedded hippocampal tissues were immu-
nostained for lamin-B1 and GFAP, and counterstained with Hoechst
or DAPI. We used the same parameters described above (for astro-
cyte cultures) to quantify the number of invaginated, evaginated,
and aberrant nuclei based on lamin-B1 staining. The relative number
of nuclear deformations was expressed based on the total number
of lamin-B1+ nuclei per image. Tissue sections were imaged on a
confocal microscope (Zeiss LSM 880 or Leica TCS SPE), using the
same image parameters for middle-aged and elderly groups. Nuclear
circularity was calculated per Hoechst (tissue from the NBB) or
DAPI (tissue from the BBBABSG) labeled nuclei and in GFAP+cells
at the granular cell layer and polymorphic layer from middle-aged
and elderly donors. The total number of cells and nuclei analyzed

for each marker and experimental condition is described in Table S2.

4.21 | Statistical analysis

Statistical analysis was done by Student's t test or one-way ANOVA,
using GraphPad Prism version 8 (GraphPad Software). P-value
<0.05 was considered statistically significant. Error bars represent
the standard error of the mean (SEM). For each result, the exact
number of experiments, animal samples, or human post-mortem
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hippocampal tissue donors are indicated in the graph, legend, and

the respective “Experimental procedures” section.
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