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Abstract

Aging is the main risk factor for Alzheimer’s disease (AD); however, the aspects of the aging process that predispose the
brain to the development of AD are largely unknown. Astrocytes perform a myriad of functions in the central nervous
system to maintain homeostasis and support neuronal function. In vitro, human astrocytes are highly sensitive to oxidative
stress and trigger a senescence program when faced with multiple types of stress. In order to determine whether senescent
astrocytes appear in vivo, brain tissue from aged individuals and patients with AD was examined for the presence of
senescent astrocytes using p16INK4a and matrix metalloproteinase-1 (MMP-1) expression as markers of senescence.
Compared with fetal tissue samples (n= 4), a significant increase in p16INK4a-positive astrocytes was observed in subjects
aged 35 to 50 years (n= 6; P= 0.02) and 78 to 90 years (n= 11; P,1026). In addition, the frontal cortex of AD patients (n= 15)
harbored a significantly greater burden of p16INK4a-positive astrocytes compared with non-AD adult control subjects of
similar ages (n= 25; P= 0.02) and fetal controls (n= 4; P,1027). Consistent with the senescent nature of the p16INK4a-positive
astrocytes, increased metalloproteinase MMP-1 correlated with p16INK4a. In vitro, beta-amyloid 1–42 (Ab1–42) triggered
senescence, driving the expression of p16INK4a and senescence-associated beta-galactosidase. In addition, we found that
senescent astrocytes produce a number of inflammatory cytokines including interleukin-6 (IL-6), which seems to be
regulated by p38MAPK. We propose that an accumulation of p16INK4a-positive senescent astrocytes may link increased age
and increased risk for sporadic AD.
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Introduction

Alzheimer’s disease (AD) is the most common cause of

dementia, accounting for 60–80% of all cases [1]. The disease is

characterized by brain atrophy, extracellular deposition of beta-

amyloid (Ab) peptide, intra-neuronal accumulation of phosphor-

ylated tau, neuronal and synaptic loss, and inflammation. Despite

being the focus of intense research, the cause of AD, especially

sporadic AD, is still unclear. The greatest risk factor for AD is

aging, although the mechanism underlying the contribution of

aging to the development AD is poorly understood.

A recent development in the basic biology of aging, with

possible implications for AD, is the recognition that senescent cells

accumulate in vivo [2–4]. Although senescent cells increase with

age in several tissues [5], little is known about the potential

appearance of senescent cells in the brain. The senescence process

is an irreversible growth arrest that can be triggered by various

events including telomere dysfunction, DNA damage, oxidative

stress, and oncogene activation [6]. Although it was once thought

that senescent cells simply lack function, it is now known that

senescent cells are functionally altered. They secrete cytokines and

proteases that profoundly affect neighboring cells, and may

contribute to age-related declines in organ function [7]. For

example, senescent fibroblasts produce an altered secretory

pattern referred to as the senescence-associated secretory pheno-

type (SASP) [8]. The SASP is characterized by the expression of a

complex mixture of factors including reactive cytokines and

proteases that create a proinflammatory microenvironment. The

relevance of senescent cells to the aging process has been

demonstrated by the phenotypic improvement observed following

the targeted removal of senescent cells in a progeroid mouse model

[9].

Astrocytes comprise a highly abundant population of glial cells,

the function of which is critical for the support of neuronal

homeostasis. Astrocytes regulate the contents of the synaptic cleft

and synaptic transmission as part of the tripartite synapse, control

CNS metabolism, and maintain blood brain barrier integrity

[10,11]. Impairment of these functions through any disturbance in

astrocyte integrity is likely to impact multiple aspects of brain

physiology. Interestingly, astrocytes undergo a functional decline
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with age in vivo that parallels functional declines in vitro [12]. We

demonstrated that in response to oxidative stress and exhaustive

replication, human astrocytes activate a senescence program

accompanied by the expression of p16, p21, p53, 53BP1; G1 cell

cycle arrest; a reduction in telomere length; and increased co-

localization of the histone chaperone HIRA and the promyelocytic

leukemia PML proteins, a requirement for the formation of

senescence-associated heterochromatin foci [13].

The importance of senescent astrocytes in age-related dementia

has been the subject of recent discussion [14], but to date, there is

little evidence to suggest that senescent astrocytes accumulate in

the brain. In this study, we examined brain tissue from aged

individuals and patients with AD to determine whether senescent

astrocytes are present in these individuals. Our results demonstrate

that senescent astrocytes accumulate in aged brain, and further, in

brain from patients with AD. Furthermore, since Ab peptides

induce mitochondrial dysfunction, oxidative stress, and alterations

in the metabolic phenotype of astrocytes [15–17]; we examined

whether Ab peptides initiate the senescence response in these cells.

In vitro, we found that exposure of astrocytes to Ab1–42 triggers

senescence and that senescent astrocytes produce high quantities

of interleukin-6 (IL-6), a cytokine known to be increased in the

CNS of AD patients [18]. Based on this evidence, we propose that

accumulation of senescent astrocytes may be one age-related risk

factor for sporadic AD.

Results

Ab1-42 Peptide Leads to Astrocyte Senescence
The mechanisms of Ab-induced neurotoxicity are not fully

understood; however, recent studies suggest a role for nonfibrillar

soluble oligomers of Ab in the deleterious effects of Ab on synaptic

plasticity and learned behavior [19–22]. Human astrocytes are

highly susceptible to stress and undergo a senescent arrest

following cellular damage [13], and in order to determine whether

a role exists for soluble Ab1–42 in the initiation of senescence in

human astrocytes in vitro, we treated cells with either conditioned

media from Ab-secreting CHO cells or with synthetic oligomer-

ized Ab1–42 peptide and evaluated markers of cellular senescence.

Treatment with either Ab conditioned media or Ab1–42 peptide

induced senescence-associated beta-galactosidase (SA b-gal) activ-

ity (Figures 1A, 1B) and increased expression of the p16INK4a

senescence biomarker (Figure 1C).

Senescent Astrocytes Display Characteristics of
Senescence-associated Secretory Phenotype (SASP) in
vitro

Due to the potential impact of senescent cells on tissue

microenvironment, it is important to characterize the secretory

pattern that is produced during senescence. We examined the

secretory pattern of senescent astrocytes using a protein expression

array. This analysis revealed an elevated production of multiple

inflammatory cytokines by senescent astrocytes. The most

dramatic increase was observed in IL-6 production, which

increased 10-fold. Production of RANTES, IL-8, and ICAM-1

was elevated at least 2-fold relative to pre-senescent astrocytes

(Figure 2). Increased cytokine production was specific to a subset

of cytokines; for example, IL-2, IL-3, and IL-4 showed little to no

induction relative to IL-6. One component of the SASP present in

multiple cell types is IL-6. IL-6 may act in concert with other pro-

inflammatory cytokines to induce local inflammatory responses

including the recruitment of natural killer cells to aid in the

clearance of senescent cells [14]. In addition to its association with

fibroblast senescence [8,23], IL-6 is thought to be a major

mediator of chronic inflammation associated with aging and

aging-related diseases including AD [24–26].

The population of senescent astrocytes increases in
human brain during aging and AD
Having established that Ab can induce senescence in vitro, we

examined brain tissue from patients of differing ages and those

with AD (See Table S1 for patient demographics and clinical

history) for p16INK4a expression. p16INK4a has emerged as a robust

in vivo biomarker of senescence in human and rodent tissues

[27,28]. Frontal cortices of 44 cases (4 fetal and 40 adult) were

screened for p16INK4a-positive astrocytes using double immuno-

fluorescence for p16INK4a and the astrocyte marker GFAP

(Figure 3A). Although the average age at initial presentation of

AD ranges from 68–73 years across different ethnicities, neuro-

pathologic changes characteristic of AD can precede clinical

symptoms by up to twenty years [29,30]. We selected the age

ranges of 35–50 years and 78–90 years (Figure 3B) in order to

compare a group that is least likely to have AD and a group that is

most likely to have AD [31]. Normal adults exhibited a 6- to 8-fold

increase in the number of astrocytes expressing p16INK4a

compared with fetal cortices, suggesting an accumulation of

p16INK4a-positive astrocytes with aging (Figure 3B). This is

consistent with reports indicating similar in vivo increases in

p16INK4a in human aged skin [27], kidney [32], lung [33], and

heart [34]. Frontal cortices from AD patients demonstrated a

significant increase in p16INK4a expression when compared to age-

matched controls (Figure 3C). Overall, there was an increase in

p16INK4a-positive astrocytes from fetal to non-AD adults and from

non-AD to AD adults. This suggests that senescent astrocytes do

accumulate with normal aging, and increase further in the setting

of AD. Cerebellar astrocytes (AD and similar-aged controls) failed

to demonstrate an increase in p16INK4a expression (Figure 4). This

finding is consistent with a diffuse cerebellar amyloid plaque

formation and relative lack of cerebellar pathology in AD [35,36].

Increased secretion of matrix metalloproteinase-1 (MMP-1)

during senescence of human fibroblasts may affect the remodeling

of the extracellular matrix and tissue function during aging [37].

Consistent with the senescent nature of the p16INK4a-positive

astrocytes, increased MMP-1/collagenase correlated with

p16INK4a during brain aging, suggesting that senescent astrocytes

may have an altered pattern of secretion in vivo with potential

consequences for the microenvironment (Figure 5A). As shown in

Figure 5B, p16INK4a and MMP-1 staining in astrocytes demon-

strated a positive correlation with each other (Spearman correla-

tion coefficient 0.574, P=0.02). Comparison of MMP-1 expres-

sion based on the presence or absence of comorbidities did not

reveal any significant differences (data not shown).

p38MAPK is Activated in Senescent Astrocytes and is
Required for Generation of the SASP
Whereas p16INK4a is a robust biomarker for detecting senescent

astrocytes both in vitro and in tissues, elevated expression of this

cyclin-dependent kinase inhibitor is not essential for the generation

of a SASP [38]. Therefore, we examined senescent astrocytes for

activation of p38 mitogen-activated protein kinase (p38MAPK),

which is a mediator of the senescence arrest in response to diverse

stimuli [39] and a known regulator of the SASP in other cell types

[40]. An increase in p38MAPK signaling has also been linked to

the cognitive decline associated with AD pathophysiology [41,42].

Activity of this stress-related kinase (assessed by phosphorylation of

p38MAPK and heat shock protein 27 [Hsp27], a major

downstream target of p38MAPK activation) increased dramati-
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Figure 1. Astrocytes trigger senescence in response to Ab1–42. (A) Representative images of astrocytes treated with conditioned media from
7PA2 Ab-secreting Chinese Hamster Ovary (CHO) cells or CHO control cells as described in Figure S2. Graph shows relative amount of SA b-gal-
positive cells from 3 independent experiments, *P=0.039. (B) Representative images of astrocytes treated with oligomerized synthetic Ab1–42 for 2
hours and assayed for SA b-gal activity after 3 days. Graph shows relative levels of SAb-gal–positive cells from 3 independent experiments, *P= 0.017,
Ab1–42 (5 mM and **P= 0.009, Ab1–42 (10 mM) vs. control. (C) Immunoblot for p16INK4a expression in astrocytes treated with 5 mM Ab1–42 for 24 hours.
Lysate was collected 4 days after treatment initiation. b-actin serves as a loading control. Graph depicts normalized optical density of the ratio of
p16INK4a:b-actin, *P=0.02. For all experiments, error bars represent SD and Student’s t-test was used to determine significance.
doi:10.1371/journal.pone.0045069.g001

Figure 2. Senescent astrocytes secrete pro-inflammatory mediators that may constitute a SASP. Pre-senescent and senescent astrocytes
were incubated in serum-free MCDB105 media. Conditioned media was collected after 48 hours and analyzed by antibody array (RayBiotech, Inc.;
Norcross, GA) for pro-inflammatory factors as described in Materials and Methods.
doi:10.1371/journal.pone.0045069.g002
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Figure 3. Increased frequency of senescent astrocytes during brain aging and AD. p16INK4a-positive astrocytes were identified in formalin-
fixed, paraffin-embedded frontal cortex sections by double immunofluorescence with p16INK4a/GFAP. (A) Double immunofluorescence with p16INK4a/
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cally during senescence in astrocytes (Figure 6A). In addition,

pharmacological inhibition of p38MAPK abolished IL-6 secretion

by senescent astrocytes (Figure 6B).

Discussion

Elevated markers of DNA damage have been observed in

astrocytes found in regions of the brain that are vulnerable to AD

[43]. While a role for senescent astrocytes in the aging brain has

been postulated [14], evidence for the existence of these cells has

been lacking. Our study provides evidence supporting the

existence of senescent cells in the human brain. We demonstrated

relatively high numbers of senescent astrocytes in brain tissue from

aged individuals and patients suffering from AD. Further studies

will be required in order to definitively demonstrate a casual

connection between the appearance of senescent astrocytes and

CNS dysfunction. Furthermore, the number of cases was limited

by the availability of post-mortem samples. This was partly due to

the low rate of autopsies in general [44].

Evidence coming mainly from fibroblast models indicates that

senescent cells secrete pro-inflammatory mediators and proteases

that not only potentiate clearance of senescent cells through

immune surveillance, but may also contribute to age-related

declines in organ function [7,8,45]. Consistent with these

observations, we found that the accumulation of p16INK4a-positive

astrocytes is accompanied by an increase in MMP-1/collagenase,

a metalloproteinase able to degrade collagen types I, II, and III, at

the extracellular matrix. In agreement with these results, increased

GFAP showing increased p16INK4a-positive astrocytes with increased age and AD (representative images). Blue: DAPI; green: GFAP; red: p16INK4a.
Arrows indicate p16INK4a-positive astrocytes. (B) Bar diagram shows increased mean p16 INK4a-positive astrocytes in frontal cortices from non-AD adult
subjects (35–50 years, n=6; 78–90 years, n= 11) as compared to fetal autopsy tissue (n= 4). *P=0.02, fetal vs. 35–50 year olds; **P,1026, fetal vs. 78–
90 year olds; Student’s t-test. (C) Bar diagram shows increased mean p16 INK4a-positive astrocytes in frontal cortices from AD adult subjects (n=15)
compared to non-AD adult control subjects (n=25) of similar ages; and fetal controls (n=4). *P= 0.02, AD vs. adult controls; ***P,1027, AD vs. fetal
controls, and **P,1026, adult controls vs. fetal controls. Error bars represent SD and Student’s t-test was used to determine significance. At least 200
cells were counted per slide.
doi:10.1371/journal.pone.0045069.g003

Figure 4. Expression level of p16INK4a is not elevated in adult cerebellar astrocytes. (A) Representative images of cerebellum from an AD
patient showing intensely p16INK4a positive granular layer. The Bergmann glia (arrowhead) and Purkinje neurons (arrow) are negative. Blue: DAPI;
Green: GFAP; Red: p16INK4a. (B) Bar diagram shows increased mean percentage of p16INK4a-positive astrocytes in formalin-fixed, paraffin-embedded
cortical sections from AD subjects (n = 3) and control subjects (n = 3) compared to cerebellum from both AD and aged-matched controls (n = 6). The
mean percentage of p16INK4a-positive astrocytes in cerebellum is comparable to fetal cortical levels. *P= 0.04, Student’s t test, cerebellum vs. control
cortices; **P= 0.004, Student’s t test, cerebellum vs. AD cortices. Error bars represent SD At least 200 cells per slide were counted for the cortical
sections, and at least 100 cells per slide were counted for the cerebellar sections.
doi:10.1371/journal.pone.0045069.g004
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Figure 5. MMP-1 expression parallels p16INK4a expression in human astrocytes in vivo. (A) Double immunofluorescence with MMP-1/
GFAP in AD and a similar-aged control (representative images). Blue: DAPI; red: GFAP; green: MMP-1. Arrows indicate MMP-1–positive astrocytes. Inset
shows magnified image of MMP-1-positive astrocytes (yellow: cytoplasmic). (B) Bar diagram shows positive correlation between MMP-1 and p16INK4a

expression in human frontal cortex, independent of diagnosis, P= 0.02, Spearman’s correlation coefficient = 0.574.
doi:10.1371/journal.pone.0045069.g005

Figure 6. p38MAPK pathway is activated and modulates IL-6 secretion in astrocytes. (A) Western blots depict the levels of total and
phosphorylated p38MAPK and heat shock protein 27 (Hsp27) in pre-senescent and H2O2-induced senescent astrocytes with b-actin as loading
control. (B) Pre-senescent and senescent astrocytes were treated with 10 mM SB-203580 or DMSO as a control for 48 hours prior to incubation in
serum-free MCDB105 media. Conditioned media was collected after 24 hours and IL-6 was analyzed by ELISA (R&D Systems, Inc.; Minneapolis, MN)
and normalized to cell number. Graph depicts the relative level of IL-6 (n = 3), *P,0.01 vs. senescent, Student’s t test.
doi:10.1371/journal.pone.0045069.g006
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expression of MMP-1 has been reported in normal senescent

human and Werner fibroblasts [37,46,47]. Additionally, our in vitro

data indicate an altered pattern of secretion in senescent astrocytes

that is characterized by significant increases in IL-6 production.

We propose a key role for p38MAPK in the regulation of IL-6 in

these cells. Overall, these results provide support for a SASP in

human astrocytes during aging in vivo. Several inflammatory

markers found to be robustly changed in other cell types were not

as dramatically altered in senescent (replicative) astrocytes

according to our array [25]. Potential reasons for this discrepancy

are the nature of senescence induction in the astrocytes and cell-

type specific differences. Furthermore, only a subset of factors

indicative of the SASP was measured in the antibody array.

Further analysis will be required to determine whether the full

breadth of SASP factors is altered in the secretion pattern of

senescent astrocytes.

The data suggest that several factors may contribute to the

appearance of p16INK4a-positive cells. The presence of comorbid-

ities such as diabetes, hypertension, or chronic obstructive

pulmonary disease correlated with the burden of p16INK4a-positive

astrocytes. Also within our cohort of patients, a subset of patients

exists with documented history of severe hypoxic episodes or

cerebral ischemia. These patients show high positive staining for

p16INK4a. This effect was most pronounced in a 49-year-old male

AD patient with a family history of AD and neuropathologic

evidence of hypoxia. Interestingly, similar p16INK4a levels were

observed in a non-AD patient with a clinical history of repeated

hypotensive and hypoxic events due to cardiac failure. Although

patient numbers are too small to perform a statistical evaluation of

the relationship between clinical history and the appearance of

senescent astrocytes, we propose that the number of p16INK4a-

positive astrocytes is a reflection of the cumulative impact of

multiple stressors resulting from ischemic events, focal areas of

cellular damage secondary to ROS production, Ab deposition, or

other insults. The fact that senescence is a common response to

multiple injuries or genetic abnormalities supports the concept that

the accumulation of p16INK4a-positive senescent astrocytes may

link aging as a risk factor for sporadic AD. Interestingly,

senescence in the CNS may not be exclusively limited to

astrocytes. We observed nuclei that were positive for p16INK4a,

but not GFAP, in the frontal cortex (data not shown). Senescence

in other cell types of the CNS, including neurons, has been

postulated as important risk factor for AD [48].

In vitro, the exposure of astrocytes to oligomeric species of Ab1–42
peptides or cell-derived Ab induces astrocyte senescence as

measured by several markers of the senescent arrest. Similarly,

Ab peptides accelerate the senescence of endothelial cells in vitro

and in vivo in the zebrafish model [49]. The level of soluble Ab

oligomers in AD brain correlates better with disease severity as

compared with the level insoluble fibrillar Ab [50]; therefore, we

chose to use Ab oligomers at concentrations previously shown to

affect astrocytes [51,52]. Compared with cell-derived Ab, a

considerably higher concentration of synthetic Ab1–42 peptide,

micromolar and nanomolar respectively, was required to induce

senescence in cultured human astrocytes. The increased dosage of

synthetic versus cell-derived Ab oligomers required to trigger

senescence, correlates with reports on the effects of Ab on rat

hippocampal long-term potentiation [53].

Thus, it appears that the cellular stress induced by Ab results in

activation of the senescence program. In fact, astrocytes are very

sensitive to stress, rapidly triggering the senescent phenotype in

response to a mild oxidative stress [13].Consistent with this

concept, we have demonstrated that astrocytes cultured at 7%

oxygen have an extension in their replicative life span compared

with those cultured at 20% oxygen (Figure S1). Based on these

results, and our previously published findings indicating increased

sensitivity of astrocytes to oxidative stress [13], we hypothesize that

there is a functional relationship between Ab and senescence, and

that Ab may induce oxidative stress to trigger the senescent

program in astrocytes, thereby contributing to astrocyte dysfunc-

tion. The chronic, subtle loss of astrocyte ability to maintain

homeostasis throughout the CNS is now thought to underlie AD

pathogenesis [54].

A common pathological feature of many neurodegenerative

disease states, including AD, is reactive astrogliosis, which is a well-

characterized spectrum of changes that occurs in astrocytes in

response to a variety of insults [55]. It remains to be determined

how our finding of stress-induced senescence in astrocytes relates

to reactive astrogliosis; however, we propose that these two

phenotypes may be interrelated given that astrocytes are highly

susceptible to stress-induced changes. Based on the results

presented here, we propose that the presence of senescent

astrocytes contributes to the pathogenesis of AD and may

represent a link between the aging process and progression of

the disease.

Materials and Methods

Ethics Statement
All tissue samples were de-identified and obtained after

approval by the Institutional Review Board at Drexel University

College of Medicine (Protocol Number: 18172), and Institutional

Review Board at University of Pennsylvania (Protocol Number:

180600). The protocols were approved as an exempt study. An

honest broker de-identifed each specimen and no protected health

information was made available to the researcher. The specimens

were assigned de-identified numbers which could not be traced

back to the patients. There is no link between patient identifiers

and the data, therefore consent for this protocol was waived.

Human Frontal Cortex Samples
Archived, formalin-fixed, paraffin-embedded (FFPE) human

frontal cortex (n = 44) and cerebellum (n= 6) slides were obtained

from the Drexel University College of Medicine Department of

Pathology & Laboratory Medicine’s autopsy service and the

University of Pennsylvania’s Center for Neurodegenerative

Disease Research. Samples were obtained from normal subjects

aged 36 weeks to 92 years at autopsy. The fetal samples ranged in

estimated gestational age from 36 to 39 weeks. Additional samples

from patients with a diagnosis of AD at autopsy were obtained

ranging in age from 49 to 90 years. Control subjects were

nonschizophrenic subjects without AD.

Cell Culture
Human astrocytes were cultured at 37uC, 5% CO2 in astrocyte

medium supplemented with 2% fetal bovine serum, growth

supplement, and penicillin/streptomycin all obtained from

ScienCell Research Laboratories (Carlsbad, CA). Cells were

seeded at a standard density of 1 6 104 cells/cm2 and cultured

until they reached 70% to 80% confluence. At each passage,

astrocytes were trypsinized, counted, and the cumulative popula-

tion doubling level (CPDL) was calculated as we have previously

described [13].

Preparation of Oligomeric Beta-amyloid
Synthetic Ab1–42 (American Peptide; Sunnyvale, CA) was

oligomerized as described [56,57]. Briefly, lyophilized Ab1–42
was solubilized in hexafluoroisopropanol HFIP (1,1,1,3,3,3-hexa-
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fluoro-2-propanol) to obtain monomers. Ab1–42/HFIP aliquots

were dried in low-protein binding tubes using a speedvac and the

resulting peptide film was stored at 280uC until use. To generate

oligomeric Ab, the peptide film was dissolved in DMSO to a

concentration of 5 mM and sonicated. The suspension was diluted

in astrocyte medium to achieve the desired final concentrations

and incubated at 4uC overnight. The presence of soluble Ab

oligomers in astrocyte medium following oligomerization was

verified by immunoblotting of approximately 0.1 mg of synthetic

peptide loaded onto a 12% SDS-PAGE gel (Figure S2).

Preparation of Conditioned Media from 7PA2 and CHO
Cells
The 7PA2 cell line (kindly provided by Dr. E.H. Koo;

University of California, San Diego) stably expresses the mutant

amyloid precursor protein (APP) gene as previously described [58],

and secretes Ab peptides at levels similar to those found in human

brains affected by AD and normal cerebrospinal fluid (,1–2 nM)

[59]. The Ab produced by these cells is biologically relevant as

judged by a significant disruption in working memory when

delivered to rats [22,60]. CHO cells, originally derived from

Chinese hamster ovary [61], were available and carried in our

laboratory. Ab-secreting 7PA2 or untransfected control CHO cells

were grown to near confluence and incubated in serum-free

DMEM or MCDB105 media for 24 hours. Conditioned media

was collected and cleared of cells by centrifugation at 200 x g for

10 min at 4uC. Media was then concentrated 15X using 3,000

MWCO centrifugal filters (Millipore; Cork, Ireland). Concentrat-

ed media was stored at 280uC prior to treatment. The presence of

soluble Ab oligomers in conditioned media was verified by

immunoblot using anti-Ab antibody (2C8) (Santa Cruz Biotech-

nology; Santa Cruz, CA). Levels of Ab in 7PA2 conditioned media

are shown in Figure S2.

Staining for Senescence-associated b-galactosidase
Senescence-associated beta-galactosidase (SA b-gal) staining was

performed as previously described [62]. Briefly, following exposure

to Ab peptides or conditioned media, astrocytes were fixed in 2%

formaldehyde/0.2% glutaraldehyde for 5 minutes and stained for

SA b-gal activity overnight. The percent of positive (blue) cells

were counted and expressed relative to the level of positive cells in

vehicle-treated controls. At least 200 cells were counted.

Analysis of Inflammatory Factors Secreted by Astrocytes
Pre-senescent (early-passage) and senescent (late-passage) hu-

man astrocytes were incubated with serum-free MCDB105 media

to generate conditioned media. After a 48-hour incubation period,

media was collected and cells were trypsinized and counted to

determine the cell number for normalization. Human inflamma-

tion antibody array (RayBiotech, Inc.; Norcross, GA) was used to

detect secreted inflammatory factors present in the conditioned

media according to the product manual. The intensity of the signal

on the array membranes was quantified by densitometry,

normalized to cell number, and analyzed using the RayBioH

Analysis Tool.

Role of p38MAPK in IL-6 Secretion
Human astrocytes were triggered to undergo stress-induced

premature senescence by H2O2 treatment (200 mM for 2 hours).

Five days following senescence induction, astrocytes were treated

with 10 mM of the p38MAPK pharmacological inhibitor SB-

203580 (Enzo Life Sciences Inc.; Farmingdale, NY) or vehicle for

48 hours and then incubated in serum-free MCDB105 for

conditioned media collection. Pre-senescent astrocytes were also

treated with 10 mM SB-203580 or vehicle in the same manner

prior to conditioned media collection. Conditioned media was

collected from pre-senescent and senescent cells after a 24-hour

incubation period in serum-free MCDB105. The level of IL-6 in

conditioned media was quantified by IL-6 ELISA (R&D Systems,

Inc.; Minneapolis, MN) and normalized to cell number.

Immunoblotting
Early-passage human astrocytes were treated for 24 hours with

oligomerized Ab1–42 at a final concentration of 5 mM in astrocyte

media; 0.05% DMSO was used as control. After 24 hours, media

was replaced. Cell lysate was collected 4 days post-treatment in

RIPA buffer. Western blot analysis was performed under standard

conditions using 25 mg of total cell proteins for anti-p16INK4a

(Santa Cruz Biotechnology; Santa Cruz, CA) and anti-b-actin

(Sigma Aldrich; St. Louis, MO) as a loading control. In order to

detect activation of the p38MAPK signaling pathway, antibodies

recognizing p38MAPK and phospho-p38MAPK (Thr180/

Tyr182) were obtained from Santa Cruz Biotechnology (Santa

Cruz, CA), along with antibodies against Hsp27 (R&D Systems;

Minneapolis, MN) and phospho-Hsp27 (Ser82) (Cell Signaling

Technology; Danvers, MA).

Immunofluorescence
Slides were de-paraffinized with xylene, 365 minutes. After

washes in 90% EtOH, 80% EtOH, 70% EtOH, and de-ionized

water (265 min each), antigen retrieval was performed by heat-

steam for 20 minutes in 10 mM citrate buffer pH 6.0. Slides were

blocked in 5% normal goat serum, 5% normal donkey serum,

0.1% BSA, 0.25% Triton X-100 for 1.5 hours, then incubated

overnight in a humidified chamber with anti-GFAP (Millipore;

Temecula, CA), anti-p16INK4a (Santa Cruz Biotechnology, Inc.;

Santa Cruz, CA) and anti-MMP1 (Lifespan Biosciences; Seattle,

WA) primary antibodies. Slides were washed 365 minutes in 0.1%

BSA and 0.1% Triton X-100, then incubated for 1 hour in the

dark at room temperature with the secondary antibodies anti-

rabbit Alexa Fluor 488 and anti-mouse Alexa Fluor 555 (both

Invitrogen; Carlsbad, CA). After 365 minute washes in 1X PBS

with 0.1% BSA and 0.1% Triton X-100, slides were incubated

with DAPI, and mounted with Vectashield Mounting Medium

(Vector Laboratories, Inc.; Burlingame, CA). Cells were visualized

using an Olympus BX61 fluorescence microscope coupled with a

Hamamatsu ORCA-ER camera and using Slide Book 4 software

version 4.0.1.44 (Intelligent Innovations, Inc.; Denver, CO). 200-

cell counts were performed at 40X magnification for p16INK4a-

GFAP and MMP1-GFAP.

Statistics
Unless otherwise specified, all experiments were done at least in

triplicate. Data are expressed as mean 6 SD.

Supporting Information

Table S1 Clinical history obtained from post-mortem

reports. A total of 44 cases (4 fetal and 40 adults) were included

in the study. Adult ages ranged from 35 to 92 years (mean

72.3617.4; 10 males, 15 females) for controls and 49 to 90 years

(mean 77.6611.44; 8 males, 7 females) for patients with AD. The

average postmortem interval was 13.3169.44 hours (N= 36,

range 3 to 43.5 hours). Fetal samples were obtained from fetuses

that died in utero and therefore had uncertain postmortem

intervals. Cortical sections were obtained from the frontal cortex

in all the adult cases.

Senescent Astrocytes in Alzheimer’s Disease

PLOS ONE | www.plosone.org 8 September 2012 | Volume 7 | Issue 9 | e45069



(DOCX)

Figure S1 Effect of oxygen tension on replicative life-

span. Astrocytes were grown at 5% CO2 and either 20% or 7%

oxygen. At every passage, cells were counted and the cumulative

population doubling was calculated as described [13].

(TIF)

Figure S2 Detection of oligomerized Ab peptide. Top gel,

synthetic amyloid-b peptide (Ab1–42) was diluted in astrocyte

media to obtain a final concentration of 1mM and oligomerized as

described. Astrocyte media with dimethyl sulfoxide (DMSO) alone

was used as a control. A volume of media containing approxi-

mately 0.094 mg of synthetic peptide was loaded onto 12% gel.

Western blot depicts the presence of small molecular weight

oligomers of Ab in astrocyte media. Bottom gel, conditioned

media from 7PA2 cells contains secreted Ab. 7PA2 and control

CHO cells were incubated with serum-free DMEM or MCDB105

media for 24 hours to generate conditioned media. Conditioned

media was collected and concentrated as described. Western blot

showing presence of Ab in conditioned media from 7PA2 cells.

(TIF)
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