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A B S T R A C T

The transcription factor STAT3 has a crucial role in the development and maintenance of the nervous system. In
this work, we treated astrocytes with oligomers of the amyloid beta peptide (AβOs), which display potent sy-
naptotoxic activity, and studied the effects of mediators released by AβOs-treated astrocytes on the nuclear
location of neuronal serine-727-phosphorylated STAT3 (pSerSTAT3). Treatment of mixed neuron-astrocyte
cultures with 0.5 µM AβOs induced in neurons a significant decrease of nuclear pSerSTAT3, but not of phos-
photyrosine-705 STAT3, the other form of STAT3 phosphorylation. This decrease did not occur in astrocyte-poor
neuronal cultures revealing a pivotal role for astrocytes in this response. To test if mediators released by as-
trocytes in response to AβOs induce pSerSTAT3 nuclear depletion, we used conditioned medium derived from
AβOs-treated astrocyte cultures. Treatment of astrocyte-poor neuronal cultures with this medium caused
pSerSTAT3 nuclear depletion but did not modify overall STAT3 levels. Extracellular catalase prevented the
pSerSTAT3 nuclear depletion caused by astrocyte-conditioned medium, indicating that reactive oxygen species
(ROS) mediate this response. This conditioned medium also increased neuronal oxidative tone, leading to a
ryanodine-sensitive intracellular calcium signal that proved to be essential for pSerSTAT3 nuclear depletion. In
addition, this depletion decreased BCL2 and Survivin transcription and significantly increased BAX/BCL2 ratio.
This is the first description that ROS generated by AβOs-treated astrocytes and neuronal calcium signals jointly
regulate pSerSTAT3 nuclear distribution in neurons. We propose that astrocytes release ROS in response to
AβOs, which by increasing neuronal oxidative tone, generate calcium signals that cause pSerSTAT3 nuclear
depletion and loss of STAT3 protective transcriptional activity.

1. Introduction

Signal Transducers and Activators of Transcription (STATs) are la-
tent factors that following activation translocate to the cell nucleus
where they promote transcription of target genes [13,24,74]. The
STAT3 proteins include the unphosphorylated form (STAT3) as well as
the forms phosphorylated at Tyr705 (pTyrSTAT3) or Ser727 (pSer-
STAT3) [74]. Under basal conditions, STAT3 is present in the cytoplasm
[13,76], where it is inactive at the transcriptional level. Pro-in-
flammatory cytokines, mainly from the IL-6 family, induce the phos-
phorylation of STAT3 at its tyrosine 705 residue via activation of JAK

kinases [68]. Phosphorylation at tyrosine 705 causes STAT3 dimeriza-
tion and translocation to the nucleus, where it binds to specific DNA
sequences and induces the upregulation of neuroprotective and neu-
rotrophic genes [13,17,24,74]. STAT3 has been proposed as a critical
transcriptional factor for the development and maintenance of the
nervous system [15,62], and has been involved as well in immune re-
sponses, inflammation, survival and neuronal regeneration [7,27].

In addition to pTyrSTAT3, pSerSTAT3 is required for full STAT3
transcriptional activity [14,68]. Mice expressing STAT3 with serine 727
replaced by alanine have 50% of the transcriptional response in their
fibroblasts compared to wild-type cells, and a decreased number of
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thymocytes associated with increased apoptosis [55]. Gene expression
analysis by microarray assays revealed that more than a thousand
mRNAs have their levels altered in response to increased expression of
wild type STAT3 or of the mutant form Tyr705PheSTAT3 [72]. Simi-
larly, an antibody that binds specifically to the pTyr705 site blocks both
pTyrSTAT3 nuclear accumulation and the expression of acute phase
response proteins induced by interleukin-6; however, this antibody
does not block the downstream effects of pSerSTAT3 or of the unpho-
sphorylated STAT3 protein [33], indicating that pSerSTAT3 exhibits
transcriptional activity independent of pTyrSTAT3. In addition, ex-
pression of the mutant Tyr705PheSTAT3 or of wild-type STAT3 in
STAT3-null cells revealed that STAT3 transcriptional activity is in-
dependent of pTyrSTAT3 [72]. STAT3 phosphorylation at the serine
727 residue enhances STAT3 transcriptional activity [68], but does not
seem to enhance STAT3 DNA binding activity [67]. Altogether, these
observations point to an undetermined function of pSerSTAT3 that
leads to the enhancement of STAT3 transcriptional activity.

Several lines of evidence suggest that cellular redox changes modify
STAT3 activity. In non-neuronal cells ROS upregulate STAT3 tyrosine
phosphorylation and binding activity [10,41,49,58]. Other reports in-
dicate that STAT3 is a transcriptional factor susceptible to oxidative
stress [36,37,41], and that hydrogen peroxide treatment induces STAT3
oligomerization through the formation of disulfide bonds [36,37,60]. In
addition, oxidation of conserved cysteines in the STAT3 DNA-binding
domain hinders its transcriptional activity [9,36]. Moreover, mild oxi-
dative stress induces S-glutathionylation of STAT3, decreasing its nu-
clear accumulation and impairing the expression of target genes [8,71].

In response to ROS, STAT3 plays a critical role in brain development
and promotes the survival of adult neurons under normal conditions
[42]. Yet, STAT3 also plays a pivotal role under pathological conditions
[30,53]. A previous study proposed that amyloid-beta (Aβ) peptide
aggregates, known as the causative agents in Alzheimer´s disease,
produce memory impairment by disturbing the JAK2/STAT3 axis in
hippocampal neurons [12]. A decrease in either the expression or the
activation of STAT3 markedly attenuated Aβ-induced neuronal apop-
tosis, suggesting that STAT3 activation contributes to neuronal death
following exposure to Aβ [66]. In addition, it has been proposed that
STAT3 acetylation and phosphorylation are involved in the respon-
siveness of microglia to the β−amyloid peptide [18]. A recent report
showed that apolipoprotein E deletion in astrocytes, by specifically
inhibiting TGF-α/Smad2/STAT3 signaling, ameliorates the spatial
learning and memory deficits observed in APP/PS1 mice, a rodent
Alzheimer's disease (AD) model [75]. Moreover, the pro-inflammatory
effect of Aβ on macrophages has been related to STAT1 and STAT3
inactivation, and the JAK/STAT3 pathway was proposed as a common
inducer of astrocyte reactivity in AD and Huntington diseases [6].

Astrocytes are essential for normal neuronal function. They parti-
cipate in the homeostasis of fluids and neurotransmitters, and provide
energy substrates to neurons, among other functions [52,54,57]. In
addition, activated astrocytes secrete cytokines, such as IL-6, TNFα and
IL-1α [11,43,69], which act directly on neurons, astrocytes and mi-
croglia amplifying inflammatory signals and inducing toxic effects on
neurons [22]. Cytokines are known to contribute to the progression and
severity of AD; they increase cell death in vitro and in vivo as well as in
tissue models from AD patients. Moreover, the reactivity of astrocytes
to noxious stimuli such as the soluble oligomers of the amyloid beta
peptide (AβOs), the most synaptotoxic Aβ aggregates, has linked them
to the degeneration of adjacent neurons in AD [11,43,69]. Treatment of
astrocytes with AβOs produces mitochondrial dysfunction, activation of
astrocytic NOX and induction of iNOS [1,2,69].

Here, we hypothesized that treatment of astrocytes with AβOs is
likely to mediate the degeneration of adjacent neurons through in-
hibitory modulation of transcription factors involved in neuronal sur-
vival. Accordingly, we investigated the interplay between AβOs, as-
trocytes and neurons, and if AβOs-treated astrocytes contribute to
neuronal pathology by affecting the survival of adjacent neurons at

early stages. The present results highlight pSerSTAT3 as a critical
transcription factor for the expression of genes implicated in neuronal
cell survival, whose activity is inhibited by AβOs-treated astrocytes.

2. Materials and methods

Aβ 1–42 peptide was purchased from Bachem Inc. Hexafluoro-2-
propanol (HFIP) and FluorSave Reagent were from Merck, dimethyl
sulfoxide (DMSO), Superoxide dismutase (SOD), Catalase (CAT),
Hemoglobin, CNBr-activated Sepharose matrix and mouse Anti-β actin
were obtained from Sigma-Aldrich. Total RNA columns were obtained
from Omega Bio-Tek Inc. MLV Reverse transcriptase enzyme was from
Fisher Scientific-Invitrogen and KAPA SYBR® FAST Universal qPCR kit
was from KAPA Biosystems. Nerve growth Factor (NFG), Neurobasal
medium, HBSS, Glutamax, B27 supplement, Minimal essential medium
(MEM), Dulbecco minimal essential medium (DMEM), Horse serum and
Lipofectamine 2000 were from Fisher Scientific-Invitrogen. Fetal bo-
vine serum (FBS) was from Biological Industries. Rabbit anti-phospho
serine727-STAT3, mouse anti-phospho tyrosine705-STAT3, mouse anti-
STAT3 and mouse anti-GFAP were from Cell Signaling Technology.
Rabbit anti-histone H1 antibody (ab61177) and mouse anti-actin anti-
body (A5441) were from Abcam and Sigma, respectively. Chicken anti-
βII-tubulin was purchased from Aves Lab. Goat Alexa Fluor® 488 anti-
rabbit, Goat Alexa Fluor® 488 anti-mouse, Goat Alexa Fluor® 546 anti-
chicken, Goat Alexa Fluor® 633 anti-mouse, Fluo4-AM, Alexa Fluor®
488 C5 Maleimide, Alexa Fluor® 555 C5 Maleimide and SuperSignal
chemiluminescence assay kit were obtained from Thermo Fisher
Scientific-Invitrogen. The HyperCyto plasmid was from Evrogen.
BAPTA was purchased from Molecular Probes.

2.1. Preparation of AβOs

The Aβ1–42 peptide, prepared as a dried hexafluore-2-propanol
film, was stored at −80 °C for up to 4 months. Before use, this peptide
film was dissolved with sufficient sterile DMSO to make a 5 mM stock
solution. To prepare AβOs by using standard methods [34,47], the
5 mM peptide solution was subsequently diluted to 100 µM with cold
phosphate-buffered saline (PBS), aged overnight at 4 °C without agita-
tion and centrifuged at 14,000 g for 10 min at 4 °C to remove insoluble
aggregates (protofibrils and fibrils). The supernatant containing soluble
AβOs was transferred to clean tubes and stored at 4 °C. The oligomeric
nature of the aggregates in fresh preparations was confirmed by Wes-
tern blot analysis and transmission electron microscopy as described
previously [47]. Only fresh AβOs preparations (up to 2 days-old) were
used. Fresh AβO preparations showed abundant oligomers with the
classic spherical morphology previously described [35]; Aβ fibrils were
not observed in these fresh AβO preparations.

2.2. Primary cultures

The Ethics Committee of the Faculty of Science, Universidad de
Chile, approved the bioethical protocol used in this study. All proce-
dures were performed in accordance with the Guideline for the Care
and Use of Laboratory Animals from the National Institutes of Health,
USA. Animals were housed with food and water ad libitum. Animals
were euthanized under deep anesthesia to avoid animal suffering at
each stage of the experiments.

Primary hippocampal cultures were prepared from 19-day-old em-
bryos obtained from pregnant Sprague–Dawley rats, as previously de-
scribed [31]. In brief, brains were removed and placed in a dish con-
taining Hank's-HEPES solution. Meningeal membranes were removed,
hippocampi were dissected and 0.5%, trypsin was added for 20 min.
After this, cells were dissociated in Hank's-HEPES solution and sus-
pended in MEM medium supplemented with 10% horse serum. Dis-
sociated cells were plated on polylysine-coated plates and incubated for
1 h. After this, MEM was replaced by Neurobasal medium

Y. Muñoz et al. Free Radical Biology and Medicine 117 (2018) 132–144

133



supplemented with B-27. Cells were cultured for 7–8 days in vitro (7–8
DIV) at 37 °C in a humidified 5% CO2 atmosphere. These cultures were
substantially enriched in neurons, identified with a neuronal anti-βIII-
tubulin antibody, with a glial content ~ 12% as revealed by im-
munocytochemistry staining for glial fibrillary acidic protein
(Supplementary Figure 1). For the purpose of this work, the neuron-
12% astrocyte culture is referred as astrocyte-rich neuronal culture.
Astrocyte-poor neuronal cultures were obtained after 1-b-D-arabino-
furanosylcytosine (AraC) treatment. Twenty-four hours after plating,
1.5 µM AraC was added to prevent glial proliferation; the resulting
cultures showed 4% glial content (Supplementary Figure 1).

Rat cortical astrocytes were obtained as described [64] with mod-
ifications. Briefly, cerebral cortex from 1- to 3-day-old Sprague–Dawley
either male or female rat pups were dissected in Hank's-buffered salt
solution and digested using 0.25% trypsin supplemented with 0.5 mg/
mL DNase I. The mixed astrocyte/microglia cultures were incubated in
Dulbecco minimum essential medium containing 10% fetal bovine
serum (FBS). After 13 days in culture, cells were vigorously stirred on a
shaker at 300 rpm for 72 h to detach microglial cells. After shaking,
astrocytes were trypsinized, replated into 35-mm plates or P60 plates,
and grown until confluence prior to use (Supplementary Figure 2).

2.3. Astrocyte-conditioned medium (ACM)

Conditioned media from astrocytes cultured in Neurobasal supple-
mented with B27 was obtained after 24 h of treatment with 0.5 µM
AβOs. This conditioned medium was used fresh. In all experiments
using ACM, astrocytes-poor neuronal cultures were incubated for 24 h
with this medium prior to evaluation of the parameters under study.
Control astrocyte medium was obtained from astrocytes incubated for
24 h in culture medium without added AβOs.

2.4. Immunocytochemistry

Hippocampal neuron-astrocyte mixed cultures or astrocyte-poor
neuronal cultures (7 DIV) were fixed with 4% formaldehyde/ 4% su-
crose in PBS buffer for 5 min. Then, this solution was replaced by 4%
paraformaldehyde/ 4% sucrose and cells were incubated for an addi-
tional 10 min, rinsed with PBS, incubated with 0.1% Triton X-100 in
PBS for 30 min and blocked with 10% BSA-PBS for 1 h. Cells were
immunolabeled by overnight incubation at 4 °C with different anti-
bodies diluted in 3% BSA-PBS. Rabbit anti-pSer727STAT3 (1:50),
chicken anti-βIII-tubulin (1:1000), mouse anti-GFAP (1:500), mouse
anti-pTyr705STAT3 (1:100) and mouse anti-STAT3 (1:100) antibodies
were used. Cells were then rinsed with PBS and incubated for 2 h at
room temperature with goat Alexa Fluor 488 anti-rabbit, goat Alexa
Fluor 633 anti-mouse, goat Alexa 488 anti-mouse or goat Alexa Fluor
546 anti-chicken as secondary antibodies (1:300 in 3% BSA in PBS).
DAPI (1: 10,000) was used to stain nuclei. Coverslips were mounted in
Fluor Save (Merck) and cells were visualized on a Zeiss LSM 710 con-
focal microscope system (Carl Zeiss Microscopy GmbH: Jena, Germany)
using a 63 × oil objective. Images were digitally acquired with the ZEN
software (Zeiss). The ImageJ software program (National Institutes of
Health, Baltimore, MD) was used for image analysis and generation of
zeta projections from five to seven stacks (0.4-mm thickness each one).
Large fields containing 30 cells were imaged. Using the ROI manager
tool, total neuronal areas were selected for the βIII-tubulin channel and
the integrated density of pSerSTAT3 was measured in this channel
using the Overlay tool, which transferred ROIs from one channel to
another in the same position. After that, nuclear areas were selected
through the DAPI channel and these areas were transferred to
pSerSTAT3 channel. Cytoplasmic intensity was calculated as the dif-
ference between the total pSerSTAT3 intensity and the pSerSTAT3
nuclear intensity. The distribution is presented as a ratio between nu-
clear and cytoplasmic fluorescence of pSerSTAT3. All data are nor-
malized respect to Control.

2.5. Preparation of nuclear and cytoplasmic extracts

Nuclear and cytosolic extracts were prepared as described pre-
viously [21]. In brief, cultured cells were washed with cold PBS and
100 µL of cold buffer A (10 mM HEPES, pH 7.9, 1.5 mM MgCl2, 10 mM
KCl, 0.5 mM DTT, 0.05% Nonidet P-40, plus serine protease inhibitors:
5 mM Na3VO4, 40 mM NaF, 10 mM Na4P2O7) was added and incubated
for 20 min in ice. The homogenate was centrifuged at 900 g for 10 min.
The supernatant corresponds to the cytoplasmic fraction. The pellet was
washed three times with 100 µL of buffer A. The nuclear pellet was
resuspended in 50 µL of hypertonic cold buffer B (5 mM HEPES, pH 7.9,
1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, 26% glicerol (v/v),
300 mM NaCl plus serine protease inhibitors) and was incubated in ice
for 30 min. Nuclear proteins were obtained by centrifugation at
20,000 g for 20 min. All samples were diluted with deionized water
(1:1) and the bicinchoninic acid protein assay (BCA method) was used
for protein quantification.

2.6. Western blot analysis

All protein extracts analyzed were from astrocyte-poor neuronal
cultures. Extracts were prepared by lysing cells with RIPA buffer
(150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 20 mM Tris-HCl, pH 7.5,
1% NP-40, 1% sodium deoxycholate) plus protease inhibitors cocktail
(Roche) and serine protease inhibitors (10 mM Na4P2O7, 5 mM Na3VO4,
40 mM NaF); after 10 min incubation on ice suspensions were cen-
trifuged for 15 min at 12,000 × g and protein concentration of the
supernatants was determined using BCA (Thermo Scientific-Pierce).
Proteins (20 µg) were resolved in 10% SDS-polyacrylamide gels by
electrophoresis, transferred to nitrocellulose membranes and blocked
for 1 h at 25 °C with 5% nonfat dry milk (pSerSTAT3, STAT3, β-actin)
or 5% BSA (histone H1) in 0.1% Tween-20/TBS buffer (0.5 M NaCl,
20 mM Tris, pH 7.4). Membranes were incubated overnight a 4 °C with
rabbit anti-pSerSTAT3 (1:1000) and mouse anti-actin (1:5000). After
mild stripping, mouse anti-STAT3 (1:1000) and rabbit anti-histone H1
were added, followed by the addition of horseradish peroxidase-con-
jugated anti-rabbit or anti-mouse IgG antibody for 2 h at 25 °C. The
immunoreactive bands were developed with peroxidase-based
SuperSignal chemiluminescence assay kit (Thermo Fisher Scientific-
Invitrogen) and quantified with the ImageJ software. β-actin was used
as load control, and NGF was used as positive control for pSerSTAT3
activation. Band intensities were visualized by ECL (Pierce) and were
densitometrically quantified using the software ImageJ.

2.7. Redox cytochemistry

Single-cell redox cytochemistry, to determine oxidized and reduced
cysteines was performed as described [29]. In brief, astrocyte-poor
neuronal cultures treated for 24 h with astrocyte-conditioned or control
media were fixed for 30 min in 4% paraformaldehyde, 1 mM N-ethyl-
maleimide, 2 µM Alexa Fluor® 555 C5 maleimide, and 0.05% Triton X-
100 prepared in PBS, pH 7.0. This pH is critical to the assay. Cells were
washed three times in PBS to remove excess unreacted dye and dis-
ulfides were reduced for 30 min with 5 mM Tris(2-carboxyethyl)phos-
phine (TCEP) in PBS. Since TCEP reacts with maleimides, it is necessary
to wash cells with PBS quickly (< 30 s). After that, cells were incubated
in 1 mM N-ethylmaleimide in PBS and 2 µM Alexa Fluor® 488 C5
maleimide for 30 min. After three washing steps with PBS, the staining
was completed. Cells were visualized on a Carl Zeiss LSM 710 confocal
microscope using a 63 × oil objective and images were digitally ac-
quired by using ZEN software (Zeiss). The ImageJ software was used for
image analysis. All set of images were acquired with the same confocal
parameters. Using the ROI manager, total neuronal areas were selected
in the Alexa Fluor® 488 channel (oxidized channel) and the integrated
fluorescence was measured. These areas were then transferred to the
Alexa Fluor® 555 channel (reduced channel) using the overlay tool and
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the same measurement was done. The total oxidation level was calcu-
lated as a ratio of intensities between the oxidized and reduced chan-
nels using the Image Calculator tool.

2.8. Detection of cytoplasmic hydrogen peroxide generation

Neurons from astrocyte-poor neuronal cultures (1.5 × 105 cells/
well) grown in 12 mm glass plates were transiently transfected with the
HyperCyto plasmid at 7 days in vitro (DIV), using a proportion of 1:2
DNA: Lipofectamine 2000. HyperCyto is an intracellular ratiometric
sensor that detects local H2O2 production [39]. Conditioned media
from AβOs-stimulated astrocytes was added to the cultures after
transfection and incubated for 24 h. Cells were fixed 24 h post trans-
fection with 4% PFA/ 4% sucrose and were mounted in FluorSave re-
agent. Transfected neurons were excited at 488 and 405 nm and
emission was collected at 505–530 nm. Fluorescence emission from
excitation at 488 nm was divided by fluorescence emission at 405 nm
excitation (488:405 ratio) as a measure of the H2O2 content [39].
Fluorescence emission at excitation 488 nm and excitation 405 nm
varied inversely as corresponds to a ratiometric probe. Images were
acquired in Carl Zeiss LSM 710 confocal microscope system using 63 ×
oil-immersion objective. ImageJ was used for image analysis. A mask
with a specific threshold was created for the reduced (405 nm) channel,
and then the reduced channel was divided by its mask. Hydrogen
peroxide production was calculated as a ratio between oxidized
(488 nm) and reduced (405 nm) channels using Image Calculator tool.
The final image (Hyper map) was quantified. Soma and neurites were
analyzed separately for each neuron.

2.9. Catalase, superoxide dismutase and hemoglobin treatments

In all experiments,astrocyte-rich neuronal cultures were used. The
ROS-scavenger enzymes Catalase (Sigma Chem. Co. C1345) and
Superoxide dismutase (Sigma Chem. Co. S5395) were diluted to 50 IU/
mL, with/without AβOs, in neurobasal medium supplemented with
B27; cultures were incubated for 24 h with these enzymes, which do not
permeate intact polarized cells. Nitric oxide-scavenger Hemoglobin was
prepared as described [40]. The reduced hemoglobin solution was
immobilized in CNBr-Sepharose matrix following manufacturer's in-
structions. The Sepharose-hemoglobin immobilized preparation was
stored in 1 M HCl for 2 weeks at 4 °C with 0.05% sodium azide. He-
moglobin concentrations were calculated as described [28].

2.10. Real-time qPCR

Purified primary astrocyte cultures were treated with 0.5 µM AβOs
for 24 h; conditioned medium was collected after this time. Astrocyte-
poor neuronal cultures were incubated with astrocyte-conditioned or
control media for 24 h. Total RNA levels were determined using RNA
columns; purity was assessed by the 260/280 absorbance ratio and RNA
integrity by gel electrophoresis. The first cDNA strand was synthesized
from total RNA (1 μg) using MLV Reverse Transcriptase. The mRNA
expressions levels of STAT3 and target genes were analyzed by real-
time quantitative reverse-transcription polymerase-chain-reaction
(qRT-PCR). To this end, 50 ng of cDNA in 10 µL final volume was used
for PCR amplification (Applied Biosystem Thermal Cycler).
Amplification was performed using the appropriate primers. Sequences
of primer pairs (rats) were as follow: STAT3 primers: sense 5’-CAAAG
AAAACATGGCCGGCA-3’ and antisense, 3’-GGGGGCTTTGTGCTTAG
GAT-5’ [23]; β-actin primers: sense 5’-AGGCCAACCGTGAAAAGATG-3’
and antisense, 3’-ACCAGAGGCATACAGGGACAA-5’ [45]; BCL2 pri-
mers: sense 5’-CTTCTCTCGTCGCTACCGTC-3’ and antisense, 3’-CATG
ACCCCACCGAACTCAA-5’ [23]; BCL-XL primers: sense 5’-CCCAGAAG
AAACTGAACCA-3’ and antisense, 3’-TCACTGAATGCTCTCCGGTA-5’
[59]; Survivin primers: sense 5’-TAAGCCACTTGTCCCAGCTT-3’ and
antisense, 3’-CTCATCCACTCCCTTCCTCA-5’ [19]; BAX primers: sense

5’-TGCAGAGGATGATTGCTGA-3’ and antisense, 3’-GATCAGCTCGGGC
ACTTTAG-5’ [59]; 18 S rRNA primers: sense 5’- GGGCCCAAGCGTTTA
CTTT-3’ and antisense, 3’-TTGCGCCGGTCCAAGAATTT-5’; IL-1β pri-
mers: sense 5’-TGTGATGAAAGACGGCACAC-3’ and antisense, 3’- CTT
CTTCTTTGGGTATTGTTTGG-5’; IL-6 primers: sense 5’-CCCTTCAGGAA
CAGCTATGAA-3’ and antisense, 3’- ACAACATCAGTCCCAAGAAGG-5’;
TNFα primers: sense 5’-GCCCAGACCCTCACACTC-3’ and antisense, 3’-
CCACTCCAGCTGCTCCTCT-5’. KAPA™ SYBR® Fast qPCR reagent (KAPA
Biosystems) was used in a StepOnePlus® real-time PCR equipment
(Applied Biosystems, Singapore) as follows: 95 °C for 3 min, followed
by 40 cycles at 95 °C for 3 s and 60 °C for 30 s, and finally a melt curve
was performed at 95 °C for 15 s, for 1 min at 60 °C and 15 s at 95 °C, for
detection of non-specific product formation and false-positive amplifi-
cation. As an endogenous control, 18 S rRNA and β-actin expression
levels were quantified. Fold-changes were quantified by using the 2(-
Delta C(T)) method [38].

2.11. Determination of intracellular calcium signals

Astrocyte-poor neuronal cultures (~ 1.5 × 105 cells/well) grown in
25 mm glass coverslips were washed 3 times with Tyrode solution (in
mM: 129 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 30 Glucose, 25 HEPES-Tris, pH
7.3). Covers were loaded with 5 mM Fluo4-AM for 20 min at room
temperature followed by washing, and were transferred to the micro-
scope with 100 µL of Tyrode solution. After recording basal fluores-
cence for 3 min, astrocyte-conditioned or control media were added
directly on top of the cover. Images of Fluo-4 fluorescence, reflecting
intracellular calcium levels, were obtained in an inverted confocal
microscope C2 + Spectral Nikon Eclipse TI (Plan Fluor 40 × oil DIC H
N2; Fluo-4 excitation 488 nm, emission 515–520 nm), with image
capture at 5 s intervals. Large fields having 60–80 cells were imaged at
a given time. Frame scans were averaged using the equipment data
acquisition program. Calcium signals are presented as F/F0 values,
where F is the experimental fluorescence and F0 the basal fluorescence.
Data are presented normalized with respect to the mean basal fluores-
cence value. Maximum fluorescence was reached after addition of the
calcium ionophore ionomicyn (100 mg/mL). In all cases, the treatments
did not saturate the probe. All experiments were done at room tem-
perature.

2.12. BAPTA treatment

Astrocyte-poor neuronal cultures grown in 12 mm glass covers were
pre-incubated with BAPTA-AM (10 µM) for 1 h before addition of as-
trocyte-conditioned or control media. Cells were fixed as described in
the immunocytochemistry protocol.

2.13. Statistics

All data presented are representative of three or more independent
experiments. The Shapiro-Wilk test was used for the determination of
normal distribution of replicates. T-test or One-way ANOVA with
Bonferroni post-hoc test were used to test for differences in mean values
between different experimental conditions. A value of p<0.05 was
taken as statistically significant.

3. Results

3.1. The nuclear/cytoplasmic distribution of neuronal pSerSTAT3 but not of
pTyrSTAT3 is affected by AβOs

Since AβOs generation causes neuronal dysfunction in AD animal
models and patients, and STAT3 is an important transcription factor
involved in neuronal survival in pathological conditions, we examined
whether AβOs affected neuronal pSerSTAT3 nuclear distribution.
Treatment of primary hippocampal cultures (7 DIV), which contain
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12% of astrocytes (astrocyte-rich neuronal cultures), with the sub lethal
concentration of 0.5 µM AβOs [31,44] triggered a significant re-dis-
tribution of pSerSTAT3 in neurons, identified by β-III tubulin positive
staining. As illustrated in Fig. 1, treatment with 0.5 µM AβOs produced
a notorious decrease of the nuclear to cytoplasmic pSerSTAT3 ratio
(Fig. 1A, D). In contrast, treatment with 0.5 µM AβOs did not affect the
nuclear/cytoplasmic distribution ratio of pTyrSTAT3 (Fig. 1B, E) or of
total STAT3 (Fig. 1C, F). The decrease of the pSerSTAT3 nuclear/cy-
toplasmic ratio induced by treatment with AβOs in astrocyte-rich cul-
tures occurred in the concentration range 0.2–0.5 µM; this inhibitory
effect decreased in the 1–5 µM range (Supplementary Figure 1).

3.2. Astrocytes mediate the nuclear depletion of pSerSTAT3 induced by
AβOs

To determine whether reactive astrocytes play a critical role in the
pSerSTAT3 redistribution elicited by AβOs, we performed parallel ex-
periments in astrocyte-rich and astrocyte-poor neuronal cultures. To
generate astrocyte-poor neuronal cultures, we incubated mixed cultures

for 24 h with 1-b-D-arabinofuranosylcytosine (AraC). This treatment
decreased the percentage of astrocytes to 4% compared to 12% in the
mixed cultures (Supplementary Figure 2). We found that while AβOs
(0.5 µM) significantly decreased the pSerSTAT3 nuclear to cytoplasmic
ratio and decreased the overall pSerSTAT3 signal in mixed cultures, as
shown by representative images (Fig. 2A) and quantification of average
results (Fig. 2C), they did not affect these parameters in astrocyte-poor
cultures (Fig. 2B and D). These combined results, plus the data pre-
sented in Fig. 1, suggest that the nuclear depletion of the pSerSTAT3
protein in neurons caused by AβOs requires the presence of astrocytes.

3.3. Treatment of astrocyte-poor neuronal cultures with AβOs did not
modify pSerSTAT3 or STAT3 protein levels

To further explore the putative role of astrocytes in pSerSTAT3 re-
distribution, we examined next the effects of AβOs on STAT3 protein
and mRNA levels in astrocyte-poor neuronal cultures. Treatment of
these cultures with 0.5 µM AβOs for 24 h did not modify pSerSTAT3 or
STAT3 protein contents (Fig. 3, A and B). In agreement with previous

Fig. 1. AβOs induce a concentration dependent re-distribution of pSerSTAT3 but not of pTyrSTAT3 in astrocyte-rich neuronal cultures. Top panels: Immunostaining showing the neuronal
distribution of pSerSTAT3 (A), pTyrSTAT3 (B) and STAT3 (C) in untreated cells and after treatment for 24 h with 0.5 µM AβOs. Scale bar: 20 µm. Quantification of nucleus/cytoplasm
immunofluorescence ratio for pSerSTAT3 (D), pTyrSTAT3 (E) and STAT3 (F) induced by incubation for 24 h with 0.5 µM AβOs. Values represent mean± SEM. Significance of differences
was determined by two-tailed t-test; ns, not significant compared to the control condition.
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reports [44,48], NGF produced a significant increase in pSerSTAT3
protein content, but did not affect STAT3 protein levels. We found also
that treatment with AβOs did not modify STAT3 mRNA levels (Fig. 3C).

3.4. Treatment of astrocyte-poor neuronal cultures with astrocyte-
conditioned medium (ACM) induced pSerSTAT3 nuclear depletion

To test if astrocytes release factors that promote neuronal
pSerSTAT3 nuclear depletion, we prepared astrocyte-conditioned
medium. To this aim, we stimulated primary astrocytes with
0.5 µM AβOs for a total period of 24 h, a treatment that in agreement
with previous results [20] caused astrocyte activation, and collected the
ACM to test its effects on astrocyte-poor neuronal cultures.

We found that addition of ACM to astrocyte-poor neuronal cultures
did not modify STAT3 expression levels (Fig. 3D). However, measure-
ments of pSerSTAT3 immunofluorescence in nucleus and cytoplasm

after stimulation of astrocyte-rich neuronal cultures with AβOs, or of
astrocyte-poor neuronal cultures with ACM revealed a significant de-
crease of the pSerSTAT3 immunostaining in both nucleus and cyto-
plasm (Fig. 4A). Similarly, western blot protein determination in iso-
lated nucleus and cytosol revealed significantly decreased pSerSTAT3
protein levels in both fractions (Fig. 4B). Thus, although treating as-
trocyte-poor neuronal cultures with AβOs or ACM did not affect neu-
ronal STAT3 mRNA or protein levels (Fig. 3), the Ser727 phosphor-
ylation signals decreased significantly after ACM treatment (Fig. 4).

3.5. Mediators released by AβOs-stimulated astrocytes induced pSerSTAT3
nuclear depletion in neurons

Following Aβ stimulation in vitro and in vivo, astrocytes release ROS,
pro-inflammatory cytokines and nitric oxide [2,65,69]. Thus, we tested
whether ROS or nitric oxide mediate the observed effects of astrocytes
on pSerSTAT3 nuclear depletion, and measured as well if AβOs-treated
astrocyte released pro-inflammatory cytokines.

To test whether ROS mediate the pSerSTAT3 distribution, we co-
incubated astrocyte-rich cultures with 0.5 µM A□Os plus the ROS-sca-
venger enzymes Superoxide dismutase (SOD) or Catalase (50 UI/mL)
and tested the resulting ACM. We found that Catalase completely
abolished the pSerSTAT3 nuclear depletion induced by A□Os (Fig. 5, A
and B). We also found that SOD blocked the ACM effect, but further
assays revealed that the SOD preparation contained peroxidase activity,
so the SOD blocking effect could be ascribed to peroxidase activity
contamination.

To further check whether ROS promote pSerSTAT3 nuclear deple-
tion, we treated astrocyte-poor neuronal cultures with commercial
hydrogen peroxide and found that hydrogen peroxide induced a

Fig. 2. The nuclear depletion of neuronal pSerSTAT3 induced by AβOs in mixed astro-
cyte-neuronal cultures depends on astrocytes. Cellular localization of neuronal
pSerSTAT3 (green) after the addition of 0.5 µM AβOs for 24 h to either astrocyte-rich (A)
or astrocyte-poor (B) neuronal cultures. Beta-III tubulin (red) was used as neuronal
marker and DAPI (magenta) as nuclear marker. Scale bar: 20 µm. (C) and (D)
Quantification of neuronal pSerSTAT3 in nucleus and cytoplasm from experiments such
as those illustrated in (A) and (B), respectively. Values represent mean± SEM from 3
independent experiments; 100 cells were analyzed for each experimental condition.
Significance of differences was determined by two-tailed t-test. Ns, not significant com-
pared to the control condition.

Fig. 3. AβOs do not affect Serine 727 phosphorylation, STAT3 protein or RNA levels in
astrocyte-poor cultures. (A), pSerSTAT3, STAT3 and β-actin proteins were analyzed by
western blot as described in Material and Methods. NGF was used as pSerSTAT3 inducer
(positive control). (B, C), Densitometric quantification of pSerSTAT3/STAT3 ratio and
STAT3/β-actin ratio after 24 h of AβOs treatment. Data are presented as fold of change
compared with the basal level. Values represent mean± SEM. Significance between
differences in (A) and (B) were determined by one-way ANOVA followed by Bonferroni
post-hoc test (n = 7); in (C), significance was determined by two-tailed t-test (n = 4).
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significant decrease of pSerSTAT3 nuclear location in neurons (Fig. 5C).
To examine whether reactive astrocytes released nitric oxide we

used hemoglobin, which is a potent scavenger of nitric oxide [5]. We
incubated mixed astrocyte-rich neuronal cultures with 0.5 µM AβOs in
the absence or presence of 10 or 50 nM hemoglobin, and found that
hemoglobin provided partial protection against the effects of AβOs
(Fig. 5, D and E). We interpret this finding as an indication that nitric
oxide makes a partial contribution to the oxidant agents generated by
AβOs-activated astrocytes.

We further examined whether the expression of pro-inflammatory
cytokines increased following treatment with AβOs of astrocyte-rich
neuronal cultures, and found that 0.5 µM AβOs significantly increased
IL-6 and TNF-α gene expression (Fig. 5F). Hence, AβOs treatment in-
duced the expression of pro-inflammatory cytokines and stimulated the
production of ROS and nitric oxide in astrocytes.

3.6. Conditioned media from AβOs-stimulated astrocytes increased
neuronal oxidative tone

Since ROS seem to be the main mediators released by AβOS-sti-
mulated astrocytes, we evaluated if ACM treatment affected the

oxidative tone in neurons. To this end, we treated astrocyte-poor neu-
ronal cultures with ACM and measured neuronal oxidative tone using
redox cytochemistry, a technique that detects changes in protein oxi-
dation by labeling reduced cysteines with one fluorophore and re-
versibly oxidized cysteines with another. We found that ACM treatment
produced a significant increase in the oxidation of thiol groups in
neuronal proteins (Fig. 6A). Co-incubation of astrocyte-poor neuronal
cultures with ACM and the antioxidant agents 3-Methyl-1-phenyl-2-
pyrazolin-5-one (MCI-186), a free radical scavenger, EUK-134, a syn-
thetic Superoxide Dismutase/Catalase mimetic, Dimethylthiourea
(DMTU), a potent scavenger of hydroxyl radicals, 1-oxyl-2,2,6,6-tetra-
methyl-4-hydroxypiperidine (Tempol), a cytosolic permeable Super-
oxide Dismutase mimetic or Ethyl gallate, a hydrogen peroxide sca-
venger, significantly decreased in all cases the neuronal oxidation
induced by ACM (Fig. 6, A and B). The antioxidants by themselves did
not change neuronal oxidation levels (Fig. 6B), an indication that they
counteracted specifically the effects of oxidant species present in the
ACM. The pro-oxidant tert-Butyl-hydroperoxide (t-BHP) was used as
positive control of oxidation (Fig. 6B).

As a second strategy to determine neuronal oxidative tone, astro-
cyte-poor neuronal cultures were transfected with the genetically

Fig. 4. AβOs and ACM treatment induce nuclear and cytoplasmic pSerSTAT3 dephosphorylation. (A) Astrocyte-rich and astrocyte-poor neuronal cultures were treated with AβOs or with
ACM, respectively. Total, nuclear or cytoplasmic pSerSTAT3 immuno-labeling was quantified as described in the Methods section. A mean number of 450–500 cells was analyzed per
experimental condition. Values represent mean± SEM. Significance between differences was determined by t-test. (B) Astrocyte-poor neuronal cultures were treated with regular
medium (Control) or with ACM. Cells were separated into nuclear and cytoplasmic fractions and pSerSTAT3 was determined by Western blot. As load control we used β-actin, a marker
for cytoplasmic proteins, and histone H1 (H1) a marker for nuclear proteins. Graph values represent mean± SEM from 6 independent determinations. Significance between means was
evaluated by two-tailed Student t-test.
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encoded biosensor Hyper-cyto, which detects cytoplasmic H2O2 levels
[39]. We found that ACM treatment generated a significant increase in
H2O2 levels in the soma and neurites of neurons (Fig. 6, C and D). To
examine if treatment with antioxidant agents hinder the pSerSTAT3
redistribution induced by ACM, we co-incubated for 24 h astrocyte-
poor neuronal cultures with this medium and the above antioxidant
agents. We found that MCI-186, DMTU or EUK-134 abolished the re-
distribution of pSerSTAT3 induced by the ACM (Fig. 6, E and F). Con-
sidering that MCI-186 and DMTU are potent hydroxyl radical sca-
vengers and that EUK-134 is a SOD/Catalase mimetic, we suggest that
hydrogen peroxide generated in neuronal cells by the ACM reacts with
intracellular iron producing hydroxyl radical via the Fenton reaction,
which is scavenged by MCI-186 or DMTU.

3.7. Conditioned media from AβOs-stimulated astrocytes generates
neuronal calcium signals

ROS and nitric oxide are important inducers of neuronal calcium
signaling through the activation of intracellular and plasma membrane

calcium channels [25,26,46,73]. To assess if ACM via neuronal ROS/
RNS generation induces calcium signals in neurons, we measured cal-
cium levels with Fluo4-AM in the soma of pyramidal neurons, before
and after the application of ACM. Addition of this medium produced a
rapid and significant intracellular calcium increase, while addition of
control medium collected from astrocytes not treated with AβOs did not
(Fig. 7A). To examine if calcium signals mediate the pSerSTAT3 re-
distribution induced by ACM, we pre-incubated astrocyte-poor neu-
ronal cultures with 100 µM BAPTA-AM for 1 h before incubation for
24 h with ACM or with control medium. BAPTA-AM is a cell-permeant
highly selective Ca2+ chelator that when hydrolyzed by intracellular
esterases becomes membrane impermeable, thus chelating intracellular
Ca2+. We found that pre-incubation with BAPTA-AM abolished the
nuclear depletion of pSerSTAT3 induced by ACM (Fig. 7B), and that
pre-incubation with BAPTA-AM by itself did not modify pSerSTAT3
nuclear/cytoplasmic distribution (Fig. 7B). Based on these results, we
propose that the increase in intracellular calcium levels is essential for
the pSerSTAT3 redistribution induced by the ACM.

Fig. 5. Reactive oxygen species, nitric oxide and pro-inflammatory cytokines released by AβOs-stimulated astrocytes induce a re-distribution of pSerSTAT3 in neurons. (A),
Representative images from the co-incubation of astrocyte-rich neuron cultures with AβOs and the ROS-scavenger enzyme catalase (Cat). Scale bar: 20 µm. (B), Quantification of
pSerSTAT3 immunofluorescence in nucleus and cytoplasm after incubation with AβOs in the presence of Cat. Values represent mean± SEM from three independent experiments; 100
cells were analyzed for each experimental condition. Significance between means was evaluated by one-way ANOVA. (C) Quantification of nucleus and cytoplasm immunofluorescence of
pSerSTAT3 in astrocyte-poor neuronal cultures treated with 50 µM hydrogen peroxide (H2O2) for 24 h. Values represent mean±SEM. Significance between means was evaluated using t-
test. (D) Representative images from the co-incubation of astrocyte-rich neuronal cultures with AβOs and the nitric oxide scavenger hemoglobin. Scale bar: 20 µm. (E), Quantification of
nucleus and cytoplasm immunofluorescence of pSerSTAT3 of the experiment described in (D). Values represent mean± SEM. Significance of differences was determined by one-way
ANOVA followed by Bonferroni post-hoc test. (F) mRNA levels of pro-inflammatory cytokines IL-1β, IL-6 and TNFα in AβOs-stimulated astrocytes quantified by RT-qPCR. IL-1β, IL-6 and
TNFα mRNA levels were normalized by 18 S mRNA levels. Values represent mean± SEM from seven independent experiments. Significance of differences between means was de-
termined by t-test.
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3.8. Conditioned media from AβOs-stimulated astrocytes decreases STAT3-
target survival genes and increases the pro-apoptotic BAX/BCL2 ratio in
neurons

STAT3 is a transcription factor whose activity is modified by oxi-
dative stress. Previous studies have postulated that under different
oxidative stimuli STAT3 undergoes thiol oxidation in critical cysteines
involved in DNA interaction [9,36], suggesting that oxidation of STAT3
affects its transcriptional activity. To assess if ACM modifies STAT3
transcriptional activity, we measured the expression levels of different
STAT3-target survival genes by real-time PCR. We found that the

expression of BCL2 and Survivin were significantly decreased in re-
sponse to treatment with ACM, whereas the expression of BCL-XL, an-
other member of the BCL2-family, showed a tendency to decrease
(Fig. 8A). Furthermore, this conditioned medium produced an increase
in the BAX/BCL2 ratio, which is a classical pro-apoptotic signal
(Fig. 8B). Based on the effect of extracellular ROS scavengers (catalase,
hemoglobin) and the effect of cell-permeant antioxidants and BAPTA,
we propose that oxidants released by AβOs-stimulated astrocytes im-
pair STAT3 neuroprotective activity through a calcium-mediated pro-
cess.

Fig. 6. Treatment with ACM increases the oxidative tone in neurons and antioxidant agents abolish this effect. (A), Representative images collected in the channel that determines
oxidized (S-S) cysteines (see Methods) after addition of ACM or control media, in the absence or presence of the antioxidants MCI186, EUK134, dimethylthiourea (DMTU), Tempol or
ethyl gallate. The pro-oxidant agent tert-Butyl hydroperoxide (t-BHP) was used as positive control. S-S fluorescence intensity was transformed into a thermal scale (ImageJ program) in
which a shift from blue to white indicates increasing degrees of oxidation (lower right-hand bar). (B), Quantification of the oxidized/reduced (S-S/S-H) ratio was performed as described
in Methods. Values represent mean±SEM. Significance of differences between means were determined by one-way ANOVA, followed by Bonferroni post-hoc test; three independent
experiments. (C), Representative images of Hyper-cyto fluorescence determined in astrocyte-poor neuronal cultures treated with ACM. Hyper-cyto fluorescence intensity was transformed
into a thermal scale (lower right-hand bar in lower panel) in which a shift from blue to green to yellow indicates increasing degrees of oxidation. Scale bar: 10 µm. (D) The graph
represents quantification of fluorescence levels in soma and neurites. Values represent mean± SEM. Significance of differences between means was determined by t-test in three
independent experiments. (E), Representative images of pSerSTAT3 nuclear/cytoplasm distribution in astrocyte-poor neuronal cultures treated with ACM and the antioxidants MCI186,
EUK134, dimethylthiourea (DMTU), Tempol or ethyl gallate. MCI186, EUK134 and DMTU abolished the ACM-induced pSerSTAT3 nuclear depletion. Scale bar: 10 µm. (F), Quantification
of the experiment shown in (E). Values represent mean± SEM. Significance of differences between means were determined by one-way ANOVA, followed by Bonferroni post-hoc test;
three independent experiments.
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4. Discussion

We explored in this study the interplay between AβOs, astrocytes
and neurons, and tested if AβOs-stimulated astrocytes affect neuronal
viability genes. The results highlight the pSerSTAT3 form of STAT3 as
critical for the expression of neuronal genes, whose activity is hindered
by AβOs-stimulated astrocytes.

Full transcriptional activity of STAT3 depends on the presence of
pSerSTAT3. Nevertheless, the factors that determine pSerSTAT3 nu-
clear location are largely unknown. We found that treatment of astro-
cyte-rich neuronal cultures with sub-lethal concentrations of AβOs de-
creased the nuclear distribution of pSerSTAT3. An inverse relationship
was observed in the 0.05–0.2 µM range of AβOs concentration. In
contrast, higher AβOs concentrations did not modify pSerSTAT3 nu-
clear distribution when compared to control. We hypothesize that the
observed lack of effect of higher AβOs concentrations is probably due to
the formation of less active polymorphic fibril aggregates, a process that
is highly favored by increasing Aβ concentration [61].

4.1. Astrocyte-neuron interaction mediates AβOs-induced pSerSTAT3
nuclear depletion

Treatment of astrocyte-rich neuronal cultures with AβOs did not
change total STAT3 or pTyrSTAT3 nuclear distribution, pointing to a
specific effect of AβOs on the nuclear depletion of the pSerSTAT3 form.
Hence, we conclude that this depletion requires the presence of astro-
cytes since it did not occur in astrocyte-poor neuronal cultures. In
support of this conclusion, we observed that ACM addition to astrocyte-
poor neuronal cultures caused similar pSerSTAT3 nuclear depletion as
that observed in astrocyte-rich neuronal cultures. Moreover, these
findings indicate that AβOs-treated astrocytes release agents that
mediate pSerSTAT3 nuclear depletion. These findings are in agreement
with pioneering work showing that the Aβ peptide acts preferentially
on astrocytes but causes neuronal death [2], and highlight the role of
astrocytes in AβOs-induced neuronal degeneration.

Importantly, total neuronal pSerSTAT3 levels decreased markedly
after treatment of astrocyte-rich neuronal cultures with AβOs or after
treatment of astrocyte-poor neuronal cultures with ACM. Based on
these results, we strongly suggest that the neuronal ROS increase

Fig. 7. The ACM induces calcium signals; intracellular calcium chelation abolishes pSerSTAT3 relocation. (A), Astrocyte-poor neuronal cultures were loaded with the calcium sensor Fluo-
4 and then challenged with ACM or control medium. Calcium signals were recorded as a function of time in an inverted confocal microscope, and were quantified using the equipment
data acquisition program. Values represent mean±SEM of Fluo-4 fluorescence determined in 45 individual cells per experimental condition. Significance of differences between means
was determined by t-test; ***: p<0.001. (B), Astrocyte-poor neuronal cultures were pre-incubated with or without 100 µM BAPTA-AM for 1 h before incubation for 24 h with astrocyte-
conditioned or control media. Cells were immunostained for pSerSTAT3 and the nucleus/cytoplasm fluorescence ratio was determined as described in Methods. Values represent
mean± SEM from three independent experiments; on average 100 cells were analyzed for each experimental condition. Significance between differences was determined by one-way
ANOVA followed by Bonferroni post-hoc test.

Fig. 8. ACM decreases STAT3 survival-target genes and increases the
pro-apoptotic BAX/BCL2 ratio in neurons. (A) BCL2, Survivin, BCL-XL
and BAX mRNA were quantified by qRT-PCR in astrocyte-poor neu-
ronal cultures treated with ACM. All mRNA values were normalized
by β-actin mRNA levels. Values represent mean±SEM. Significance
of differences was determined by t-test. Results are from seven in-
dependent experiments. (B) Pro-apoptotic BAX/BCL2 ratio. Values
represent mean± SEM from seven independent experiments.
Significance of differences was determined by t-test.
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produced by AβOs-treated astrocytes induce calcium signals that recruit
calcium-dependent serine phosphatases such as calcineurin [51], which
catalyze pSerSTAT3 dephosphorylation. Arguably, pSerSTAT3 depho-
sphorylation could result from the sequence AβOs activation of astro-
cytes – ROS release – neuronal ROS and calcium upsurge – calcineurin
activation. Alternatively, the ROS-calcium signal axis may inhibit the
activity of phosphoserine kinases germane to pSerSTAT3 phosphor-
ylation. The ROS-induced neuronal calcium upsurge could be mediated
either by the highly redox-sensitive ryanodine receptor calcium chan-
nels [16] or by transient receptor potential canonical 6 calcium chan-
nels [32,56].

4.2. Reactive oxygen species mediate the effects of AβOs-stimulated
astrocytes

Previous work has shown that AβOs induce calcium signaling in
astrocytes, and that AβOs treatment decreased the level of reduced
glutathione in both neurons and astrocytes [4]. We found that AβOs
treatment of astrocytes induced a reactive phenotype that released ROS
and RNS and displayed increased IL-6 and TNFα transcriptional ac-
tivity. These observations are in agreement with literature reports de-
scribing pro-inflammatory phenotype emergence in AβOs-stimulated
astrocytes [11,69]. Similarly, previous reports have shown that AβOs
induce calcium signals in astrocytes, which result in NOX activation and
increased ROS production and nitric oxide release. In this work, we
found that treatment of astrocyte-poor neuronal cultures with ACM
significantly increased H2O2 levels in neuronal soma and neurites, and
promoted a significant increase in oxidized neuronal protein content. In
addition, we observed that SOD, a superoxide scavenger enzyme, or
catalase, a hydrogen peroxide scavenger enzyme, abolished the pSer-
STAT3 nuclear depletion produced by ACM, indicating that ROS re-
leased by AβOs-treated astrocytes mediate this depletion. Since AβOs
induce NOX activity [2,70], it is likely that astrocytic NOX, activated by
AβOs, acts as the source of hydrogen peroxide in ACM.

Scavenging of nitric oxide decreased the effects of ACM, although
not as effectively as ROS scavenging. The most probable mechanism
accounting for the putative secretion of nitric oxide by AβOs-stimulated
astrocytes would be iNOS activation by a process that also requires the
participation of inflammatory cytokines [3,50,63]. In agreement with
previous literature reports, we found that AβOs treatment significantly
increased the expression of the pro-inflammatory cytokines IL-6 and
TNF-α in astrocytes. Hence, a circuit engaging cytokine production and
iNOS activation may mediate, at least in part, nitric oxide production
by AβOs-stimulated astrocytes.

4.3. Neuronal calcium signals mediate the nuclear depletion of pSerSTAT3
induced by ACM

ROS and nitric oxide are important inducers of neuronal calcium
signaling through the activation of intracellular and plasma membrane
calcium channels [46,73]. Considering that ROS increase intracellular
calcium levels in neurons, we tested the possible involvement of cal-
cium signals on pSerSTAT3 nuclear relocation. We found that astrocyte-
conditioned medium induced calcium signals and that intracellular
calcium chelation with BAPTA prevented pSerSTAT3 nuclear depletion.
As expected, pre-treatment of the cells with antioxidants completely
abolished the calcium response to ACM (Supplementary Figure 3). We
propose, based on these overall results, that ROS-induced calcium sig-
nals mediate the neuronal pSerSTAT3 depletion induced by ACM.

4.4. Decreased pSerSTAT3 nuclear distribution results in decreased
expression of STAT3 survival target genes

We found that the expression of BCL2 and Survivin were significant
decreased in response to treatment of astrocyte-poor neuronal cultures
with ACM. Furthermore, treatment with ACM increased the BAX/BCL2

ratio, while BCL-XL showed a tendency to decrease. We suggest, ac-
cordingly, that nuclear pSerSTAT3 promotes the expression of anti-
apoptotic genes, and that pro-oxidant species released by AβOs-treated
astrocytes trigger signaling cascades that diminish this activity by de-
pleting pSerSTAT3 from the nucleus.

In summary, we propose that AβOs-activated astrocytes release
oxidative mediators that specifically decrease the nuclear/cytoplasmic
distribution of pSerSTAT3 in neurons through sequential increases in
intracellular ROS and calcium, with the consequent decrease in the
expression of survival STAT3-target genes.
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