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Neurons are highly dependent on astrocyte survival during
brain damage. To identify genes involved in astrocyte function
during ischemia, we performed mRNA differential display in
astrocytes after oxygen and glucose deprivation (OGD). We
detected a robust down-regulation of S6 kinase 1 (S6K1) mRNA
that was accompanied by a sharp decrease in protein levels and
activity. OGD-induced apoptosis was increased by the com-
bined deletion of S6K1 and S6K2 genes, as well as by treatment
with rapamycin that inhibits S6K1 activity by acting on the
upstream regulator mTOR (mammalian target of rapamycin).
Astrocytes lacking S6K1 and S6K2 (S6K1;S6K2~/™) displayed a
defectin BAD phosphorylation and in the expression of the anti-
apoptotic factors Bcl-2 and Bcl-xL. Furthermore reactive oxy-
gen species were increased while translation recovery was
impaired in S6K-deficient astrocytes following OGD. Rescue of
either S6K1 or S6K2 expression by adenoviral infection revealed
that protective functions were specifically mediated by S6K1,
because this isoform selectively promoted resistance to OGD
and reduction of ROS levels. Finally, “in vivo” effects of S6K
suppression were analyzed in the permanent middle cerebral
artery occlusion model of ischemia, in which absence of S6K
expression increased mortality and infarct volume. In summary,
this article uncovers a protective role for astrocyte S6K1 against
brain ischemia, indicating a functional pathway that senses
nutrient and oxygen levels and may be beneficial for neuronal
survival.

Astrocytes are the most abundant cells in the central nervous
system. Their functions are crucial for central nervous system
homeostasis, because they provide trophic, metabolic, and anti-
oxidant support to neurons. In addition, astrocytes show the
ability to modulate synaptic activity and are responsible for pre-
serving neuronal integrity in conditions of disease and injury. In
this regard, recent evidence indicates that they are protective
for neurons during cerebral ischemia (1). As there is a growing
consensus that astrocyte dysfunction may compromise the
ability of neurons to survive, the need for studies that clarify the
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molecular mechanisms involved in the astrocytic response to
ischemia is plainly justified.

Among the intracellular pathways that integrate signals from
nutrients and oxygen, the mammalian target of rapamycin
(mTOR)? kinase plays an evolutionary conserved role in the
regulation of cell growth, proliferation, survival, and metabo-
lism (2). mTOR exists in the cell in at least two distinct com-
plexes with different partners, mTORC1 and mTORC2. The
activity of mTORCI1 is exquisitely sensitive to the energy status
of the cell and is blocked by the macrolide antibiotic rapamycin.
Glucose and oxygen deprivation inhibits mTORC1 activity,
respectively, through the regulation of AMP-activated kinase
and REDD1/REDD?2 proteins (3-5). These factors favor the
action of the tuberous sclerosis proteins TSC1 and TSC2, which
suppress mTORC1 by forming a complex with GTPase-activat-
ing protein (GAP) activity for the small GTPase Rheb (6).

In turn, mTORCI1 phosphorylates at least three distinct
classes of substrates, the eIF4E-binding proteins (4EBP-1 to -3),
the ribosomal protein S6 kinases (S6K1 and S6K2) and the
serum- and glucocorticoid-inducible kinase 1. However, the
pathophysiological role of the mTOR pathway during hypoxia-
induced brain damage and the involvement of the distinct
mTOR effectors remain to be established.

The anabolic actions of the mTOR pathway may in part
depend on the regulation of protein synthesis. mTOR associ-
ates with the translation initiation factor eIF3 (7). In turn the
mTORCI1 substrates 4EBPs interact with the cap-binding pro-
tein elF4E (8), while S6Ks phosphorylate the ribosomal protein
rpS6 and elF4B (9, 10). However loss of function mouse
mutants of 4EBPs and S6Ks failed to uncover a role of these
effectors in global protein synthesis during resting conditions,
while instead suggesting an involvement in energy homeostasis
and mitochondrial function (11-13). Therefore, mTOR plays
critical anabolic and energetic functions still poorly under-
stood, raising the appealing possibility that hypoxia-induced
down-regulation of the mTOR pathway could be linked to brain
damage. In this regard, S6K, besides stimulating phosphoryla-

2 The abbreviations used are: mTOR, mammalian target of rapamycin; GAP,
GTPase-activating protein; S6K1, -2, S6 kinase 1 and 2; 4EBP, elF4E-binding
protein; OGD, oxygen and glucose deprivation; H2DCF-DA, dichlorodihy-
drofluorescein diacetate; DMEM, Dulbecco’s modified Eagle’s medium;
MCAO, middle cerebral artery occlusion; RT, reverse transcription; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; PBS, phosphate-buffered
saline; TRITC, tetramethylrhodamine isothiocyanate; MTT, 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide; PI, propidium iodide;
m.o.i., multiplicity of infection.
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tion of the ribosomal proteins rpS6 and elF4B, has been shown
to inactivate the anti-apoptotic factor BAD and the insulin
receptor substrate IRS (13, 14), demonstrating additional tar-
gets that are not directly involved in protein synthesis and may
be relevant for the physiological action of the pathway. More-
over, S6K activity is decreased in in vivo paradigms of global and
focal brain ischemia (15—17); whereas insulin-activated cardio-
protection during ischemia/reoxygenation-induced injury is
linked to S6K activation (18).

Here we show that oxygen and glucose deprivation (OGD)
decreases SOK1 mRNA levels in astrocyte cultures, leading to a
reduction of S6K1 protein and activity. S6K loss of function
leads to increased astrocyte death during ischemia, impairment
of protein synthesis recovery, unbalance between mitochon-
drial pro- and anti-apoptotic factors and rise in ROS levels.
Finally we reveal an effect of S6K suppression on mouse mor-
tality and infarct volume following permanent middle cerebral
artery occlusion. Our data indicate a novel role of S6K1 pro-
moting astrocyte survival, protein synthesis, and brain protec-
tion in conditions of ischemic stress.

EXPERIMENTAL PROCEDURES
Chemicals

Dichlorodihydrofluorescein diacetate (H2DCF-DA) and
Annexin V conjugated with Alexa Fluor 488 were purchased
from Molecular Probes (Eugene, OR). Fetal bovine serum and
glutamine were obtained from Invitrogen. Anti-S6K1, anti-
phospho-Thr-389 S6K1, anti-phospo-Ser235/236 S6, anti-Bad,
and anti-phospho-Ser-136 Bad Primary antibodies were pro-
vided by Cell Signaling. Monoclonal antibodies against S6K2
were previously described (9). Rapamycin was from Calbio-
chem. Anti-Bad antibody for immunoprecipitation, and all
other chemicals were purchased from Sigma unless otherwise
stated.

Animals and Primary Astrocyte Cultures

Generation of S6K1- and S6K2-deficient mice S6K1;2/~ has
been previously described (9). Animals were initially in the
mixed C57/Bl6-1290la genetic background and then back-
crossed ten times to a “pure” C57/Bl6 background. Primary
cultures of astroglial cells were also prepared as mentioned
before (19, 20) with minor modifications. Briefly, cortices from
1-day-old mouse pups were aseptically removed, minced, dis-
sociated by trypsinization, and maintained in Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum and penicillin/streptomycin. Fourteen days after
plating, the flasks were shaken for 15—-18 h at 37 °C to remove
oligodendroglial and microglial cells. Astrocytes were then
detached by trypsinization and plated either on culture dishes
or poly-L-lysine-coated glass coverslips in supplemented
DMEM. All experiments were performed 2—-3 days after cells
were re-plated.

Flow Cytometry for Cell Size Measurement

Astrocytes were dispersed by trypsinization, and the result-
ing single cell suspension was immediately used for cell size
measurement. Relative cell size was assessed in 10,000-cell
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samples using a BD-LSR flow cytometer (BD Biosciences). For-
ward scatter height histograms were plotted, and mean values
were calculated using CellQuest software, according to the
manufacturer’s instructions.

Ischemia Models

In Vitro OGD—Ischemia was induced following a formerly
reported method (19) using an anaerobic chamber. Glucose-
and serum-free DMEM was made anoxic by aeration with
99.95% N, for 30 min, and subsequently saturated with 5% CO,
in N, for a further 20-min period. 24-h serum-starved astrocyte
cultures were washed three times with ischemia media and
maintained at 37 °C inside the ischemic chamber incubator. At
the end of the designated period, medium was replaced and
cells were returned to a normal culture incubator.

Permanent MCAO—Experiments were performed on 3-
month-old male wild-type and S6K1;2”/~ mice. They were
anesthetized with 5% isoflurane (in 70%N,0, 30%0,) for induc-
tion and 1.5% isoflurane for maintenance, and the rectal tem-
perature was kept at 37 °C with a heating pad. The middle cer-
ebral artery was exposed and occluded permanently by
electrocoagulation (21). All procedures conformed to the Com-
mittee of Animal Care at the Universidad Complutense of
Madrid according with European Union rules (86/609/CEE,
2003/65/CE, and RD 1201/2005). Brains were removed 2 or 7
days after middle cerebral artery occlusion (MCAO), cut into
seven 1-mm-thick coronal brain slices (Brain Matrix, WPI-Eu-
rope, Aston, Stevenage, UK), and stained in 0.2 M phosphate
buffer containing 2% 2,3,5-triphenyltetrazolium chloride.
Infarct size (mm®) was determined as previously described (22)
and expressed as infarct volume per 100 mg of tissue to com-
pensate for the differences in brain size between S6K1;2~/~ and
wild-type mice.

RNA Isolation

Total RNA was obtained with TRIzol® Reagent (Invitrogen)
following the manufacturer’s indications. One milliliter of
TRIzol was used per ten million cells. The isolated RNA was
subsequently treated with RNase-free DNase (Promega) to
remove any genomic DNA contamination.

Differential Display

mRNA differential display was carried out with the RNA-
image kit (GenHunter, Nashville, TN) as previously shown (19).
RNA from control astrocytes was compared with RNA
obtained from astrocytes that had been subjected to OGD for 6
and 8 h. RNA bands with different intensity in controls and
OGD-treated astrocytes were isolated, cloned, and sequenced.
Sequence homology was analyzed using the BLASTnt align-
ment software.

Real-time Quantitative PCR (RT-PCR)

Changes in the mRNA expression were examined by RT-
PCR using an ABIPrism 7000 Sequence Detection System
(Applied Biosystems). cDNA (1 ul of reverse transcription
product) was amplified using SYBR® Green PCR Master Mix
(Applied Biosystems) in the presence of primer oligonucleo-
tides specific for S6K1, Bcl-2, Bcl-xL, and GAPDH. The PCR
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TABLE 1

Forward (FWD) and reverse (REV) primer sequences used to amplify
the cDNAs of interest and the predicted product lengths

Name Accession Sequence Prqduct
number size
bp

S6K1 NM_001114334 FWD 5'-ATAGAATACATGGCCCCTGAA-3' 76
REV 5'-TGCTCCCAAACTCCACCAAT-3'

S6K2 NM_021485 FWD 5’-CGGGCTGAGAGGAACATTCTA-3' 69
REV 5'-CTGGAAAGCATAGGCCAGTTCT-3’

Bcl-2 NM_177410.2 FWD 5'-TGACTTCTCTCGTCGCTACCGT-3" 55
REV 5'-GGTGCAGCTGACTGGACATCTC-3’

Bel-xL.  X_83574.1 FWD 5’ -AGAGGCAGGCGATGAGTTTGA-3' 50
REV 5’'-AGATCACTGAACGCTCTCCGG-3'

GAPDH BC083080 FWD 5'-GCCGGTGCTGAGTATGTCGT-3’ 56

REV 5'-GCCTTCTCCATGGTGGTGAA-3'

conditions were as follows: 95 °C for 10 min, followed by 40
cycles consisting of 95 °C for 15 s and 60 °C for 1 min. Quanti-
fication was performed by the comparative C, (cycle threshold)
method (23), using the GAPDH expression level as internal
control. Primers for all target sequences (Table 1) were
designed using the computer Primer Express software provided
with the 7000 Sequence Detection System (Applied Biosys-
tems). Only one amplification product was obtained for each
pair of primers, and its identity was confirmed by sequencing.

Preparation of Cell Extracts and Western Blotting

Astrocytes were scraped into ice-cold lysis buffer (50 mm
Tris-HCI (pH 8), 120 mm NaCl, 2 mm sodium orthovanadate,
1% (v/v) Igepal, 15 mm sodium pyrophosphate, 1 mm benzami-
dine, 1 mg/ml pepstatin A, and Complete protease inhibitors
(Roche Molecular Biochemicals). Cell debris was removed by
centrifugation at 13,000 X g for 5 min, and the protein concen-
tration was determined by the Bradford method. Cell lysates
were loaded onto SDS-polyacrylamide gels, electrophoresed,
and subsequently transferred to polyvinylidene fluoride mem-
branes (Pall Corp., Ann Harbor, MI) as previously described
(24). Membranes were probed with the anti-S6K1, anti-phos-
phoThr389 S6K, anti-S6K2, anti-phospoSer235/236 S6 anti-
Bad, and anti-phosphoSer-136 Bad primary antibodies, and
subsequently incubated with peroxidase-conjugated sec-
ondary antibodies following the manufacturer’s instruc-
tions. An enhanced chemiluminescence system was used for
visualization.

Immunoprecipitation

Immunoprecipitation was carried out on a rocking platform
in a cold room. Astrocytes were harvested with lysis buffer con-
taining 150 mm NaCl, 1% Nonidet P40, 0.5% sodium deoxy-
cholate, 50 mm Tris (pH 7.5), 0.1 mm phenylmethylsulfonyl flu-
oride, 0.7 ug/ml leupeptin, and 0.5 ug/ml pepstatin. Total
protein (0.5 mg) from each sample was precleared with 20 ul of
protein A-agarose slurry (Roche Applied Science) for 3 h at
4 °C, and subsequently centrifuged at 12,000 X g. Supernatant
was incubated overnight at 4 °C with 5 ug of Bad antibody.
Protein A-Agarose (20 ul) was then added and incubated for
3 h. After centrifugation, the immunoprecipitate was washed
twice with lysis buffer. Finally, sample loading buffer (20 ul) was
added to the immunoprecipitate and boiled for 5 min before
Western blot analysis.

AUGUST 14, 2009+VOLUME 284 -NUMBER 33

S6K Affords Protection in Brain Ischemia

Immunofluorescence Microscopy

Astrocytes grown on glass coverslips inserted in 6-well plates
were washed twice with phosphate-buffered saline (PBS), fixed
in 4% paraformaldehyde for 10 min at room temperature and
blocked and permeabilized with 4% goat serum (Vector Labo-
ratories, Burlingame, CA) plus 0.1% Triton X-100 in PBS. Cells
were then incubated for 24 h at 4 °C with a rabbit anti-phospo-
Ser-235/236 S6 antibody polyclonal antibody diluted 1:200 in
PBS containing 4% goat serum. After subsequent washes with
PBS, cells were incubated for 1 h at room temperature with a
rhodamine (TRITC)-labeled goat anti-rabbit secondary anti-
body (Jackson Immunochemicals) diluted 1:5000. Fluorescent
images of the cells were obtained with a Leica DMRXA
microscope.

Viability Assays

MTT Assay—Cells were plated in 96-well culture plates at a
density of 10,000 cells/well. At the indicated periods medium
was removed and 100 ul of DMEM containing 0.5 mg/ml
3-[4,5-dimethylthiazol-2yl-2,5-diphenyltetrazolium bromide
(MTT) was added. Cells were then incubated at 37 °C for 45
min in a CO, incubator. Finally, the MTT-containing medium
was removed, and purple formazan crystals were dissolved by
adding 100 ul of dimethyl sulfoxide to each well. Absorbance
was measured in a microplate reader (Bio-Rad M-550) at 570
nm with a reference filter at 655 nm.

Fluorescence Microscope Imaging of Annexin V Staining—
Astrocytes grown on coverslips were washed twice with PBS
and stained for 15 min with Annexin V-Alexa Fluor 488 and
propidium iodide (PI), according to the manufacturer’s indica-
tions (Molecular Probes). Cells were then mounted on slides
and observed under a fluorescence microscope using the
appropriate filters.

Flow Cytometry for Annexin V/PI Assessment—Astrocytes
were harvested by trypsinization and stained simultaneously
with Annexin V-Alexa Fluor 488 and PI, according to the man-
ufacturer’s indications (Molecular Probes). Early apoptotic
cells were distinguished from other cells with a BD-LSR flow
cytometer (BD Biosciences). During apoptosis, phosphatidyl-
serine is translocated from the inner to the outer leaflet of the
plasma membrane, where it can be detected by Annexin V con-
jugates. Cells that were positive for Annexin V and negative for
PI were considered early apoptotic. Annexin V-negative/PI-
negative cells were identified as living cells, and cells positive for

PI were designated as dead cells (necrotic plus late apoptotic
cells).

Flow Cytometry for Intracellular ROS Production

Cells were incubated with the cell permeant dye H2DCEF-
DA, which de-esterifies intracellularly to H2DCF. ROS oxi-
dize H2DCEF to the brightly fluorescent compound 2',7'-di-
chlorofluorescein, monitored by flow cytometry as
previously described (24). Briefly, control and OGD-exposed
astrocytes were incubated with 5 um H2DCF-DA for 15 min at
37 °C, detached from the plate with trypsin/EDTA, resus-
pended in ice-cold PBS, and immediately used for flow cytom-
etry. Triplicate samples were run in each experiment, and at
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FIGURE 1. OGD induces S6K down-regulation in astrocytes. A, mRNA differential display gel corresponding
to control (Cont) and 6- or 8-h OGD-treated astrocytes. The 258-bp band (arrowhead) down-regulated by OGD
treatment showed 100% homology to the 3’ region of the mouse S6K1 gene. B and C, RNA samples obtained
from controls and astrocytes exposed to OGD for 4, 6, and 8 h were used for quantification of S6K1 and S6K2

6h-OGD+reoxygenation

a least significant differences test
was applied when multiple compar-
isons were required. p < 0.05 was
considered statistically significant.

expression levels by reverse transcription followed by quantitative real-time PCR. GAPDH expression level was

used as internal control. D, astrocytes were subjected to 6-h OGD, and total proteins were extracted immedi-
ately afterward or at different reoxygenation times (4, 12, 24, or 48 h). Control astrocyte cultures (Cont) were left
untreated. Immunoblots were probed for S6K1, phospho-Thr-389 S6K1 (P-S6K), S6K2, phospo-Ser-235/236 S6
(P-S6), and GAPDH. A representative experiment is shown. E, S6K1/GAPDH ratio of signal intensity is shown.
Immunoblot signals were quantified using the ImageJ software. Results (B, C, and E) are expressed as the
mean = S.D. of at least four experiments performed using independent astrocyte cultures. ¥, p < 0.05; ***, p <

0.005 relative to control.

least 10,000 cells per sample were analyzed. Mean fluorescence
was calculated by using the program CellQuest.

Analysis of Protein Synthesis Rate

Protein synthesis rate was determined as described (25).
Astrocytes, grown in 35-mm dishes were washed twice with
cysteine- and methionine-free DMEM and incubated for 2 h in
1 ml of medium containing 40 uCi of [>*S]methionine and
[**S]cysteine (Amersham Biosciences). Cells were then washed
twice in ice-cold PBS and lysed in 100 ul of 0.2% Triton. Three
10-ul aliquots from total cell lysate were counted in a scintilla-
tion counter to evaluate the label in total cell lysate. The
remaining lysate was treated with trichloroacetic acid to pre-
cipitate proteins, and centrifuged at 12,000 X g. The amount of
free radiolabel was assayed in three 10-ul supernatant aliquots
in the scintillation counter. The amount of radiolabel incorpo-
rated into protein was then calculated by subtracting the value
of the non-incorporated label from the value of the label in the
total lysate.

Adenoviral Infection

Replication-defective adenoviral vectors driving the expres-
sion of Myc-tagged S6K1 (Ad-S6K1), kinase-dead S6K1 (Ad-
KD-S6K1), and S6K2 (Ad-S6K2) were constructed as previ-
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RESULTS

OGD Induces S6K1 Down-regula-
tion in Astrocytes—As an initial
approach, experiments were set to
search for genes involved in the
response to ischemia in primary cul-
tures of astrocytes. A strategy based
in the RNA differential display technique was performed using
OGD as a well established ischemia model. A consistent reduc-
tion of a 258-bp band was uncovered in OGD-treated astro-
cytes (Fig. 1A). This band, once isolated and sequenced, showed
100% homology to the 3’-end of the S6K1 mouse gene (acces-
sion number NM_001114334). Confirmatory quantitative RT-
PCR experiments (Fig. 1B) revealed that S6K1 is abundantly
expressed in control astrocytes and that S6K1 undergoes a
prompt and prominent down-regulation following OGD (70
and 43% of control values after 6- and 8-h OGD, respectively).
Conversely, the expression of the homologous gene S6K2 was
not affected (Fig. 1C). Western blot analysis indicated that
OGD-induced mRNA down-regulation is followed by a pro-
gressive reduction of S6K1 protein during the reoxygenation
period, reaching the minimum values (31.43 = 15.59%) at 24 h.
Parallel reduction of the S6K1 phosphorylated active form and
the phosphorylation of its target protein S6 were also observed.
These values showed a partial recovery at 48 h after reoxygen-
ation, although still persisted below controls (Fig. 1D). In con-
trast to S6K1, S6K2 levels were maintained during OGD and
reoxygenation. Because ribosomal protein S6 is phosphorylated
by both S6K1 and S6K2 in multiple tissues (25, 27-29), it is
likely that OGD affects S6K1 and S6K2 enzymatic activity while
specifically blunting S6K1 expression at the mRNA level.
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FIGURE 2. S6K regulates astrocyte size. A, representative phase-contrast
microphotographs of primary astrocyte cultures from wild-type (WT) and
S6K1;27/~ (S6K~’~) animals. Scale bars correspond to 100 uwm. B, both WT and
S6K ™/~ cultures were exposed to 100 nm rapamycin (rap) or vehicle (veh) for
48 h. Astrocyte size was then analyzed by flow cytometry. Plot shows forward
scatter height (FSC) values (left panel). Size measurements are presented as
mean = S.D. from five independent astrocyte cultures (right panel). ***, p <
0.005 relative to untreated WT.

Regulation of Astrocyte Size by S6K—Our first approach to
assess S6K function in astrocytes included preparation of pri-
mary astrocyte cultures obtained from S6K1;2~/~ mice. These
animals, developed by crossing S6K1~/~ and S6K2~/~ mice,
had been previously reported to show reduced body weight and
increased perinatal lethality (9). When astrocytes obtained
from S6K1;2~/~ mice were set in culture their proliferation rate
was undistinguishable from wild-type astrocytes (not shown).
However, astrocytes from S6K1;27 '~ cultures displayed a 17%
smaller size than wild-type counterparts (Fig. 24), quantified by
flow cytometry (Fig. 2B). Further assessment of the implication
of S6K in cell size control was attained by pharmacological
blockage of the mTOR/S6K pathway. Treatment of wild-type
astrocytes with the mTOR inhibitor rapamycin greatly reduced
astrocyte size, while the same treatment had no effect on S6K1;
277 cells.

Protective Role of S6K on Astrocytes Exposed to Ischemia—In
the next set of experiments we explored the consequences of
S6K down-regulation in response to ischemia. In particular, we
examined whether a lack in S6K activity could increase vulner-
ability of astrocytes to ischemic insults by comparing wild-type
and S6K1;2" /" astrocyte cultures with respect to the effects of
OGD on cell viability. Cultures were subjected to OGD for time
intervals ranging from 0.5 to 16 h, and viability was assessed
24 h later by flow cytometry of Annexin V-PI staining (Fig. 3).
S6K suppression significantly reduced astrocyte survival to
ischemia, anticipating ischemia-induced death ~2 h. Highest
differences in cell survival between wild-type and S6K1;2"/~
astrocytes were obtained after 8-h OGD (56.56 * 4.92% versus
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38.36 = 5.48%) (Fig. 3A). Moreover, quantification of Annexin
V-positive/PI-negative cells (early apoptotic) indicated that
increased cell death in S6K1;2~/~ astrocytes exposed to either
4- or 8-h OGD also implicates a rise in apoptosis. Early apopto-
tic values for cells subjected to 4-h OGD are shown in Fig. 3, B
and C (5.5 * 0.49% for wild-type versus 8.07 £ 0.98 for S6K1;
27/7 astrocytes). These panels also show that the number of
PI-positive cells (late apoptotic and necrotic) is higher in S6K1;
27/7 (27.24 * 4.34) than in wild-type astrocyte cultures
(18.36 = 2.58%); suggesting that, besides apoptosis, necrotic
death pathways are involved in the increased susceptibility of
S6K1;27/" astrocytes to OGD. These findings were further
confirmed by fluorescence microscopy examination of
Annexin V- and Pl-stained cells (Fig. 3D).

Complementary data on the beneficial role of the mTOR/
S6K pathway on astrocyte viability were obtained analyzing the
effects of mTOR inhibition. Astrocytes obtained from wild-
type mice were serum-starved for 24 h and pretreated with
rapamycin for 24 h prior to 4-h OGD. Viability was assessed
after 24-h reoxygenation by flow cytometry of Annexin V-PI-
stained cells. The results obtained showed that rapamycin sig-
nificantly increased OGD-induced astrocyte injury. Values for
both early apoptotic and late apoptotic/necrotic cells were
raised by rapamycin (8.6 * 1.2 and 14.6 * 2.5% in vehicle-
versus 10.5 * 0.8 and 22.4 = 4.7% in rapamycin-treated astro-
cytes), while the percentage of live cells was reduced from
75.7 = 5.8 to 61.4 * 3.5% (Fig. 4). Therefore, these experiments
support the notion that S6K activation by mTOR preserves
astrocytes from ischemic damage.

Astrocyte Protection against OGD Depends on S6K1, but Not
S6K2—To address whether S6K1 or S6K2 were responsible for
the protective functions, astrocytes obtained from S6K1;27/~
mice were infected with adenoviral vectors expressing either
Myc-tagged S6K1 or S6K2 (Adeno-S6K1 and Adeno-S6K2,
respectively). Infection of cells with both forms of the S6K ade-
novirus resulted in comparable levels of expression, as deter-
mined by Western blot analysis with anti-Myc antibody. S6K1
levels obtained with Adeno-S6K1 at m.o.i. 20 were similar to
the endogenous protein levels observed in wild-type astrocytes,
whereas 200 m.o.i. induced much higher levels (Fig. 5B). As
expected, ribosomal protein S6 phosphorylation was absent in
S6K1;27/~ cultures infected with B-galactosidase-expressing
adenovirus (Adeno-B-gal). Expression of either S6K1 or S6K2
induced the phosphorylation of ribosomal protein S6 in astro-
cytes (Fig. 5, A and B), indicating that both kinases can rescue
ribosomal protein S6 phosphorylation. To compare the protec-
tive roles of S6K1 and S6K2, S6K1;27/~ astrocytes were
infected with Adeno-$-gal, Adeno-S6K1, or Adeno-S6K2 at the
indicated m.o.i. and then subjected to 6-h OGD. Twenty-four
hours later, cell viability was analyzed by the MTT reduction
assay. Results show that S6K1 expression increases astrocyte
survival to OGD, whereas S6K2 is ineffective. Moreover, astro-
cyte transduction with an adenoviral vector driving the expres-
sion of inactive S6K1 (KD-S6K1) did not improve astrocyte sur-
vival to OGD (Fig. 5D). Hence, our results indicate that S6K
protection against astrocyte ischemia resides specifically on
S6K1 activity.
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FIGURE 3.S6K1;27/~ astrocytes show increased susceptibility to ischemic damage. Astrocytes derived from either S6K1;2~/~ or WT mice were subjected
to OGD for the indicated times, and cell viability was analyzed by Annexin V-PI staining followed by flow cytometry or fluorescence microscopy 24 h after the
OGD onset. A, time course of ischemia-induced astrocyte death. WT and S6K1;2 /™ astrocyte cultures were exposed to OGD for 0.5, 4, 8, 12, or 16 h, and cell
viability was assessed by flow cytometry. Values represent the percentage of viable cells (Pl-negative/Annexin V-negative). B, representative flow cytometry
analysis of Annexin V-PI staining in control and 4-h OGD-treated WT and S6K1;2/~ astrocytes. Pl fluorescence was plotted versus Annexin V-Alexa Fluor 488
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least four independent experiments. Asterisks denote significant differences between WT and S6K1;27/~ astrocytes (*, p < 0.05).

S6K Suppression Modifies the Balance between Pro- and
Anti-apoptotic Factors—Among the putative S6K substrates,
the proapoptotic protein BAD has been shown to be phospho-
rylated at Ser-136 and inactivated by S6K1 after insulin-like
growth factor stimulation (14). To check whether this pro-apo-
ptotic factor was related to the increased death observed in
OGD-exposed S6K1;2/~ astrocytes, we analyzed the levels of
phospho-Ser-136-BAD by immunoprecipitation and Western
blotting. Protein extracts were obtained from wild-type and
S6K1;27/~ astrocytes exposed to 4-h OGD followed by 24-h
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reoxygenation. The results obtained demonstrate that BAD
phosphorylation at Ser-136 is intensely impaired in S6K1;2~/~
astrocytes (Fig. 6A4), also suggesting that S6K induces the inac-
tivation of BAD by phosphorylation during ischemia. However,
the fact that BAD phosphorylation was diminished in S6K1;
27/~ astrocytes, but not absent, implicates that additional
kinases contribute to the inactivation of this proapoptotic
factor.

The effect of S6K suppression on the pro-apoptotic factor
BAD prompted us to determine if other Bcl-family members,
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such as Bcl-2 and Bcl-xL, were also regulated by S6K. Meas-
uring Bcl-2 and Bcl-xL expression levels by RT-PCR revealed
that both anti-apoptotic factors are significantly decreased in
S6K1;2/~ after OGD in comparison to wild-type astrocytes
(Fig. 6B). Differences were more dramatic for Bcl-xL, because
OGD enhanced its expression in wild-type astrocytes while
inducing down-regulation in the S6K1;27/~ group. Interest-
ingly, no differences in Bcl-2 and Bcl-xL mRNA expression or
BAD phosphorylation were observed in the absence of OGD
(not shown). In conclusion, our experiments underscore the
essential role of S6K to maintain an adequate proapoptotic/
anti-apoptotic balance in astrocytes exposed to OGD. Further-
more, these observations suggest that S6K1;2 /™ regulates pro-
and anti-apoptotic factors in astrocytes in the context of energy
deprivation rather than in resting conditions.

S6K Regulates ROS Levels in Astrocytes—ROS generation is a
common cellular mechanism for multiple death pathways. To
investigate whether ROS are involved in the effects of S6K on
astroglial viability, ROS production was evaluated in H2DCE-
loaded astrocytes by flow cytometry (Fig. 74). S6K1;2 ™/~ astro-
cytes showed significantly higher basal ROS levels (150% rela-
tive to wild-type astrocytes). Moreover, OGD induced a sharp
increase in ROS levels in wild-type astrocytes (280%), which
was even more prominent in S6K1;2 /" cells (525%). These
experiments indicate that S6K down-regulation is associated to
ROS production, and that ROS levels correlate with the amount
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of astrocyte death observed in wild-type and S6K1;27 /'
astrocytes.

Next step was to test whether ROS generation is involved in
the reduction of cell viability observed in S6K1;2~/~ astrocytes
following OGD exposure. In these experiments we used the
antioxidant N-acetyl-L-cysteine, which provides cysteine for
GSH synthesis and spares GSH by reacting with ROS. Primary
astrocytes from both wild-type and S6K1;27/~ animals were
pretreated for 24 h with N-acetyl-L-cysteine (1 mwm, Fig. 7B)
before being challenged with 4-h OGD. Cell viability, assessed
24 h later by the MTT reduction assay, revealed that this anti-
oxidant treatment abolished OGD-induced cytotoxicity in
S6K1;27/~ astrocytes as much as in wild-type cells. Therefore,
these experiments identify ROS as an essential component of
the apoptotic pathway regulated by S6K in astroglial cells.

Our previous analysis suggests that SOK moderates ROS pro-
duction in oxidative conditions such as OGD. If this is the case,
S6K1;2"/ astrocytes should display increased susceptibility to
other oxidants as well. We tested this hypothesis by using
hydrogen peroxide (H,0,) and 6-hydroxydopamine, two drugs
widely used to induce oxidative stress in astrocytes. Compari-
son of their effects on the viability of wild-type and S6K1;2™/~
astrocytes revealed that treatment with both H,O, and 6-hy-
droxydopamine induces significantly more injury in S6K1;2~/~
astrocytes than in wild-type cells (Fig. 7, C and D).

S6K1 and S6K2 overexpression experiments were performed
to determine which of the kinases is involved in ROS regulation.
Our results indicate that S6K1 expression, but not S6K2, signif-
icantly reduces ROS levels in astrocytes exposed to OGD (Fig.
7E). Taken together, our results suggest that S6K1 is required
for astrocytes to cope with oxidative stress and to confer pro-
tection against OGD.

Protein Synthesis Recovery after OGD Is Impaired in S6KI;
2777 Astrocytes—Translational arrest is observed in “in vivo”
models of both global and focal cerebral ischemia where it
shows a striking correlation with neuronal vulnerability (16, 30,
31). Thus we have measured translation rate by analyzing the
incorporation of [**S]methionine and [*°S]cysteine to astro-
cytes at different reoxygenation times after OGD. According to
these experiments (Fig. 8), OGD causes a decrease in the rate of
protein synthesis significantly more prominent in S6K1;2~/~
than in wild-type astrocytes after a 24-h reoxygenation period.
Moreover, although the translational rate in wild-type astro-
cytes has largely recovered 72 h after reoxygenation started
(89%), no recuperation was observed in S6K1;27/" astrocytes
(40%). Contrarily, in the absence of OGD no differences were
observed in protein synthesis between wild-type and S6K1;
27/7 astrocytes. Differences in protein synthesis recovery can-
not be attributed to an increase in the number of viable cells
between 24- and 72-h reoxygenation, because cell survival did
not significantly increase in either wild-type or S6K™'~ astro-
cytes during this period (not shown). Because the absence of
S6K has a strong impact on translation, these observations con-
firm that S6K play key roles in astrocytes to maintain cellular
functions under ischemia.

S6K Suppression Increases Ischemic Damage in an in Vivo
Model of Ischemia—QOur experiments have shown protective
effects of S6K1 in astrocytes using an in vitro model of ischemia.
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FIGURE 6. S6K suppression impairs BAD phosphorylation and decreases
Bcl-2 and Bcl-xL expression. Astrocytes derived from either S6K1;2/~ or
wild-type mice were subjected to 4-h OGD followed by a 24-h reoxygenation
period, and total protein or RNA was extracted. A, BAD phosphorylation at
Ser-136 was analyzed by immunoprecipitation, and immunoblots were
probed for BAD and phospo-Ser-136 BAD. Histograms show results as per-
centage of OGD-exposed WT astrocytes. A representative experiment is
shown in the inset. B, Bcl-2 and Bcl-xL mRNA expression levels were analyzed
by quantitative real-time PCR. GAPDH expression level was used as internal
control. Numeric values are presented as percentage of WT astrocytes not
exposed to OGD. Results are expressed as mean = S.D. of at least three inde-
pendent experiments in both panels (**, p < 0.01, relative to OGD-treated WT
astrocytes).

To validate in vivo the roles assigned to S6K, permanent MCAO
was performed on both wild-type and S6K1;27/~ mice, as an
animal model of ischemic stroke. The consequences of S6K
suppression on animal survival were then analyzed. We found
that S6K-deficient mice were more prone to die than wild-type
littermates during the 8-day period of study (Fig. 94).
Although infarct volume was similar 48 h after MCAO
induction, at 7 days it was significantly higher in S6K1;2"/~

pendent experiments, and are expressed as percentage of uninfected
S6K1;27/~ controls not exposed to OGD. *, p < 0.05; ***, p < 0.005, relative
to B-gal-expressing cells.

S
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mice (25.93 = 3.29 mm?®/100 mg of tissue) than in wild-type
animals (16.60 = 2.51 mm®/100 mg of tissue). It is also inter-
esting to note that, although a significant decrease on infarct
size was observed between days 2 and 7 following MCAO in
wild-type mice, this reduction was completely absent in S6K-
deficient animals; in which infarct size showed the opposite

growth.
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trend (Fig. 9B). In summary,
because mortality and cerebral
infarct volume were increased in
mutant mice, the results obtained
from our in vivo model of brain
stroke suggest that S6K plays a pro-
tective role.

DISCUSSION

By using mouse lacking S6K
activity, we have shown for the
first time that S6K1 is required for
protection against ROS, protein
synthesis and astrocyte survival
after oxygen and glucose depriva-
tion. Moreover S6K activity limits
brain damage induced by middle
cerebral artery occlusion, an in
vivo model of ischemia. Since we
and others have shown that the
mTOR/S6K pathway is regulated
by oxygen and glucose levels, our
functional studies define an
important signal transduction ele-
ment for astroglial function dur-
ing ischemic conditions.

A differential display mRNA
assay to search for genes involved in
the astrocyte response to ischemia
led to the first evidence that S6K1 is
down-regulated in these cells in
response to OGD. This initial strat-
egy to show a reduction in S6K1
mRNA was later complemented
with experiments that evidenced a
significant diminution in total S6K
peptide as well as a profound decline
of its active, phosphorylated form.
Consistent with the S6K inactiva-
tion, phosphorylation of its target,
the ribosomal S6 protein, a compo-
nent of the translation machinery,
was also decreased by OGD in astro-
cytes. In agreement with our data,
previous reports have shown
dephosphorylation and down-regu-
lation of S6K as a consequence of
focal and global brain ischemia in
vivo (15—-17, 32). Therefore, there is
enough evidence to sustain that S6K
inactivation may have important
consequences for functional recov-

ery. In addition, our work supports the notion that S6K also
displays prosurvival functions based on the regulation of pro-
and anti-apoptotic factors in conditions of cellular stress such
as ischemia. This emerging mechanism of protection by S6K
would accompany the well known effects of the kinase on cell
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As previously shown in other cell types, astrocyte cell size
depends on S6K activity. Our strategy to ascertain S6K func-
tions on astrocyte exposed to ischemia involved the use of
knock-out mice in which both forms of S6K (S6K1 and S6K2)
had been suppressed by homologous recombination. Previous
studies illustrated that simultaneous deletion of S6K1 and S6K2
provides a significant increase in perinatal lethality as well as a
small size phenotype (9). In turn, deletion of only S6K1 provides
a small mice phenotype with reduction of pancreatic -cells
(33) and myoblast size (28); whereas S6K2 mutants are normal.
Thus, our data showing that S6K1;27/~ astrocytes are smaller
than wild-type counterparts are in agreement with earlier work
and support the role of this kinase as a master regulator of cell
growth. Differences in astrocyte size were marked, because they
were clearly visible under the microscope. Moreover, quantifi-
cation by flow cytometry revealed that S6K suppression causes
a17% reduction in astrocyte size, which is a similar change to
those described for pancreatic B-cells (33) and myoblasts
(28). We further confirmed that the phosphorylated-active
form of S6K is necessary for astrocyte growth using rapamy-
cin. The result of this treatment, a 15% size reduction of
wild-type astrocytes and no effect on S6K1;27/" astrocytes,
is again in agreement with previous reports on pancreatic
B-cells and myoblasts.

In addition to these growth promoting effects, the use of
S6K1;2"/~ mice in combination with an iz vitro model of ische-
mia was essential to unmask the protective role of S6K on astro-
cytes. S6K suppression in S6K1;27/~ mice greatly increased
astrocyte injury caused by OGD, shifting the OGD duration/
viability curve approximately 2 h to the left. It could also be
inferred that astrocyte death caused by OGD in S6K1;2~/~
astrocytes was due, at least partially, to increased apoptosis, as
the number of Annexin V positive cells was significantly higher
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in S6K1;27/~ than in wild-type astrocytes. In a confirmatory set
of experiments, mTOR inhibition by rapamycin significantly
increased death of wild-type astrocytes only when exposed to
OGD. Besides demonstrating that S6K is protective for astro-
cytes, these results show that the protective function against
ischemia resides in phosphorylated/active S6K. The second
conclusion that can be drawn is that S6K is specifically involved
in the response to stress conditions, whereas unstressed astro-
cytes can support mTOR inhibition without any loss of viabil-
ity. It should also be pointed out that these findings could be
relevant for patients treated with rapamycin, because there is a
chance that this drug worsens the prognosis of brain patholo-
gies associated to astrocyte apoptosis.

We analyzed the levels of phosphorylation of the proapopto-
tic factor BAD in a first attempt to elucidate the mechanism by
which S6K confers protection. BAD was elected, because it
meets the most stringent criteria as an S6K substrate (34).
Besides, it has been linked to S6K protective functions before.
Thus, S6K was demonstrated to mediate insulin-like growth
factor 1 protective functions by inactivating BAD by phospho-
rylation at Ser-136, ultimately leading to its interaction with
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14-3-3 proteins and degradation (14). Our results showing that
BAD phosphorylation at Ser-136 is prominently impaired in
S6K1;27/~ astrocytes indicates that S6K is also necessary for
BAD inactivation in these cells. Moreover, we present experi-
ments that illustrate that the increased apoptosis observed in
OGD-exposed S6K1;2~/~ astrocytes correlates with deficient
BAD phosphorylation by S6K. These results are in agreement
with a previous report linking BAD function and ischemia in
astrocytes, because BAD inactivation was shown to dramati-
cally increase survival after ischemia (35). In the same line, the
protective role of insulin in cardiac ischemia also seems to
implicate S6K-dependent BAD phosphorylation at Ser-136
(18).

In addition to BAD hypophosphorylation, our results indi-
cate that exposure of S6K1;27 '~ astrocytes to OGD induces the
down-regulation of survival factors such as Bcl-2 and Bcl-xL.
Therefore, it could be suggested that S6K, possibly acting
through multiple pathways, arbitrates the equilibrium between
intracellular pro- and anti-apoptotic factors. Further expand-
ing the possible attributions of S6K, an array of new substrates
of S6K has recently been identified (34). These considerations,
together with the fact that both S6K1 and S6K2 have nuclear
localization signals, lead to the challenging hypothesis that S6K
might regulate the expression of Bcl-2, Bcl-xL or other targets
at the transcriptional level, acting in the nucleus by direct phos-
phorylation of transcriptional regulators.

Interestingly we find that this unbalance between pro- and
anti-apoptotic factors in S6K1;27/~ astrocytes is accompanied
by increased ROS accumulation in response to OGD. Further
evidence indicating that elevated ROS levels are linked to
increased susceptibility to OGD were obtained with the use of
antioxidants, because N-acetyl-L-cysteine pretreatment com-
pletely avoided OGD-induced S6K1;2"/~ astrocyte death. It is
well established that mitochondrial impairment during stress is
associated with the generation of ROS. These, in turn, induce
cell damage through the oxidation of proteins, lipids, and DNA.
Because recent studies suggest that not only neurons but also
astrocytes may experience mitochondrial dysfunction during
ischemia-reperfusion (36 -38), it is tempting to speculate that
the protective role of S6K on astrocytes involves the preser-
vation of mitochondrial integrity during ischemia. In line
with this postulation, the tumor suppressor phosphatase and
tensin homolog, which inhibits the phosphatidylinositol
3-kinase/mTOR/S6K pathway (39), increases ROS in in vitro
models of stroke and Parkinson disease (40). Moreover, our
model of S6K deletion renders astrocytes more susceptible
not only to OGD, but also to H,O, and 6-hydroxydopamine-
induced toxicity; which is in consonance with the implica-
tion of S6K in possible defense mechanisms against oxidative
stress.

We have shown that enhanced apoptosis of astrocyte in S6K-
null mice is associated with increased ROS production, whose
source would be damaged mitochondria. Given that Bcl-2 family
members, shown here as targets of S6K, are key regulators of the
mitochondrial pathway of apoptosis, it could be suggested that the
mitochondrial dysfunction caused by S6K down-regulation may
be a consequence of an unbalance between pro- and anti-apopto-
tic Bcl-2 family members. However, other mechanisms may also
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operate, because a recent study in cardiac myocytes has described
an alternative pathway by which S6K affects mitochondrial ROS
release acting on the permeability transition pore complex
through the inhibition of glycogen synthase kinase 383 (41).

Astrocytes are a central component of the brain’s antioxidant
defense (42,43), and their ability to maintain antioxidant functions
may be a critical determinant of neuronal survival and brain func-
tion after ischemia. Therefore, even though the study of astrocyte-
neuron interactions is beyond the scope of this article, it is impor-
tant to consider that the regulation of S6K activity in astrocytes
may have obvious implications for neuronal integrity.

Historically S6K has been recognized as a master regulator of
translation, a role mediated by the phosphorylation of its classic
target protein, the ribosomal protein S6. However, several con-
troversial reports claim that not only 5’ terminal oligopyrimi-
dine tract mRNA translation, but also the overall transcrip-
tional rate, are not depressed in S6K mutant mice (9, 25, 44). In
accordance with these observations, our experiments aimed to
assess the degree of S6K implication in astrocyte protein syn-
thesis following OGD showed that wild-type and S6K1;2~/~
astrocytes do not differ in protein synthesis rate. Therefore, it
can be conceived that S6K is not essential for protein synthesis
under control conditions. On the contrary, profound differ-
ences were observed between wild-type and S6K-null astro-
cytes when protein synthesis rates were measured after ische-
mia. 72 h after OGD, translation had significantly recovered in
wild-type cells but continued deeply impaired in mutant astro-
cytes. In conclusion, our results support the notion that S6K
may be a critical checkpoint in the path to resume protein syn-
thesis and facilitate functional recovery after brain ischemia,
but is not a critical player in the regulation of astrocytic basal
translation.

It is well established that S6K1 and S6K2, besides being highly
homologous, share the ability to respond to common activating
pathways and, to phosphorylate S6 (45). Here we confirm that
both S6K1 and S6K2 are capable to rescue rpS6 phosphorylation in
S6K1;27/~ astrocytes. On the other hand, the same set of experi-
ments highlights the idea that these kinases differ in a number of
cellular functions, because only S6K1 was able to provide resist-
ance to OGD-lowering ROS levels. In accordance with these
observations, recent reports have revealed that not all the sub-
strates of S6K1 or S6K2 are common. As an example, SKAR, impli-
cated in cell size regulation, has been identified as a S6K1 substrate
but is not phosphorylated by S6K2 (46). In the same line, although
both kinases have shown cell survival functions, the pathways
implicated differed. Although S6K1 was associated to BAD inacti-
vation (14, 18), S6K2 was observed to mediate survival by forming
a mitogen-stimulated complex with B-Raf and protein kinase C
epsilon (47).

Finally, we were able to validate in vivo our previous obser-
vations by assessing the role of S6K in a well established brain
ischemia model consisting on the permanent occlusion of the
middle cerebral artery. In agreement with the protective role of
S6K shown in astrocyte cultures, stroke-related mortality of
mice was higher in S6K1;27/~ animals than in wild-type coun-
terparts. In addition, striking differences emerged in infarct
volume 7 days after occlusion, because infarct volume was sig-
nificantly reduced in wild-type mice while no signs of improve-
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ment were observed in S6K-null mice. Strikingly, 48 h after
ischemia both mice were undistinguishable in terms of infarct
volume, indicating that the protective functions of S6K are only
evident at later stages of brain infarct. Consequently, key ques-
tions on the underlying mechanisms are still unresolved, and
future experiments will be required to obtain a better under-
standing of S6K control on infarct evolution. Whether or not
astrocyte function impairment accounts for the increased
infarct size and ischemia-related mortality observed in S6K1;
27/~ mice subjected to permanent in vivo ischemia awaits for
clarification.

Taken together, our results illustrate that astrocytes obtained
from S6K1;2~/~ mice are more susceptible to in vitro ischemia
than wild-type cells. Evidence gathered also indicate that the
increased damage in S6K1;27/~ astrocytes is the consequence
of a combination of deficiencies that include a reduction in
protein synthesis and BAD phosphorylation and alterations in
ROS management in response to OGD. Therefore, the different
animal and cellular models presented here emphasize the
notion that S6K plays a significant protective role against brain
damage caused by ischemia and that astrocytes are direct ben-
eficiaries of S6K protection.
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