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Abstract

The signal transducers and activators of transcription (STAT) proteins are a group of transcriptional
factors. Among them, STATS initiates a pro-survival signaling cascade. So far, little has been known
about the role of STATS5 in cerebral ischemia and reperfusion. This study examines the
phosphorylation status of STAT5 in hippocampal CAl in the early stage after transient global cerebral
ischemia in rats. Our data show that the phosphorylation of STATS was increased in hippocampal
CA1at 1 hourand 3 hours ischemia. Taking advantage of the neuroprotective effect of erythropoietin
(EPO) in CA1, we further demonstrated that the administration of EPO enhanced the phosphorylation
of STATS5, with SATASa being phosphorylated earlier. The enhanced phosphorylation of STAT5 in
the EPO-treated group was accompanied by the upregulation of STAT5 downstream gene products,
Bcl-xL and XIAP. Consequently, ischemic CA1 neuronal damage was attenuated by the
administration of EPO. Both the enhancement of STAT5 phosphorylation and the neuroprotection
rendered by EPO were blocked by Tyrphostin, a selective inhibitor for Janus kinase 2, which is an
upstream kinase of STATS. These findings suggest an association between the activation of STAT5
and CA1 neuronal survival after cerebral ischemia.
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Introduction

The signal transducers and activators of transcription (STAT) proteins are a group of
transcriptional factors. So far, seven STAT members have been described: STAT1, 2, 3, 4, 5a,
5b and 6. Each STAT protein has three major structures: a DNA binding domain, a src-
homology (SH2) domain for dimerization, and a conserved tyrosine residue which can be
phosphorylated by Janus protein kinases (Battle and Frank, 2002, Paukku and Silvennoinen,
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2004). This group of transcription factors responds rapidly to stimuli, because once activated
through phosporylation, they dimerize and translocate into the nucleus without the involvement
of second messengers (Aaronson and Horvath, 2002). The classical function of STATS is to
mediate the signaling pathways of cytokines and growth factors. Some of the STAT members
also are reported to be able to regulate the processes of apoptosis (Battle and Frank, 2002).
While other STATS can mediate pro-apoptotic or anti-apoptotic signals depending on the
conditions of cellular stimulation, STAT5 only demonstrates a pro-survival signal (Debierre-
Grockiego, 2004).

STATS5 is phosphorylated at tyrosine 694 by Janus kinase 2 (JAK2) and thus gains the ability
of translocation to the nucleus and the activity of binding to specific DNA sequences in the
promoters of responsive genes to enhance gene transcription (Battle and Frank, 2002, Paukku
and Silvennoinen, 2004). STAT5 was originally recognized as a transcription factor that
regulates the B-casein gene in response to prolactin, but STATS5 is also activated by several
other cytokines and growth factors, such as erythropoietin (EPO), growth hormone, and
interleukins (Gobert et al., 1996, Battle and Frank, 2002, Debierre-Grockiego, 2004, Paukku
and Silvennoinen, 2004). STATS5 is reported to play an important anti-apoptotic role in heart
induced by cardiac ischemia (Yamaura et al., 2003), in endothelial cells induced by hypoxia
(Dudley et al., 2005), and in the survival of hematopoietic cells (Battle and Frank, 2002,
Debierre-Grockiego, 2004) and neuroblastoma SH-SY5Y cells (Um and Lodish, 2006).
Downstream products of STADS related to the regulation of apoptosis include Bcl-xL
(Socolovsky et al., 1999) and the X-linked inhibitor of apoptosis protein (XIAP) (Mohapatra
et al., 2003). Both Bcl-xL and XIAP demonstrate anti-apoptotic effects in ischemic brain
(Zhang et al., 2004).

Erythropoietin is the major hormone that stimulates and regulates the production of red blood
cells; in addition to its hematopoietic role, recent studies have established EPO as a potent
neuroprotective peptide against ischemic brain injury (Sakanaka et al., 1998, Calapai et al.,
2000, Catania et al., 2002, Chong et al., 2002, Wen et al., 2002). EPO is also demonstrated to
be able to promote the phosphorylation and activation of STATS5 through JAK2 (Damen et al.,
1995, Gobertetal., 1996, Parganas et al., 1998, Siren et al., 2001, Sola et al., 2005). Following
cerebral ischemia, apoptosis is an important cell death mechanism, especially in the injury of
hippocampal CA1 neurons induced by global ischemia (Zhang et al., 2004). Although STAT5
protein has been demonstrated to be expressed in the hippocampus and cortex of both
embryonic and adult rat brain (De-Fraja et al., 1998, De-Fraja et al., 2000), it remains unclear
whether STATS5 plays a role in the regulation of cell death following cerebral ischemia.

The purpose of this study is to determine the status of STAT5 phosphorylation in hippocampal
CAL1 in the early phase following global cerebral ischemia in rats, induced by an ischemic
model of four vessel-occlusion (4VO). This model mimics cardiac arrest and resuscitation, and
is characterized by the selective and delayed cell death of hippocampal CA1 neurons. In
addition, we also determine whether the administration of EPO enhances the phosphorylation
of STATS in CAL; if so, whether the enhanced phosphorylation of STAT5 in CA1 mediates
the neuroprotective effect of EPO; and the potential mechanism of STAT5’s anti-apoptotic
role in ischemic CAL.

Material and Methods

The rat model of global ischemia and EPO infusion

All animal experiments were approved by and carried out in accordance with the NIH Guide
for the Care and Use of Laboratory Animals using male Sprague-Dawley rats (300 to 330 g,
Hilltop Lab Animals, Scottdale, PA). Anesthesia was induced with 5% isoflurane and

maintained with 2% isoflurane in a mixture of 30% O, and 70% N-,O through intubation and
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mechanical ventilation. Transient global ischemia was induced for 12 min followed by
reperfusion using a previously described four-vessel occlusion method (Chen et al., 1998, Cao
et al., 2002). Blood pressure, blood gases, and blood glucose concentration were monitored
and remained in the normal range throughout the experiments through left femoral artery
catheterization. Rectal temperature was continually monitored and kept at 37-37.5°C using a
heating pad and a temperature-regulated heating lamp. Brain temperature was monitored using
a29-Gathermocouple implanted in the left caudate-putamen and kept at 35.8°C £ 0.2°C during
ischemia. Electroencephalograms were monitored in all rats to ensure isoelectricity within 10
seconds after the induction of ischemia (PowerLab, ADInstruments, Colorado Springs, CO).
Sham operations were performed in additional animals using identical anesthetic and surgical
procedures, except that the common carotid arteries were not occluded.

Recombinant human EPO (rhEPO, R&D Systems, Minneapolis, MN) was prepared in 0.1%
BSA in PBS at a concentration of 5 U/ul and infused using a 10-ul Hamilton syringe into the
right intracerebral ventricle (ICV) using the following coordinates from bregma:
anteroposterior, —0.8 mm; lateral, 1.5 mm; depth, 3.5 mm. In selected experiments, rats were
subjected to ICV infusion of both EPO and JAK2 inhibitor Tyrphostin AG490 (Sigma).
Infusions of agents were performed 20 min after ischemia using procedures described
previously (Chen et al., 1998).

For histological analysis with hematoxylin stain, animals were grouped randomly with 8-10
rats in each group. Three days after 12 min of global ischemia, the animals were sacrificed,
and the brains removed and frozen in isopentane cooled by dry ice. In the EPO-treated group,
50 U of rhEPO was injected into the right ICV of rats 20 min after ischemia; the same volume
of vehicle was infused in control group. Coronal sections of 20 um in thickness were cut from
fresh-frozen brains at the level of dorsal hippocampus and stained with hematoxylin. The total
numbers of healthy neurons in the CA1 regions were counted microscopically by two
investigators blind to the experimental conditions.

Detection of DNA fragmentation by nick-translation

The DNA polymerase I-mediated biotin-dATP nick-translation (PANT) assay (Nagayama et
al., 2000) was performed on fresh-frozen brain sections to detect single-strand DNA breaks.
The sections were prepared as described previously. Then sections were air-dried, fixed with
10% formalin for 10 min, and washed three times in PBS. The sections were then fixed in
ethanol/acetic acid (2:1, vol/vol) for 5 min and washed three times in PBS. After the sections
were permeabilized with 1% Triton X-100 for 20 min and quenched with 2% H,0O, for 15 min,
they were washed three times in PBS. Then, sections were incubated in a moist-air chamber
at 37°C for 90 min with a PANT reaction mixture containing 5 mM MgCl,, 10 mM 2-
mercaptoethanol, 20 pg/ml bovine serum albumin, dGTP, dCTP, and dTTP at 30 uM each, 29
uM biotinylated dATP, 1 uM dATP, and 40 U/ml Escherichia coli DNA polymerase | (Sigma,
Woodlands, TX) in PBS (pH 7.4). The reaction was terminated by two PBS washes. After
washing for 5 min in PBS containing bovine serum albumin (0.5 mg/ml), the slides were
incubated with streptavidin-horseradish peroxidase (Vectastain Elite ABC, Vector
Laboratories, Burlingame, CA) in PBS containing bovine serum albumin for 90 min at room
temperature. Detection of the biotin-streptavidin-peroxidase complex was carried out by
incubating the sections with 0.5 mg/ml 3, 3'-diaminobenzidine in PBS (pH 7.4) and 0.05%
H,0,. To determine nonspecific labeling, selected sections were incubated in the reaction
buffer without DNA polymerase I. The total numbers of ISEL-positive neurons in the CA1
regions were counted microscopically by two investigators blind to the experimental
conditions.
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Western blot analysis

Western blotting was performed using the standard method previously described (Cao et al.,
2003). Rats were sacrificed at indicated time points after 12 min global ischemia, or 24 hr after
sham operation (n=4 per experimental condition, unless otherwise indicated). In EPO-treated
groups, 50 U of rhEPO was injected into the right ICV 20 min after the ischemia. The whole
hippocampus from each side of the brain was dissected out and placed on a smooth surface,
then the CAL region was carefully separated from the rest of hippocampal residual as described
previously (Elmer et al., 1998). The CAL region of the hippocampus was then homogenized
in cell lysis buffer containing 20 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM NayEDTA, 1
mM EGTA, 1% NP-40, 2.5 mM sodium pyrophosphate, 1 mM beta-glycerophosphate, 1 mM
NazVOy, and 1 pg/ml leupeptin. The protein samples were then sonicated, and the total protein
extracts were subjected to Western blot analysis using standard methods (Cao et al., 2003).
Blots were probed with antibodies recognizing STATS5, phospho-STATS (p-STATS) at tyr694;
Bcl-xL; caspase-9; XIAP (Cell Signaling Technology, Beverly, MA); and EPO receptor (Santa
Cruz Biotechnology, Santa Cruz, CA). After incubation with the appropriate secondary
antibodies conjugated with horseradish peroxidase (Santa Cruz Biotechnology), positive bands
were visualized through incubating membranes with LumiGLO chemiluminescent substrate
(Kirkegaard & Perry Laboratories, Inc., Gaithersburg, MD), and then the membranes were
exposed to X-ray films. Gel analysis was accomplished with the assistance of a computerized
scanning program (MCID; Imaging Research Inc., St. Catharines, Ontario, Canada). To
determine the nuclear translocation of p-STATS5, the hippocampi were isolated, and the CA1
regions were dissected. Nuclear protein was extracted as described previously (Cao et al.,
2003), and analysized by Western blot.

Immunoprecipitation

Immunoprecipitation was performed to measure the expression of p-STAT5a and p-STAT5b
separately after ischemia, using a procedure described previously (Cao et al., 2002) and
followed by Western blots. Briefly, total protein was isolated from the CA1 sector of the
hippocampi at 0.5, 1 and 3 hr after ischemia (n = 4) using the cell lysis buffer described
previously. Equal amounts of protein (150 ug per sample) from each experimental condition
were subjected to immunoprecipitation using the rabbit anti-STAT5a and -STAT5b antibodies
(Zymed Laboratories, Inc., South San Francisco, CA). The resulting immunoprecipitates were
then analyzed by immunoblotting with anti-phospho-STATS5 at tyr694 antibody (Cell
Signaling, Danvers, MA). Gel analysis was processed with the assistance of MCID.

Statistical analysis

All data were presented as mean values + standard error. Statistical significance among means
was assessed by ANOVA followed by post hoc Scheffe’s tests, with p< 0.05 considered
statistically significant.

Results

The phosphorylation of STAT5 was increased in CA1 following global cerebral ischemia

We first confirmed the expression of STATS5 in hippocampal CA1 regions of rats by Western
blots. As shown in Figure 1A, STAT5 was detected in CA1 regions. To investigate the
phosphorylation level of STATS in hippocampal CA1 in the early phase following cerebral
ischemia, we employed transient global cerebral ischemia induced by 4-vessel occlusion in
rats. Whole-cell protein extracts were prepared from the CA1 of hippocampi at various time
points after 12 min of global ischemia or after sham operation. Immunoblot analysis was
performed using antibodies against phosphorylated (p-) forms of STATS5 at tyr694 and
nonphosphorylated STAT5. As shown in Figure 1A, the p-STAT5 level was detectable in CA1
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in sham-operated rats; following ischemia, the level of p-STAT5 was increased at 1 and 3 hr,
and then subsided to basal level after 6 hr of reperfusion. Densitometric analysis, shown in
Figure 1B, demonstrated that the relative immunoreactivities for p-STATS5 were significantly
increased at 1 hr after reperfusion, peaking at 3 hr and returning to sham control levels by 6
hr. There was no significant change in the level of total STATS5 in hippocampal CA1 following
global cerebral ischemia.

As a transcriptional factor, p-STATS5 needs to be translocated into nucleus to bind a special
sequence of DNA. We next detected whether the phosphorylated form of STAT5 was
translocated into nuclei. The nuclear fraction of CA1 neurons was prepared from sham-
operated rats and ischemic rats at 3 hr after global ischemia; the preparation was then analyzed
by Western blot. As shown in Figure 1C, there was an increased nuclear distribution of p-
STATS at 3 hr after ischemia in CAL, parallel with the change in p-STATS5 following ischmia,
indicating that the phosphorylated form of STAT5 was translocated into nuclei.

The administration of EPO further enhanced the phosporylation of STAT5 in CA1 following
global cerebral ischemia

Based on the concept that EPO has a neuroprotective effect against ischemic injury, EPO
activates STATS5, and STATS upregulates anti-aopototic downstream gene products, we
hypothesized that p-STATS5 levels in CA1 may be further enhanced by the administration of
exogenous EPO, and that the enhanced phosphorylation of STATS may contribute to the
neuroprotective effects of EPO.

To address our hypotheses, we first determined whether the EPO receptor was expressed in
CAL1 neurons and if the level of EPO receptor was changed following ischemia. As shown in
Figure 2A, EPO receptor was expressed in CA1 regions at a readily detectable level, and there
was no significant change in the level of EPO receptor within the first 24 hr after ischemia.
We next determined if the administration of EPO enhances the phosphorylation of STATS in
CAL1 following global cerebral ischemia. Fifty Units of rhEPO in 10 ul of vehicle was infused
into the ICV of rat brains 20 min after ischemia; then the CA1 sectors were isolated at 1 hr and
3 hr after ischemia. In another set of rats, only 10 pl of vehicle was infused into the ICV 20
min after ischemia, and the CA1 sectors were also isolated at the same time points as in EPO-
treated animals. Whole-cell protein was extracted from the CA1, and immunoblot analysis was
performed. As shown in Figures 1B and 1C, the increases in p-STAT5 levels at 1 and 3 hr
following ischemia were further enhanced by the administration of 50 U of EPO on the basis
of already existing increases in p-STATS levels in vehicle-treated animals. The differences
between EPO- and vehicle-treated groups were significant at both 1 hr and 3 hr after ischemia
(Figures 2B and 2C). No significant difference in the level of total STAT5 was detected
between the EPO group and vehicle group. These findings suggest that the level of p-STAT5
in hippocampal CAl was increased at 1 hr and peaked at 3 hr following global cerebral ischemia
in rats, and that the administration of EPO further enhanced the phosphorylation of STAT5
and nuclear translocation of p-STAT5 in CA1L.

EPO-induced activation of STATS5 is mediated by JAK?2, through phosphorylating tyrosine
343 on the EPO receptor, and then recruiting and phosphorylating STAT5 (Damen et al.,
1995, Parganas et al., 1998, Digicaylioglu and Lipton, 2001). To further determine the role of
STATS5, we inhibited the activation of JAK2, the upstream pathway of STATS5, using a selective
JAK?2 inhibitor Tyrphostin AG490. AG490 (2.5 pg in 5 uL DMSO/PBS) was infused into the
ICV immediately following the infusion of EPO. The animals were sacrificed at 3 hr after
ischemia, and protein extracts from the CA1 region were analyzed using Western blot. While
the level of p-STATS5 increased following ischemia alone, EPO further increased the amount
of p-STATS to an even higher level. Inhibition of JAK2 using AG490 returned the EPO-
enhanced p-STATS levels to those of the ischemic animals (Figures 2D-2E).
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Different phosphorylation levels of STAT5a and STAT5b were found in CA1 following global
cerebral ischemia

STATS proteins are encoded by two distinct but closely related genes, stat5a and stat5b (Liu
etal., 1995, Debierre-Grockiego, 2004). STAT5a and STAT5b proteins share 96% identity,
with the difference in their C-terminals, and both of them can be phosphorylated at tyrosine
694 (Ehret et al., 2001, Battle and Frank, 2002, Debierre-Grockiego, 2004, Paukku and
Silvennoinen, 2004). There is, however, a difference between the functions of STAT5 and
STATSb, as demonstrated by the single and double knockout studies of STAT5 (Teglund et
al., 1998, Park et al., 1999, Zhang et al., 2000, Debierre-Grockiego, 2004), and it appears that
only STAT5a is required for ischemic tolerance in heart (Yamaura et al., 2003).

To detect the phosphorylation levels of STAT5a and STAT5b in CA1 separately following
global ischemia and treatment with EPO, we performed immunoprecipitation with STAT5a
and STATS5b antibodies, followed by Western blots with anti-phospho-STATS5 antibody. The
antibody against p-STATS recognizes the phosphorylated forms of both STAT5aand STATSb.
There was no significant alteration in phosphorylation status of STAT5a in CA1 following
ischemia in vehicle-treated groups. In the EPO-treated groups, however, STAT5a
phosphorylation was increased at 1 hr compared with sham-operated group and vehicle-treated
group, and then subsided 3 hr later (Figures 3A and 3B). Similar to p-STAT5a, p-STAT5b was
not significantly increased in the CAl in vehicle-treated groups; compared with sham-operated
group, the treatment with EPO resulted in an increased phosphorylation of p-STAT5b 3 hr after
ischemia (Figures 3C and 3D). Therefore, both pSTAT5a and 5b might contribute to the
increases in pSTATS5, with 5a being the earlier contributor and 5b the later one.

The expression of Bcl-xL and XIAP was upregulated by the administration of EPO in CA1
following global cerebral ischemia

Target genes of STATS5 include those suppressing the mitochondrial apoptotic pathway, such
as Bel-xL (Socolovsky et al., 1999, Kirito et al., 2002), and XIAP (Mohapatra et al., 2003).
Since EPO was shown to be able to enhance the phosphorylation of STATS5 in CA1 following
ischemia, we next investigated whether the administration of EPO can upregulate downstream
genes of STAT5. As shown in Figures 4A and 4B, the expression of Bcl-xL was upregulated
at 6 hr following ischemia in the EPO-treated group compared with the vehicle-treated group,
and was maintained at relatively high levels through 24 hr after ischemia. XIAP is considered
an effective apoptosis inhibitor by its suppression of caspase-9 (Takahashi et al., 1998, Fan et
al., 2006), and the caspase-9-dependent intrinsic pathway could be the primary mechanism
responsible for the activation of caspase-3 and cell death in ischemic hippocampal CA1 (Cao
et al., 2002). Therefore, we next investigated whether there was a change in the expression of
XIAP in CA1 following ischemia. Consistent with the previous report (Siegelin et al., 2005),
we detected a slight increased level of XIAP at 24 hr post-ischemia in hippocampi over vehicle-
treated rats, and EPO further enhanced the expression of XIAP at 24 hr after ischemia as shown
in Figures 4C and 4D. Consequently, the cleavage of caspase-9 was attenuated in the EPO-
treated group compared with the vehicle-treated group, as shown in Figures 4E and 4F. These
findings suggest that the mitochondrial apoptotic pathway in ischemic CA1 in EPO-treated
animals was attenuated through the upregulation of Bcl-xL and XIAP as well as the reduction
of caspase-9 cleavage.

EPO protected CA1 neurons from ischemic damage

After finding that EPO enhanced the phosphorylation of STAT5 and upregulated the expression
of Bel-xL and XIAP in CA1, we hypothesized that EPO may protect CA1 neurons against
ischemic death induced by global cerebral ischemia in rats via STATS5 signaling pathway. To
determine if EPO eventually attenuates CA1 neuronal death induced by global ischemia, we
subjected the rats to 12 min of global cerebral ischemia, followed by infusion of either vehicle
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or 50 U of rhEPQ into ICV at 20 min after ischemia. Three days later, the brains were removed;
fresh-frozen sections in the dorsal hippocampal level were stained with hematoxylin and PANT
assay. As shown in the upper panel of Figures 5A and 5B, the number of healthy CA1 neurons
in the EPO-treated group was higher than that in the vehicle-treated group. Consistently, the
number of neurons with DNA fragmentation was lower in the EPO-treated group than that in
the vehicle-treated group as demonstrated in the lower panel of Figure 5A and Figure 5C,
indicating that EPO protected CA1 neurons from ischemic damage induced by global cerebral
ischemia. Consistent with the inhibition of STAT5 phosphorylation by AG490 shown
previously in Figures 2E and 2F, the ICV infusion of AG490 (2.5 ug in 5 uL. DMSO/PBS,
which was a safe dose for rats) largely blocked the neuroprotective effects of EPO against CAl
neuronal death (Figures 5B and 5C), suggesting an important role of STAT5 in EPO-mediated
neuroprotection.

Discussion

Our data show that the phosphorylation of STAT5 was increased in hippocampal CAl at 1 and
3 hrfollowing global cerebral ischemia in rats, accompanied by increased nuclear translocation
of p-STATS5; and that the administration of EPO further enhanced the phosphorylation of

STATS5, with SATAb5a being phosphorylated earlier. The enhanced phosphorylation of STAT5
in the EPO-treated group was accompanied by the upregulation of downstream gene products
Bcl-xL and XIAP, and was associated with reduced CA1 neuronal death. The JAK2 inhibitor
Tyrphostin AG490 blocked the EPO-mediated enhancement of STAT5 phosphorylation and
the EPO-mediated neuroprotection against CA1 neuronal death after global cerebral ischemia.

The activation and role of STAT5 in CAL after global cerebral ischemia have not been
investigated previously. We detected an increased phosphorylation of STATS in CA1 as early
as 1to 3 hr after ischemia. The mechanisms for this phosphorylation of STAT5 remain unclear.
In addition to EPO, several other factors, including IL-2, IL-6, growth hormone, prolactin, and
granulocyte macrophage colony-stimulating factor, can also activate STAT5 via JAK signaling
pathway (Battle and Frank, 2002, Debierre-Grockiego, 2004). After cerebral ischemia and
reperfusion, one or more of these factors may play a role in the activation of STATS.

The role of STATS in the EPO-mediated neuroprotection against cerebral ischemia has been
controversial. Previous in vitro study has shown that the DNA binding activity of STAT5 was
not increased following EPO stimulation (Ruscher et al., 2002). However, it needs to be pointed
out that this result was seen under a condition without ischemic challenge, and that the
phosphorylation of STAT5 was not investigated. In contrast, another study showed that the
level of p-STATS in cultured hippocampal neurons was maintained at a relatively higher level
by EPO at 15 hr of hypoxia, but was lower than that in the normoxia condition (Siren et al.,
2001). At 1 day and 3 days after focal cerebral ischemia in neonatal rats, the level of p-STAT5
was higher in EPO groups than that in ischemic groups, similar to the in vitro study discussed
above (Sola et al., 2005). However, 15 hr after hypoxia in neuronal culture and day 1 and day
3 after focal cerebral ischemia in animal models represented the late stages of ischemic insult,
at which time robust cell death have already occurred. What these results likely reflect is the
possibility that there were more viable cells in the EPO-treated sample than in the untreated
sample, emphasizing the neuroprotective effect of EPO. Whether STAT5 plays a role in EPO-
mediated neuroprotection before the point of no return, i.e., in the early stage after ischemia
in vivo, has not been reported previously. STAT5 recently was reported to be necessary to
EPO-mediated neuroprotection against apoptosis in differentiated neuroblastoma cells (Um
and Lodish, 2006). Our results shown that EPO further enhanced the phosphorylation of
STATS, and the administration of JAK2 inhibitor blocked the enhancement of STAT5
phosphorylation and neuroprotection rendered by EPO, suggesting STAT5 may play an
important role in EPO-mediated neuroprotection.
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The effect of EPO on the expression of Bcl-xL has been controversial. Ruscher and co-workers
found no upregulation of Bcl-xL following EPO treatment in cultured neurons without OGD
challenge (Ruscher et al., 2002), whereas Wen and co-workers reported an increased
expression of Bcl-xL in both in vivo and in vitro studies following ischemic insults (Wen et
al., 2002). Our results support the notion that the expression of Bcl-xL is upregulated following
ischemia and EPO treatment. In addition, XIAP, another gene product of STATS5, was also
found upregulated following ischemia and EPO treatment in our study, indicating that the
action of STAT5 in EPO-mediated neuroprotection may be carried out by Bcl-xL and XIAP,
suppressing caspase-9 activation and the mitochondrial apoptotic pathway.

STAT5a protein (96 kDa) and STAT5b protein (94 kDa) share 96% identity, with the difference
in their C-terminals (Debierre-Grockiego, 2004). Both STAT5a and STAT5b proteins can be
phosphorylated at tyrosine 694, and therefore gain their activity of translocation to nucleus and
binding to specific DNA sequences (TTCNo_4GAA) in the promoters of responsive genes
(Ehret et al., 2001, Battle and Frank, 2002, Debierre-Grockiego, 2004, Paukku and
Silvennoinen, 2004). STAT5a has been found to play an important role against myocardial
ischemia-reperfusion injury, demonstrated by the loss of ability to achieve ischemic tolerance
of heart in STAT5a knockout mice (Yamaura et al., 2003). Our data show that the
phosphorylation of STAT5a occurred earlier than that of STAT5b in ischemic CAl in the EPO-
treated group, suggesting a more important role for STAT5a.

STATS has also demonstrated biological activities other than transcriptional regulations.
Recently, it was reported that there appeared to be a cross-talk between the PI3K and STAT5
pathways (Gesbert and Griffin, 2000, Rosa Santos et al., 2000, Kirito et al., 2002, Nyga et al.,
2005). Activated STATS5 interacted with the regulatory subunit of PI3K, which was required
for the activation of PI3K (Rosa Santos et al., 2000, Nyga et al., 2005). On the other hand, the
PI3K-AKT pathway could synergize with STATS5 to enhance the expression of Bcl-xL,
possibly by enhancing STAT5 nuclear translocation and decreasing its degradation (Gesbert
and Griffin, 2000, Debierre-Grockiego, 2004). In addition, STATS has also been demonstrated
to interact with cAMP-response element binding protein (CREB). STATS5 transcriptional
activity was enhanced by the phosphorylation of CREB, which was induced by EPO and stem
cell factor (Boer etal., 2002, Boer et al., 2003, Gewinner et al., 2004). CREB is a transcriptional
factor whose downstream gene products, such as brain-derived neurotrophic factor (BDNF),
have neuroprotective effects (Finkbeiner et al., 1997). Recently, EPO also was shown to be
able to increase the phosphorylation of CREB and upregulate BDNF expression in neurons
(Viviani et al., 2005). Taken together, the activity of STATS in CA1 in the EPO-treated group
may be augmented through its interaction with AKT and CREB.

In summary, this study demonstrates that the phosphorylation and activation of STAT5 may
be involved in the function of EPO in reducing experimental ischemic injury induced by global
cerebral ischemia. Together with previous findings (Sakanaka et al., 1998, Calapai et al.,
2000, Catania et al., 2002, Wen et al., 2002, Zhang et al., 2006), our results suggest that EPO
may be useful in treating ischemic incidents in humans.
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Figure 1. Increased phosphorylation of STATS5 in rat hippocampal CAl in the early stage following
global cerebral ischemia

(A) Representative Western blots showing the levels of phosphorylated and total STAT5 in rat
hippocampal CA1 at serial time points following ischemia. (B) The average levels of p-STAT5
in the CA1 region determined by Western blot were increased at 1 hr and 3 hr following
ischemia compared to the sham-operated group. Data are mean £ SEM, assessed by ANOVA
and post hoc Scheffe’s tests. *P<0.05 vs. the sham-operated. (C) Representative Western blot
with nuclear preparation of hippocampal CA1 demonstrating increased nuclear translocation
of p-STATS at 3 hr after ischemia.
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Figure 2. Erythropoietin further enhances the phosphorylation of STAT5 in hippocampal CA1
during the early stage after global cerebral ischemia in rats

(A) Representative Western blots showing the expression of EPO receptor in rat CAL regions.
(B) Representative Western blots showing the protein levels of phosphorylated and total
STATS5 inthe CA1l at early time points following ischemia from S (sham-operated), V (vehicle-
treated ischemia) and E (EPO-treated 20 min after ischemia) groups. (C) The average levels
of phospho-STATS5 in the CA1 region determined by Western blot were increased in the EPO-
treated ischemia group at 1 and 3 hr following global ischemia compared to the vehicle-treated
ischemia group. Data are mean + SEM, assessed by ANOVA and post hoc Scheffe’s tests.
*P<0.05 vs. vehicle-treated ischemia group at the same time point. (D) Representative Western
blots showing protein levels of phosphorylated and total STATS5 in the CA1 region at 3 hr
following ischemia. Sham, sham-operated animal; Veh., vehicle-treated ischemia; EPO, EPO
treatment (50 Units, 20 min after ischemia); EPO+AG, EPO and AG490-treated ischemia (50
Units of EPO and 2.5 pg of AG490, 20 min after ischemia). (E) Western blots of phospho-
STATS5 in CA1l at 3 hr after global ischemia were quantified, showing that AG490 blocked the
EPO-enhanced phosphorylation of STAT5. Data are mean £ SEM, assessed by ANOVA and
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post hoc Scheffe’s tests. *P<0.05 vs. vehicle group, # P<0.05 vs. EPO group, >0.05 vs. vehicle
group.
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Figure 3. Alteration of phosphorylation levels of STAT5a and STAT5b in rat CA1 following global
ischemia

(A) Immunoprecipitation (IP) was performed using anti-STAT5a antibody, and the resulting
immunoprecipitates were analyzed with Western blots (WB) using anti-phospho-STAT5
antibody. Representative blots show phospho-STAT5a levels in the CAL region at early time
points following global ischemia from S (sham-operated), V (vehicle-treated ischemia) and E
(EPO-treated 20 min after ischemia) groups. (B) The average levels of phospho-STAT5a in
the CA1 region from IP/Western blots were increased in the EPO-treated ischemia group at 1
hr following global ischemia, compared with the vehicle-treated ischemia group. *P<0.05 vs.
vehicle-treated group at the same time point; #P<0.05 vs sham-operated group. (C) IP was
performed with anti-STAT5b antibody, and then the resulting immunoprecipitates were
analyzed with WB using anti-phospho-STAT5 antibody. Representative blots showing the
levels of phosphorylated STAT5b in CA1 following global ischemia from S (sham-operated),
V (vehicle-treated ischemia) and E (EPO-treated 20 min after ischemia) groups. (D) The
average levels of phospho-STAT5b in CAL on IP/Western blots were calculated and presented.
#P<0.05 vs sham-operated group. No significant difference between vehicle- and EPO-treated
ischemia groups was detected.
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Figure 4. EPO treatment upregulates the expression of Bcl-xL and XIAP in CAL1 following global
cerebral ischemia in rat

(A) Representative Western blots showing the expression of Bcl-xL in the CA1 region at time
points indicated in S (sham-operated), V (vehicle-treated ischemia) and E (EPO-treated 20 min
after ischemia) groups. (B) The average levels of Bcl-xL in the CA1 from Western blots were
increased in EPO-treated rats at 6 hr after ischemia. Data are mean + SEM, assessed by ANOVA
and post hoc Scheffe’s tests. *P<0.05 vs. EPO-treated group, n=5. (C) Representative Western
blots showing the expression of XIAP in the CA1 region at time points indicated in S (sham-
operated), V (vehicle-treated ischemia) and E (EPO-treated 20 min after ischemia) groups. (D)
The average level of XIAP in the CAL from Western blots was increased in EPO-treated rats
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at 24 hr after ischemia. Data are mean + SEM, assessed by ANOVA and post hoc Scheffe’s
tests. *P<0.05 vs. EPO-treated group, n=5. (E) Representative Western blots showing the levels
of full-length and cleaved forms of caspase-9 in the CA1 at 48 hr after ischemia. S, sham-
operated; V, vehicle-treated ischemia; and E, EPO treatment 20 min after ischemia. (F) The
average levels of cleaved form of caspase-9 from Western blots were decreased in EPO-treated
rats at 48 hr after ischemia. Data are mean £ SEM, assessed by ANOVA and post hoc Scheffe’s
tests. *P<0.05 vs. sham-operated group; #P<0.05 vs. EPO-treated group. S, sham-operated; V,
vehicle-treated ischemia; and E, EPO treatment 20 min after ischemia.
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Figure 5. EPO protects hippocampal CA1 neurons against ischemic injury in rat, which can be
blocked by AG490

(A) Representative photomicrographs of hippocampal CAL regions at 72 hr after global
ischemia in rat. Upper panel, hematoxylin stain; lower panel, PANT stain showing dead cells
with DNA damage. 20X. (B) Live CA1 neurons were counted and the mean number was plotted
for each group. Data are mean + SEM, assessed by ANOVA and post hoc Scheffe’s tests.
**P<0.01 vs. control (ischemia only) and vehicle-treated ischemia groups. #<0.05 vs. EPO-
treated ischemia group (50U, 20 min after ischemia) and P>0.05 vs. control and vehicle-treated
groups. Sham, sham-operated group; Con., ischemia only group; Veh., vehicle-treated
ischemia group; EPO, EPO-treated group (50 Units, 20 min after ischemia); EPO+AG, EPO
and AG490-treated ischemia group (50 Units of EPO and 2.5 ug of AG490, 20 min after
ischemia). (C) Dead (PANT-positive) CAL neurons were counted and the mean number was
plotted for each group. Data are mean + SEM, assessed by ANOVA and post hoc Scheffe’s
tests. **P<0.01 vs. control (ischemia only) and vehicle-treated groups; #<0.05 vs. EPO-treated
group (50U, 20 min after ischemia) and P>0.05 vs. control (ischemia only) and vehicle-treated
groups. Sham, sham-operated group; Con., ischemia only group; Veh., vehicle-treated
ischemia group; EPO, EPO-treated group (50 Units, 20 min after ischemia); EPO+AG, EPO
and AG490-treated group (50 Units of EPO and 2.5 pg of AG490, 20 min after ischemia).
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