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Abstract
Previous studies have shown that erythropoietin (EPO) is neuroprotective in both in vivo and in
vitro models of hypoxia ischemia. However theses studies hold limited clinical translations
because the underlying mechanism remains unclear and the key molecules involved in EPO-
induced neuroprotection are still to be determined. This study investigated if tissue inhibitor of
matrix metalloproteinase-1 (TIMP-1) and if its upstream regulator signaling molecule Janus
kinase-2 (JAK-2) are critical in EPO-induced neuroprotection. Hypoxia Ischemia (HI) was
modeled in-vitro by oxygen and glucose deprivation (OGD) and in-vivo by a modified version of
Rice-Vannucci model of HI in 10-day-old rat pups.

EPO treated cells were exposed to AG490, an inhibitor of JAK-2 or TIMP-1 neutralizing antibody
for 2 hours with OGD. Cell death, phosphorylation of JAK-2 and signal transducers and activators
of transcription protein-3 (STAT-3), TIMP-1 expression, and matrix metalloproteinase-9
(MMP-9) activity were measured and compared with normoxic group. Hypoxic ischemic animals
were treated one hour following HI and evaluated 48 hours after. Our data showed that EPO
significantly increased cell survival, associated with increased TIMP-1 activity, phosphorylation
of JAK-2, STAT-3, and decreased MMP-9 activity in vivo and in vitro. EPO’s protective effects
were reversed by inhibition of JAK-2 or TIMP-1 in both models. We concluded that JAK-2,
STAT-3 and TIMP-1 are key mediators of EPO-induced neuroprotection during hypoxia ischemia
injury.
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Introduction
Asphyxia is the disruption of placental/ pulmonary gas exchange. It is associated with
hypoxemia, respiratory and systemic acidosis, which are linked to cerebral hypoxia ischemia
in neonates (Vannucci 2000). Erythropoietin (EPO), a hematopoietic growth factor, with
non-hematopoietic functions, is upregulated during hypoxia ischemia in the brain of most
mammals (Prass et al. 2003). Although the upregulation of endogenous EPO is not enough
to confer neuroprotection during hypoxia, it is able to turn on some of the necessary pro-
survival pathways (Shein et al. 2008). Previous studies have shown that exogenous
administration of EPO confers neuroprotection in both in vitro and in vivo models of
cerebral ischemia (Brines et al. 2000; Sakanaka et al. 1998; Sun et al. 2005). Our
understanding of the mechanism by which this occurs is still unfolding. Physiologically,
EPO binds to the EPO receptor (EPOR) and promotes cellular differentiation, proliferation
and inhibition of apoptosis (Brines et al. 2000; Sakanaka et al. 1998; Sun et al. 2005). It also
prevents damage against mechanical trauma, excitotoxins, and neuro-inflammation (Brines
et al. 2000; Sakanaka et al. 1998; Sun et al. 2005).

Previous studies have shown that EPO and other hematopoietic growth factors are
associated with the Janus kinase-2 (JAK-2), a tyrosine kinase (Harpur et al. 1992; Witthuhn
et al. 1993). Janus kinases are a family of receptor tyrosine kinases associated with
membrane receptors and are phosphorylated when specific ligands bind to its receptor.
JAK-2 kinases phosphorylate cytosolic transcription factors, signal transducers and
activators of transcription (STAT), allowing for the transcription of proteins such as:
cytokines, growth factors, cell survival and differentiation factors depending on the ligand
(Ihle 1995b; Ihle 1995a; Shuai et al. 1992; Kaplan et al. 1996). STAT-3 and STAT-5 are
both associated with the EPOR and are both activated by the binding of EPO to its receptor
(Ruscher et al. 2002; Toth et al. 2008). STAT-3 is not as well studied as the other EPO
activated STATs. However some earlier findings show that STAT-3 can bind to the
promoter sequence of the tissue inhibitor of matrix metalloproteinase (TIMP) -1 gene
(Bugno et al. 1995, Dominguez et al. 2008). TIMP-1 is associated with erythroid cell
survival, growth and differentiation in the presence of EPO (Kadri et al. 2000; Bugno et al.
1995).

TIMPs are a family of four secreted proteins (TIMPs 1-4) that function in maintaining
extracellular matrix homeostasis (Gomez et al. 1997; Carmichael et al. 1986; Stetler-
Stevenson 1990; Stetler-Stevenson et al. 1990). TIMPs are endogenous inhibitors of matrix
metalloproteinases (MMP), a family of protein-degrading zinc dependant endopeptidases
(Jiang et al. 2002; Baker et al. 2002). The delicate balance between TIMPs and MMPs
regulates extracellular matrix, receptor shedding and growth factor bioavailability
(Sternlicht & Werb, 2001). MMPs are important in embryonic development, angiogenesis,
wound healing, inflammation, cancer, and tissue destruction. MMPs cleave most of the
extracellular matrix (ECM) and are involved in the breakdown and remodeling of many
tissues and organs (Birkedal-Hansen et al., 1993; Isaksen and Fagerhol, 2001). Because of
its ability to degrade ECM, changes in the MMP-9 to TIMP-1 ratio leads to excessive tissue
degradation and cell death. The delicate balance is usually altered during hypoxia leading to
a significant increase in MMPs secretion that is not proportional to that of TIMPs(Reynolds,
1996;Ejeil et al., 2003;Andrian et al., 2007). Previous studies have confirmed that EPO
triggers an increase in both mRNA and protein levels of TIMP-1 (Kadri et al. 2000).
TIMP-1 forms a 1:1 complex with MMP-9 and inhibits its proteinase activities. Increased
MMP-9 mediated apoptosis thus, its inhibition is associated with improved cell survival in
both in vivo and in vitro model of hypoxia ischemia (Chen et al. 2008; Jiang et al. 2002;
Baker et al. 2002). Additionally, an inverse correlation with MMP-9 expression and activity
and erythroid cell survival has been shown (Kadri et al. 2000). However, this correlation has
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not been shown in non-hematopoietic cells such as neurons and the role of TIMP-1 in EPO-
induced neuroprotection in vivo and in vitro awaits further investigation.

In this study, we sought to determine whether TIMP-1 expression and anti-gelatinase
activity are important in EPO induced neuroprotection during hypoxia ischemia. Cerebral
hypoxia ischemia was modeled in vitro by oxygen and glucose deprivation (OGD) in PC12
cells and in vivo by permanent ligation of the right common carotid artery followed by two
hours of hypoxia in 10-day-old (P-10) rat pups (Zagorska and Dulak 2004; Vannucci et al.
1999). We examined the expression of TIMP-1, phosphorylated JAK-2 and STAT-3, as well
as the activities of TIMP-1 and MMP-9 with EPO treatment during OGD. We then
investigated if pharmacological inhibition of JAK-2 or TIMP-1 negated EPO induced
neuroprotection during hypoxia ischemia in vitro and in vivo. The endpoints used to
determine neuroprotection were cell death and infarct volume in vitro and in vivo
respectively.

Materials and Methods
Materials

Rat pheochromocytoma (PC-12) cells, fetal bovine serum (FBS) and horse serum (HS) were
obtained from ATCC (Manassas, VA). Procrit ©, human recombinant erythropoietin was
from Loma Linda University, Hospital Pharmacy (Loma Linda, CA.). Neuronal growth
factor (NGF) was from Alomone Laboratories Ltd. (Jerusalem, Israel). Reverse zymography
kit was from University of East Anglia, School of Biological Sciences (Norwich UK).
TIMP-1 neutralizing antibody was from AbD Serotec (Raleigh, NC). AG490 was from
Calibiochem (San Diego, CA). Rabbit phospho-STAT-3 (Tyr705) (D3A7) monoclonal
antibody was from Cell Signaling (Danvers MA). Rabbit phospho-JAK-2 (Tyr1007/1008)
polyclonal antibody, rabbit anti- JAK-2 and mouse anti-TIMP-1, (clone 7-6C1) monoclonal
antibodies were obtained from Millipore Biosciences. (Temecula, CA). Rabbit anti STAT-3,
β–actin and all secondary antibodies were from Santa Cruz Biotechnology. Cell death
ELISA was from Roche Diagnostics (Indianapolis, IN). All other reagents were obtained
from Fisher Scientific (Tustin, CA).

Methods
Culture and Differentiation of Cells—PC-12 cells passage 6 through 9 were used. Cells
were grown on 100 mm2 poly-D-lysine plates in Dulbeco’s modified Eagle’s medium
(DMEM) supplemented with: 5% FBS, 10% HS, 1% Penicillin/streptomycin, 25 mM
glucose, 50 ng/ml NGF and incubated at 37°C in 5% CO2 for 7 days as previously described
(Greene 1976;Dickson et al. 1986).

Treatment—Normal media was replaced with glucose-free, supplemented DMEM with
either 0,3,10 or 30 U/ml EPO. Cells were placed in a hypoxic chamber with less than 1%
oxygen for 2 hours (Agani et al. 2002). Treatment media was discarded and cells were
allowed to recover for 18 hours under normal conditions and collected for zymography,
reverse zymography, western blotting, trypan blue exclusion and cell death ELISA. Cells
were treated with 25 mM of AG490 during OGD for the inhibition of JAK/STAT and 3 μg/
mL of TIMP-1 neutralizing antibody for inhibition of TIMP-1.

Protein Extraction from PC-12 Cells—Protein was extracted as previously described
(Andrews and Faller 1991). Briefly, cells were detached by scraping, rinsed with cold PBS,
centrifuged and supernatant discarded. One hundred μL of radio-immuno-precipitation assay
(RIPA) lysis buffer [20 mM Tris, pH 7.5, 150 mM NaCl, 1% NP40, 0.5% Na deoxycholate,
1 mM EDTA, and 0.1% sodium dodecyl sulfate (SDS)] supplemented with mammalian
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protease inhibitor cocktail, phenylmethanesulfonylfluoride, (Sigma-Aldrich, St. Louis, MO)
and sodium orthovanadate (Santa Cruz, Hercules CA) were added and the suspension
shaken for 15 minutes at 4°C followed by centrifugation. Protein concentrations were
estimated by Bradford Assay (BioRad, Hercules, and CA). Samples not used immediately
were aliquoted stored at −80°C for later use.

Cell Death Assays—Cell death was assessed by trypan blue exclusion and cell death
ELISA according to manufacturer’s protocol (Roche Diagnostics, Indianapolis, IN.) Briefly,
cells were collected by scraping. Sixteen μl of cell suspension mixed with 4 μl of trypan
blue and allowed to sit for 5 minutes. Cells were re-suspended and counted on a
hemocytometer thrice by two independent investigators. The formula used to calculate
percent cell death was as follows: (Trypan blue positive cells)]/ total cell counted) × 100.
The average of all six counts was used. There was an n of six per group. Cell death was also
determined by the concentration of mono- and oligonucleosomes present in whole cell
lysates using an ELISA kit (ROCHE Diagnostics). Concentration was determined by
spectrophotometry at wavelength 405nm with a reference wavelength of 495nm using a 96
well plate reader (BioRad, Hercules CA).

Western Blotting—Western blotting was done as previously described (Dominguez et al.
2008). A 30μg sample of total protein per well with Laemmli sample buffer (62.5 mM Tris-
HCl, pH 6.8, 25% glycerol, 2% SDS, 0.01% Bromophenol Blue and 5% β-mercaptoethanol)
was denatured at 90°C for 3-5 minutes prior to loading on a 4-12% Bis Tris gel (Biorad,
Hercules, CA). Gel was electrophoresed and protein transferred to nitrocellulose membrane.
The membrane was blocked with nonfat blocking grade milk (Biorad, Hercules, CA) and
probed with the appropriate dilutions of primary and secondary antibodies to either JAK-2,
pJAK-2, STAT-3, pSTAT-3, TIMP-1 or β–actin. Membranes were washed and protein
visualized using ECL Plus, Chemiluminescence (GE Healthcare and Life Sciences,
Piscataway, NJ). The optical densities of the bands were calculated with Image J, version
1.0 and normalized to β-actin which was used as a loading control for all proteins studied.

Gelatin Zymography—Gelatin zymography was performed as previously described
(Tang et al. 2004; Wang et al. 2000; Wu et al. 2010). Briefly, 60 μg samples of protein
extract were prepared and separated by electrophoresis in 10% Tris-glycine gel with 0.1%
gelatin as substrate (Bio-Rad, Hercules, CA). The gel was re-natured for one hour and then
incubated with development buffer at 37°C for 48 hours. After development, the gel was
stained with 0.5% coomassie brilliant blue R-250 for one hour and then destained
appropriately. MMP activity was quantified. Optical densities were calculated with Image J
(version 1.0) software.

Reverse Zymography—Reverse zymography was performed according to
manufacturer’s protocol. Briefly, 60μg samples cell lysate (total protein) was mixed with
(1:2 ratio) zymography sample buffer [62.5 mM Tris-HCl, pH 6.8, 25% glycerol, 4% SDS,
0.01% Bromophenol Blue] (Bio-Rad, Hercules, CA), and loaded on a 15% gelatinase gel.
Electrophoresis was performed at 140V, and then gels were rinsed and incubated at 37°C for
48hours. Stained withTIMP-1 and TIMP-2 were observed as dark bands as indicated by
TIMPs standard (East Anglia University, Norwich UK). TIMP-1 activity was quantified,
and optical densities were calculated with Image J, version 1.0.

Neonatal Hypoxic Ischemic Model—All animal research was conducted in accordance
with protocols approved by Loma Linda University Institutional Animal Care and Use
Committee (IACUC). Time pregnant female Sprague-Dawley rats (n=5) (Harlan
Laboratories, Indianapolis, IN) with their dams were housed in light and temperature
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controlled environment with food and water ad libitum for the duration of the study.
Hypoxia ischemia (HI) was performed as previously described (Calvert et al. 2002). Briefly,
the right common carotid artery of anesthetized (2.5% isoflourane in 30% O2 and 70%
medical air) post-natal day 10 pups (n=56) were permanently ligated, followed by one hour
of rest and 2.5 hours of hypoxia (8% O2 balance N2). The pups were returned to their
respective dams and maintained at ambient temperature for 24 hours. Animals were
sacrificed under deep anesthesia at 48 hours post hypoxia and samples collected for 2, 3, 5-
triphenyltetrazolium chloride monohydrate (TTC) staining, imunohistochemistry, western
blotting, zymography or reverse zymography.

Intracerebral Ventricular Injection—Intracerebral ventricular injection was performed
1 hour prior to HI, as previously described by Pang et al. Briefly the skull was exposed by a
midline incision and the 0.5 ul of drug (300ng TIMP-1 neutralizing antibody or 15ug
AG490) was administered. The coordinates used were 1.0 mm posterior and 1.0 mm lateral
to the bregma and 2.0 mm deep to the skull surface on the contralateral hemisphere (Pang et
al. 2003). All drugs were concentrated so that animals received no more than 0.5 μl of fluid
in the ventricle. Dose response curves for both TIMP-1 neutralizing antibody and AG490
were performed to determine the optimum doses. The doses presented in this study were 300
ng per pup of TIMP-1 neutralizing antibody and 15 μM of AG490. The vehicles used were
IgG and 10% DMSO respectively. Sham operated animals were given a needle stick using
the same coordinates as vehicle and treated animals to minimize/eliminated difference due
to surgical techniques.

Infarct Volume—Infarct volume was assessed by TTC staining as previously described
(Yin et al. 2003). Briefly, pups were euthanized by isoflurane inhalation. Brain was
immediately removed and sectioned into 2 μm slices. The slices were submerged in 2% TTC
solution for 5 minutes at 37°C and rinsed with cold phosphate buffered saline (PBS).
Sections were then fixed with 10% formaldehyde. The slices were photographed and
analyzed using Image J, version 1.0 software by different researchers both of whom were
blinded to the groups in this study. The following formula was used to calculated percent
infarct [(total area of contralateral hemisphere × 2) – (area of uninfarcted area of ipsilateral
hemisphere)]/ (total area of contralateral hemisphere × 2) for each slice.

Immunohistochemistry—Transcardial perfusion was performed as previously described
(Hu et al. 1999;Leonardo et al. 2010). Briefly, following anesthesia with 3.0% isoflurane for
3 to 5 minutes, pups were thoracotomized. A catheter was placed in the apex of the left
ventricle and an incision was made on the right atrium. The pups were perfused with 40 ml
of PBS followed by 40 ml of 10% formalin. Collected brain tissues were first fixed in 10%
formalin and then cryopreserved in 30% sucrose solution. The tissues were frozen in optimal
temperature cutting (OTC) solution (Fisher Scientific, Tustin CA) and sectioned into 10 μm
coronal slices by cryostat (CM3050S, Leica Microsystems, Bannockburn, IL). The 10 μm
sections were incubated with primary mouse anti- TIMP-1, rabbit anti-MMP-9 (Millipore)
or goat anti-MAP-2 (Santa Cruz Inc.) overnight at 4°C. Fluorescence dye-conjugated
secondary antibodies (Jackson Immuno Research, West Grove, PA) fluorescein
isothiocyanate (FITC; green fluorescence) donkey anti-mouse, Texas red-conjugated donkey
anti-rabbit IgG and AMCA-conjugated affinity pure donkey anti-goat (Blue) were used.
Sections were then observed under an Olympus B 51 microscope with a digital camera and
Image-Pro plus software.

Statistical Analysis—Data are presented as mean ± standard deviation. All data were
validated using one way ANOVA followed by Tukey or Dunn’s test. Statistical evaluation
was performed using Sigma Stat software version 3.5 (DUNDAS software LTD. Germany).
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Results
Determining the Optimum Dose of EPO

To investigate the most effective dose of EPO during OGD, cells were treated with 0,3,10 or
30 U/ml of EPO. After 18 hours of recovery, cell death was determined quantitatively by
trypan blue exclusion (figure 1a, n=6) and qualitatively by ELISA (figure1b, n=5). As
compared with untreated, medium dose EPO 10 U/ml conferred the most protection. Both
low (3 U/ml) and high (30 U/ml) doses were ineffective in minimizing cell death during
OGD. Medium dose (10 U/mL) conferred significant neuroprotection (p< 0.05) compared to
the untreated group making this the most effective dose (Figure1).

Phosphorylation of JAK-2 and STAT-3 in vitro
To examine if phosphorylation of JAK-2 and STAT-3 are involved in EPO induced
neuroprotection we profile the expression of the phospho-proteins in the presence and
absence of their inhibitors and EPO during OGD in NGF differentiated PC-12 cells. Figure 2
(b) shows a significant increase in JAK-2 phosphorylation (p<0.05) in EPO treated group
compared to normoxic, untreated and JAK inhibitor group (25 μM AG490). The expression
of phosphorylated STAT-3 was also significantly increased in the 10U/mL EPO treated
group (p<0.05) compared to that of all other groups Figure 2(c). This indicates EPO has an
effect on both JAK-2 and STAT-3 phosphorylation when used to treat NGF differentiated
PC-12 cell during OGD.

TIMP-1 Expression and TIMP-1 and MMP-9 Activity Following OGD in Cultures
To determine the importance of TIMP-1 expression in EPO induced neuroprotection we
profile the expression and activity of TIMP-1, and its substrate, MMP-9 in the presence and
absence of TIMP-1 inhibition and EPO during OGD. A neutralizing antibody was used to
inhibit TIMP-1 (3 μg/ml). Thus it was not surprising that although there was a visible
increase in TIMP-1 expression figure 3(a) row 1 representative blot and figure 3(b)
densiometric quantification. It was expected that only the biological activity and not the
expression of TIMP-1 would be altered by the use of a neutralizing antibody, which was
shown in figure 3(a) row 3 representative gel and figure 3 (c) densiometric
quantification .TIMP-1 activity was significantly increased in EPO treated group (p<0.05)
compared to the other groups. There was an inverse correlation betweenTIMP-1 and MMP-9
activity figure 3(a) representative gel and figure 3(d) densiometric quantification. MMP-9
activity was significantly decreased (p<0.05) in the presence of EPO treatment compared to
untreated.

Reversing EPO’s Neuroprotection
TIMP-1 or JAK-2 inhibitors were added to OGD cells in the presence or absence of EPO to
determine if these molecules were necessary for EPO-induced neuroprotection.
Neuroprotection was assessed by cell death assays. Inhibition of either JAK-2 or TIMP-1
negated the neuroprotective effects of EPO (Figure 4). Both trypan blue exclusion figure 4
(a) and cell death ELISA figure 4(b) showed a significant increase in cell survival in the
presence of EPO treatment compared to untreated and inhibitor groups. EPO induced cell
survival was attenuated in the presence of both inhibitors.

In vivo Results Corroborate in vitro Findings
Phosphorylated JAK-2, phosphorylated STAT-3 is necessary for protection in
vivo—To determine if the role of JAK-2 and STAT-3 in EPO-induced neuroprotection is
similar in animal to that observed in cultures, we profile the phosphorylation of JAK-2 and
STAT-3 in the presence and absence of their inhibitors and EPO in the ipsilateral cortex of
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neonatal hypoxic ischemic pups. Figure 5 (c) shows a significant increase in JAK-2
phosphorylation (p<0.05) in sham, IgG +EPO and DMSO +EPO compared to IgG vehicle
and DMSO vehicle as well as TIMP-1 inhibitor with and without EPO. The expression of
phosphorylated STAT-3 was also significantly increased in the IgG+ EPO and DMSO +
EPO groups (p<0.05) compared to TIMP-1 inhibitor groups with and without EPO and
JAK-2 inhibitor groups with and without EPO, Figure 5(c). This suggests a role for JAK-2
and STAT-3 in EPO-induced neuroprotection in vivo.

TIMP-1 expression and TIMP-1 and MMP-9 activity in vivo 48 hours after HI—
To determine the importance of TIMP-1 expression in EPO induced neuroprotection we
profile the expression and activity of TIMP-1, and its substrate, MMP-9 in the presence and
absence of TIMP-1 inhibition and EPO during HI. A neutralizing antibody was used to
inhibit TIMP-1 (300ng/pup). Neutralizing antibodies binds to the active site of the protein
thereby physically inhibiting the interaction of that protein with its substrate. Thus it was not
surprising that although there was a visible increase in TIMP-1 expression figure 6(a) row 1
representative blot and figure 6(b) densiometric quantification there was no significant
difference between the TIMP-1 inhibitors group and the IgG + EPO groups. . It was
expected that only the biological activity and not the expression of TIMP-1 would be altered
by the use of a neutralizing antibody, which was shown in figure 6(a) row 3 representative
gel and figure 6 (c) densiometric quantification .TIMP-1 activity was significantly increased
in the IgG +EPO group (p<0.05) compared to the other groups. There was an inverse
correlation betweenTIMP-1 and MMP-9 activity as shown in figure 6. See representative
gels figure 6 (a) rows 4 and bar graph in figure 6(d). MMP-9 activity was significantly
decreased in the IgG +EPO group (p<0.05) compared to IgG vehicle, EPO+ TIMP-1
inhibitor and EPO + JAK-2 inhibitor. Suggesting that both JAK-2 and TIMP-1 are involved
in EPO induce neuroprotection in vivo.

Co-localization of TIMP-1 and MMP-9, 48 hours after Hypoxia Ischemia in vivo
—To determine that the increase in TIMP-1 expression seen with EPO treatment in vitro
also occurred in vivo we performed immunohistochemistry staining for TIMP-1 and MMP-9
in HI animals with EPO using JAK-2 or TIMP-1 inhibitor (Figure 7). There was an increase
in TIMP-1 expression and a corresponding decrease in MMP-9 expression in the cortex and
hippocampus of animals and visible co-localization between TIMP-1 and MMP-9 in neurons
indicating that there is interaction between the two. The optimum dose of both JAK-2
inhibitor (AG490) and TIMP-1 neutralizing antibody was determined by dose response
curves (data not shown). The dose that reduced JAK-2 expression and TIMP-1 activity
without exacerbating injury was used. The optimum dose of AG490 used in vivo was 15
μM/pup. The dose of TIMP-1 neutralizing antibody used was 300 ng/pup. There was no
visible difference between the inhibitor only groups and the inhibitor with EPO groups so
only the inhibitors plus EPO group were shown in the figure 7.

Inhibition of JAK-2 or TIMP-1 Reverses EPO’s Neuroprotection in vivo—EPO
was effective in conferring neuroprotection in 10 day old neonatal hypoxic ischemic pups.
Similar to the in vitro results of EPO’s neuroprotective effects were reversed by inhibition of
either JAK-2 or TIMP-1 in vivo resulting in increase tissue infarction figure 8(a)
representative brain slices, figure 8(b) quantification of infarction. Tissue infarction/cell
death was significantly decreased in EPO treated animals without inhibitor compared to both
vehicle and inhibitor treated animals.

Discussion
Our findings showed that the upregulation of TIMP-1 by exogenous EPO is necessary for
EPO-induced neuroprotection following neonatal hypoxia ischemia or oxygen and glucose
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deprivation. We also found that that EPO-induced neuroprotection was associated with
increased phosphorylation of the JAK-2 receptor, downstream signal transducer STAT-3
and its transcription product TIMP-1 and significantly lower MMP-9 activity.

Erythropoietin is up-regulated during ischemia in the brain of most mammals (Prass et al.,
2003). EPO released in response to low oxygen promotes cellular differentiation,
proliferation and inhibition of apoptosis (Brines et al. 2000; Sakanaka et al. 1998;
Yoshimura 1998).Previous studies have shown that exogenous administration of EPO is
associated with neuroprotection in vivo and in vitro which was corroborate by our findings
(Sun et al. 2005; Ruscher et al 2002). The optimum dose of EPO needed to produce these
effects varies from cell type to cell type (Ruscher et al. 2002; Kadri et al. 2000; Renzi et al.
2002). Chan et al. showed that the optimum dose for JAK-2 activation and MMP-9
inhibition and subsequent protection of cultured ischemic hearts was 5 U/mL (Chan et al
2007). Interestingly EPO was shown to confer neuroprotection at a significantly lower dose
of 0.1 U/mL (Rusher et al. 2002). Our results showed that 10 U/mL of EPO were the
optimum dose for neuroprotection in NGF differentiated PC-12 cells. We demonstrated the
mechanism by which this occurred and the importance of TIMP-1 activity in this protection.
Several studies have shown that EPO is associated with the family of JAK receptor tyrosine
kinases. It is believed that binding of EPO to its receptor EPOR promotes the
phosphorylation of JAK-2 (Lacombe and Mayeux 1999a; Lacombe and Mayeux 1999b;
Constantinescu et al. 1999). The phosphorylated receptor recruits different signaling
molecules such as STAT proteins 1-6 for phosphorylation, depending on the specific ligand
bound to the receptor (Ihle 1995b; Ihle 1995a; Shuai et al. 1992; Kaplan et al. 1996b). The
phosphorylated STAT is translocated to the nucleus where it binds to the promoter of
specific genes and initiates transcription of that gene (Ihle 1995b; Ihle 1995a; Shuai et al.
1992; Kaplan et al. 1996b). The specific STAT that is associated with EPO is still
controversial. According to Chen et al STAT-5, one of the most widely studies transcription
factors, is associated with EPOR binding. STAT-5 promotes the transcription of anti-
apoptotic gene BCL-XL and activation of Ras mitogen activated protein kinase (MAPK),
ERK-1/-2, and PI3K/Akt pathways (Chen et al. 2003; Kilic et al. 2005). However, contrary
to previous suggestion that STAT-3 is not involved in EPO’s signaling; our results show that
phosphorylated STAT-3 is involved in EPO induced neuroprotection (Rusher et al 2002).
This contradiction could possibly be explained by the passage of cells and the age of the
animals studied. In our studies we used neonatal models of hypoxia ischemia. Neonatal
animals are more likely to express higher levels of STAT-3 than their adult counterparts
because STAT-3 is a primordial STAT associated with embryonic development (Murphya et
al 2005.). Additionally, STAT-3 is shown to be induced in response to injury in peripheral
nerves. It is also shown to be involved in axonal regeneration (Schwaiger et al. 2000; Sheu
et al. 2000; Qiu et al. 2005). Studies have shown that STAT-3 binds to the promoter
sequences of TIMP-1, which is associated with erythroid cell survival, growth and
differentiation in the presence of EPO (Kadri et al. 2000b; Bugno et al. 1995). Our study
demonstrates that in non-erythroid cells EPO up-regulates TIMP-1 by phosphorylation of its
transcription factor STAT-3. Concordantly, there was a significant decrease in cell viability
of EPO treated cells if the JAK/STAT pathway was inhibited or there was a lower
expression of phosphorylated STAT-3. We did not study STAT-5 as the role of STAT-5 in
EPO induced neuroprotection was previously shown. We did not detect an induction of
MMP-2 during OGD in vitro and we observed that MMP-2 was constituently expressed in
vivo 48 hours after HI thus we only focused on MMP-9.

In this present study EPO treatment was accompanied by increased phosphorylation of
JAK-2, STAT-3 and TIMP-1 expression and activity. Kadri et al. showed EPO induced
increase in TIMP-1 expression in erythroid cells (Kadri et al. 2000b; Bugno et al. 1995).
However since EPO is shown to have different effects in non hematopoietic cells we needed
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to verify if TIMP-1 is important for EPO induced neuroprotection. Our findings showed that
TIMP-1 neutralizing antibody (figure 3a and 3b) did not significantly alter TIMP-1
expression which was not surprising. Neutralizing antibody alters/inhibits the biological
function/activities of cells/receptors/proteins but does not change the protein levels. We
observed an inverse correlation between TIMP-1 and MMP-9 activity in the presence of
EPO. This finding is consistent with studies done by earlier authors which show similar
correlations in erythroid cells (Kadri et al. 2000b; Bugno et al. 1995). Our in vivo studies
also reflect a similar correlation between TIMP-1 and MMP-9 expression. There was a
higher expression of MMP-9 as shown by imunohistochemistry in the vehicle group
compared to EPO treated or sham operated animals. This finding seems to contradict
previous studies which showed that EPO increased MMP2/9 secretion into the media of
endothelial cells (Wang L. et al). This apparent disparity could be explained by the
difference in media and whole cell lysate. Additionally endothelial cells make up a small
proportion of brain tissue and thus would not impact total MMP-9 activity. In vivo
inhibitions of either JAK-2 or TIMP-1 show a notable decrease in TIMP-1 expression
(immunohistochemistry) even with EPO treatment which we also saw with our TIMP-1
activity but not expression. Immunohistochemistry preserves protein structure and integrity
thus allowing for continued interaction between the active site of TIMP-1 and the
neutralizing antibody. However during western blotting the protein is run under denaturing
conditions thus allowing for separation of the neutralizing antibody from the epitope. Thus it
not surprising that visible TIMP-1 suppression was observes via immunohistochemistry in
the TIMP-1 neutralizing antibody group that was not seen in the western blot results. The
interplay between EPO, TIMP and MMP appeared to be occurring primarily in neuron,
whether this interaction is autocrine or paracrine is still to be elucidated.

The mechanism by which EPO confers its neuroprotection is still unfolding. In 2002,
Ruscher et al observed that inhibition of the JAK/STAT pathway with pharmaceutical
inhibitor AG490 abolished EPO’s neuroprotection in an in-vitro model of hypoxia ischemia
(Ruscher et al. 2002). This was validated by our findings both in vitro and in vivo. However
the reversal of EPO’s neuroprotection by inhibition of TIMP-1 that we observed was not
previously shown in neuronal cell in vitro or in vivo. Thus based on this observation we
concluded that in addition to the activity of the JAK/STAT pathway TIMP-1 also plays a
crucial role in EPO-induced neuroprotection in in-vivo and in vitro models of hypoxia
ischemia. This finding provides important information for expanding our understanding of
EPO as a potential treatment for neonatal hypoxic-ischemic brain injury.

Abbreviations

EPO Erythropoietin

HI Hypoxia Ischemia

JAK Janus Kinase

MMP Matrix Metalloproteinase

NGF Neuronal Growth Factor

OGD Oxygen and Glucose Deprivation

STAT Signal Transducer and Activator of Transcription

TIMP Tissue Inhibitor of matrix Metalloproteinase
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Research Highlights

1. TIMP-1 mediates EPO-induced neuroprotection

2. STAT-3 is necessary for EPO-induced neuroprotection

3. The above mediator of EPO were studied in vitro and in vivo
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Figure 1. The Optimum dose of Erythropoietin for neuroprotection during Oxygen and Glucose
Deprivation in vitro
(A) Cell viability as assessed by trypan blue exclusion following HI and 18hrs of recovery.
Data represent the mean (±SD): n = 6 in all groups. (B) Cell viability as determined by cell
death ELISA. Data represent the mean (±SD): n = 5 in all groups. *P < 0.05 compared to
untreated. # P< 0.05 compared to 10U/ml EPO group. 10U/mL conferred the most
neuroprotection.
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Figure 2. The profile of pJAK-2 and pSTAT-3 after the inhibition JAK-2 and TIMP-1 during 2
hours of OGD
(A) Shows a representative blots of pJAK-2, pSTAT-3 and the b-actin used as the loading
control. (B) JAK-2 phosphorylation in the presence of JAK-2 and TIMP-1 inhibitors.(C)
STAT-3 phosphorylation in the presence of JAK-2 and TIMP-1 inhibitors. Data represent
the mean (±SD): n = 5 in all groups. .* P< 0.05 compared to untreated # P< 0.05 compared
to the 10U/ml EPO treated group. Phosphorylation of both JAK-2 and STAT-3 was increase
with EPO treatment and reversed by inhibitors.
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Figure 3. The Expression of TIMP-1 and Activity of TIMP-1 and MMP-9 in the presence of
JAK-2 and TIMP-1 inhibitors 18 hours after OGD
(A) Representative blot (WB) of TIMP-1 and b-actin expression and coomassie blue stain of
TIMP-1 activity (dark bands) and MMP – activity (light bands), column 0 shows positive
controls for TIMP-1 and MMP-9. (B)Densitometric quantification of western blot for
TIMP-1 expression. (C) densiometric calculation of reverse zymography of TIMP-1 activity.
(D) Densiometric quantification of zymography of MMP-9 activity. Data represent the mean
(±SD): n = 6 in all groups represented in B,C and D. * P < 0.05 in all group compared to
untreated. # P < 0.05 compared to 10U/mL EPO treated group. EPO treatment increased
TIMP-1 activity and expression and reduced MMP-9 activity.
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Figure 4. The effect of 2 hours of inhibition JAK-2 and TIMP-1 during OGD on cell death
Cell death assays showing the neuroprotective effects of EPO is reduced in the presence of
JAK-2 and STAT-3 inhibitors during OGD. Cell viability as assessed by: (A) trypan blue
exclusion (n=6) and (B) cell death ELISA (n=5) following HI and 18hrs of recovery. Data
represent the mean (±SD). * P< 0.05 compared to untreated. #P < 0.05 in all group
compared to 10U/EPO treated group.
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Figure 5. The profile of phosphorylated JAK-2 and phosphorylated STAT-3 in the ipsilateral
cortex of the brain of HI rats (48 hrs) after inhibition of JAK2 or TIMP-1
(A) Shows a representative blots of pJAK-2, pSTAT-3 and the b-actin used as the loading
control. (B) JAK-2 phosphorylation in the presence of JAK-2 and TIMP-1 inhibitors. (C)
STAT-3 phosphorylation in the presence of JAK-2 and TIMP-1 inhibitors. Data represent
the mean (±SD): n = 6 in all groups. .* P< 0.05 compared to untreated. # P< 0.05 compared
to the 10U/ml EPO treated group. EPO treatment increase the phosphorylation of JAK-2 and
STAT-3 and the inhibitors decreased both.
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Figure 6. The Expression of TIMP-1 and Activity of TIMP-1 and MMP-9 in the presence of
JAK-2 and TIMP-1 inhibitors 48 hours after HI in the brain
(A) Representative blot (WB) of TIMP-1 and b-actin expression and coomassie blue stain of
TIMP-1 activity (dark bands) and MMP –9 activity (light bands), column 0 shows positive
controls for TIMP-1 and MMP-9. (B)Densitometric quantification of western blot for
TIMP-1 expression. (C) densiometric calculation of reverse zymography of TIMP-1 activity.
(D) Densiometric quantification of zymography of MMP-9 activity. Data represent the mean
(±SD): n = 6 in all groups represented in B, C and D. * P < 0.05 in all group compared to
IgG vehicle # P < 0.05 compared to IgG + EPO group. EPO treatment increased TIMP-1
activity and expression and reduced MMP-9 activity.
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Figure 7. TIMP-1 and MMP-9 expression in the brain of neonatal hypoxic ischemic rats after
inhibition of JAK-2 and TIMP-1
The expression of TIMP-1 (Texas Red) and MMP-9 (green, FITC) in neurons (blue,
AMCA) in the (A) hippocampus and (B) cortex of neonatal HI animals treated with (5U/g)
EPO. Merge of TIMP-1 and MMP-9 with and without EPO are shown in the right panes.
The co-localization of TIMP-1and MMP-9 in neurons 48 hours after hypoxia ischemia in
EPO treated neonatal rats. Both inhibitors suppressed the upregulation of TIMP-1 in the
presence of EPO treatment.

Souvenir et al. Page 20

Neurobiol Dis. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8. Triphenyltetrazolium chloride (TTC) staining of brain tissue of neonatal hypoxic
ischemic pups after inhibition of JAK-2 and TIMP-1
(A) Representative cross-sections from the brain of ischemic rat pups are depicted from
anterior top) to posterior (bottom). The white areas show the area of infarction for that pup
at that particular cross-sectional level. The mean (±SD) percent area of infarction is
represented on the graph in (B). (n=6 for sham) (n= 8 for all other groups). * P < 0.05 in all
group compared to IgG vehicle: #P < 0.05 in all group compared to 10U/EPO treated group.
Inhibition of JAK or TIMP-1 reverses EPO’s protection in vivo
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