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Abstract

Cerebral vasospasm after subarachnoid hemorrhage (SAH) isamajor clinical prob-
lem causing cerebral ischemiaand infarction. The pathogenesis of vasospasm is
related to a number of pathological processes including endothelial damage and
alterationsin vasomotor function leading to narrowing of arterial diameter and a
subsequent decrease in cerebral blood flow. Discovery of the tissue protective
effects of erythropoietin (EPO) stimulated the search for therapeutic application
of EPO for the prevention and treatment of cerebrovascular disease. Recent stud-
ies haveidentified the role of EPO in vascular protection mediated by the preser-
vation of endothelia cdll integrity and stimulation of angiogenesis. Inthisreview,
we discuss the EPO-induced activation of endothélial nitric oxide (NO) synthase

and its contribution to the prevention of cerebral vasospasm.

Introduction

Erythropoietin (EPO), produced in thefeta liver and adult
kidney, isa 165 amino acid (~30 kDa) serum glycoprotein,
responsiblefor the proliferation, survival and differentiation
of erythroid progenitor cells. The production and secretion
of EPO is oxygen-dependent. Once a hypoxic stimulusis
received, EPOisreleased into the peripheral circulation, and
upon arrival in the bone marrow, EPO bindstoitsreceptor on
the erythroid progenitor cells and leads to erythropoiesis®.
In addition, EPO stimulates the proliferation and maturation
of erythroid cellg??,

Tissue protective effects of EPO

The concept that erythropoiesis was the only original
principal action of EPO changed with the realization that
EPO and its receptor (EPOR) were expressed in the brain,
heart, and uterus™*9. In addition to its effect on erythroid
progenitor cells, EPO exerts several biological effects on
endothelial, vascular smooth muscle, myocardial, mesangial
and neuronal cellg**2,

The production and secretion of EPO and the expression
of EPOR are controlled by tissue oxygen supply and are
mainly regulated by hypoxia-inducible factors*®. In addi-
tion to hypoxia, EPO can be upregulated by estrogen, insulin,
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pro-inflammatory cytokines, such as tumor necrosis factor-o
(TNF-or) and interleukin-18 (IL-18), aswell asby EPOitsd i8],

The mechanisms of tissue protection by EPO include
several different signal transduction pathways. When EPO
binds to EPOR, it causes dimerization of the receptor,
autophosphorylation of Janus-tyrosine-kinase-2 (JAK-2) and
receptor activation. JAK-2 activation leadsto severa down-
stream signaling pathwaysincluding Ras-mitogen activated
protein kinase (MAPK), phosphatidylinositol-3-kinase/pro-
tein kinase B (PI3K/Akt) and the transcription factor signal
transducers and activators of transcription-5 (STAT-5; Fig-
ure1). Additionally, EPO has been shown to modulateintra-
cellular calcium concentrationsin excitable cells by activat-
ing phospholipase C-y. Another mechanism that may con-
tribute to the protective role of EPO isthe enhancement of
antioxidant defense mechanisms. EPO increasesthe activity
of antioxidant enzymes, such as superoxide dismutase, glu-
tathione peroxidase and catalase, and protects the brain
against ischemic damage™®®. EPO also seems to modul ate
the proliferation and differentiation of stem cells and can
increase the viability of embryonic cortical neurons, pro-
mote cell survival and upregulate the proliferative response
of neuronal progenitor cells§??, In addition, EPO increases
the number of endothelial progenitor cells mobilized from
the bone marrow!®24, The broad efficacy of EPO observed
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in experimental model s of disease depends on its ability to
inhibit apoptosis, restoration of vascular autoregulation,
attenuation of inflammatory responses and augmentation of
restorative functions, including thedirect recruitment of stem
Cd |S[25’26].

Of all the non-hematopoaietic biological roles of EPO, the
contribution of EPO to neuroprotection has received the most
attention. The ability of EPO to penetrate the blood-brain
barrier has been pivotal to its application as a neurothera-
peutic agent, asintrathecal administration isnot practical in
most clinical settings?#. A recent proof-of-concept clini-
cal trial demonstrated beneficial effect of EPO in patients
who suffered an acute stroke, and encouraged the evalua-
tion of this cytokine in various models of tissue injury'®.

Role of nitric oxide (NO) in the cerebral vascular
protective effects of EPO

EPO playsadual rolein vascular protection by preserving
endothdia cdl integrity and by promoting angiogenesi %,
In transgenic mice overexpressing human EPO, endothelial
NO synthase (eNOS) expression in the arteries increased
and was accompanied by enhanced NO-mediated endothe-
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Figure 1. Schematic illustration
of the mechanisms of tissue pro-
tection by erythropoietin. The
binding of EPO to its receptor
(EPOR) produces a conformational
change and activation, leading to
phosphorylation of JAK-2. Phos-
phorylation of JAK-2 leads to the
activation of phosphatidyl inosi-
tol-3-kinase (PI3K), STAT-5 and
inhibitor of transcription factor
NF-xB (1kB). NF-xB dissociates
from IkB. STAT-5 and NF-xB
translocate to the nucleus and pro-
mote expression of tissue protec-
tive genes leading to the inhibi-
tion of apoptosis, reduction of
oxidative stress and inflammation.

lium-dependent rel axation and elevated circulating and vas-
cular tissueNO™. Theability of EPOtoincrease NOS activ-
ity in endothelial cell$**3 prompted us to investigate the
contribution of endothelium-derived NO to thevascular pro-
tective effects of EPO.

To study the cerebrovascular effects of EPO, an adeno-
virus encoding recombinant EPO (AdEPO) wasinjected in-
tracisternally into rabbits. Forty-eight hours later, the
expression of EPO was observed in the basilar arteries. In
arteries transduced with AdEPO, the expressions of eNOS
and its phosphorylated (S1177) form were increased. Basal
levelsof cyclic GMP were significantly dlevated in thearter-
ies transduced with AJEPO, consistent with increased NO
production (Figure 2)*. Although, adenovirus-mediated
gene transfer into the cisterna magna was performed to in-
crease EPO expression locally in the cerebral arteries, we
were ableto achieve concentrations of EPO in plasmaknown
to be clinically therapeutic (about 2-5 U/mL), possibly by
the crossing of EPO from the cerebrospinal fluid into the
circulating blood™®?. In thisregard, we wish to point out that
the vascular benefits obtained with EPO are most likely de-
pendent on its concentration in the plasma. Although sys-
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Figure 2. Representative Western blots demonstrating increased
expressions of (A) EPO and EPOR and (B) eNOS and phospho-
S1177-eNOS in the cerebral arteries of rabbits transduced with AdEPO.
Reproduced with permission from Santhanam et al. (Ref 35).

temic administration of EPO (>about 5 timesthe hematopoi-
etic dose) has been shown to exert tissue protective effects,
very high circulating concentrations of EPO (in therange of
20-200 U/mL) exertsvasoconstriction, in part by reducing
eNOS expression and/or increasing cytosolic cal cium con-
tent of vascular smooth muscle cells by the stimulation of
protein kinase C and phospholipase Cy1°%9, Although
the effects obtained with AJEPO were similar to those ob-
tai ned on transgeni c mice overexpressing human EPO™, the
red blood cells (RBC) number in the arteriestransduced with
AdEPO were not increased, arguing against the contribu-
tion of shear stressin increased NO production.

Cerebral vasospasm after subarachnoid hemorrhage
(SAH) leads to high morbidity and mortality of patients af-
fected by ruptured cerebral aneurysms. Demonstrated
neuroprotective effects of EPO“**? have been associated
with areduction in vasoconstriction observed in EPO-treated
rabbits subjected to SAH. Overexpression of EPO in cere-
bral arteries reversed vasospasms induced by the injection
of autologous blood into the cisterna magna. Arteriestrans
duced with recombinant EPO demonstrated significant aug-
mentation of the endothelium-dependent relaxations to
acetylcholine. Transduction with AJEPO furtherincreased
the expression of phosphorylated Akt and eNOS andelevated
basal levels of cGMP in the spastic arteries (Figure 3)!3.
The neuroprotective effects of EPO obtained in animal mod-
elsof ischemic brain injury and SAH could be explained in
part by the augmented basal production of NO in the
endothdium. Furthermore, it is possiblethat the adminigtra-
tion of recombinant EPO reduced the infiltration of mono-
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Figure 3. (A) Representative angiograms of the basilar arteries of
rabbits subjected to SAH followed by intracisternal injection with
AdLacZ or AdEpo; (B) Endothelium-dependent relaxations to ace-
tylcholine in the basilar arteries of control rabbits and rabbits sub-
jected to SAH followed by gene transfer with AdLacZ or AdEpo.
Relaxations were obtained during contractions induced by histamine
(3x107 mol/L to 1x10°® mol/L). Data are expressed as percentage of
maximal relaxation induced by 3x10* mol/L papaverine; 100%=
1.34+0.19 g, 1.10+0.07 g, 0.96+0.10 g in the control, SAH+AdLacZ
and SAH+AdEpo arteries respectively (n=5). "Significantly different
in SAH+AdEpo comparison to SAH+AdLacZ (P<0.05); (C) Bar dia-
gram representing the levels of basal cyclic guanosine 5'-monophos-
phate (cGMP) among the basilar arteries of control or rabbits sub-
jected to SAH or SAH rabbits transduced with AdLacZ or AdEpo.
"Differences in the levels of cGMP among control or SAH and
SAH+AdEpo are statistically significant (P<0.05, n=5). Reproduced
with permission from Santhanam et al. (Ref 43).

nud ear inflammatory cells after SAH*4,
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In cerebral circulation, EPO has a direct action on the
endothelium and increases NO bioavailability by the
upregulation of eNOS (Figure4). Understanding of themul-
tiple tissue protective effects of EPO provides impetus for
trandation of thesefindingsinto theclinical arena. However,
the hematopoi etic side effects of recombinant EPO, in par-
ticular with repeated high doses, have to beavoided to achieve
selective tissue protective effects. In such circumstances,
the non-hematopoietic anal ogues of EPO™*#" offer a prom-
ise of utilizing only the tissue protective benefits of this
potent hematopoietic cytokine.
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