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Post-ischemic treatment with erythropoietin

or carbamylated erythropoietin reduces infarction
and improves neurological outcome in a rat model
of focal cerebral ischemia
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Background and purpose: Recombinant human erythropoietin (rhEPO; Epoetin-o; PROCRIT™) has been shown to exert
neuroprotective and restorative effects in a variety of CNS injury models. However, limited information is available regarding
the dose levels required for these beneficial effects or the neuronal responses that may underlie them. Here we have
investigated the dose-response to rhEPO and compared the effects of rhEPO with those of carbamylated rhEPO (CEPO) in a
model of cerebral stroke in rats.

Experimental approach: Rats subjected to embolic middle cerebral artery occlusion (MCAo) were treated with rhEPO or
CEPO, starting at 6h and repeated at 24 and 48 h, after MCAo. Cerebral infarct volumes were assessed at 28 days and
neurological impairment at 7, 14, 21 and 28 days, post-MCAo.

Key results: rhEPO at dose levels of 500, 1150 or 50001Ukg ™" or CEPO at a dose level of 50 ugkg™" significantly reduced
cortical infarct volume and reduced neurologic impairment. All doses of rhEPO, but not CEPO, produced a transient increase in
haematocrit, while rhEPO and CEPO substantially reduced the number of apoptotic cells and activated microglia in the
ischemic boundary region.

Conclusions and implications: These data indicate that rhEPO and CEPO have anti-inflammatory and anti-apoptotic effects,
even with administration at 6 h following embolic MCAo in rats. Taken together, these actions of rhEPO and CEPO are likely to
contribute to their reduction of neurologic impairment following cerebral ischemia.

British Journal of Pharmacology (2007) 151, 1377-1384; doi:10.1038/sj.bjp.0707285; published online 2 July 2007

Keywords: MCAo; EPO; CEPO; microglia; infarct volume; neurobehavioural outcome

Abbreviations: CEPO, carbamylated EPO; EPOR, EPO receptor; MCAo, middle cerebral artery occlusion; rhEPO, recombinant
human erythropoietin

Introduction

Erythropoietin (EPO) is a naturally occurring cytokine most
widely recognized for its role in stimulating the maturation,
differentiation and survival of haematopoietic progenitor
cells (Naranda et al., 1999; Wojchowski et al.,, 1999).
Recently, however, a more general cytoprotective role for
EPO has been described. In the central nervous system
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(CNS), for example, expression of EPO and the EPO receptor
(EPOR) is greatly increased in neurons, neuronal progenitor
cells, glia and cerebrovascular endothelial cells in response to
many different types of cell injury (Anagnostou et al., 1990;
Masuda et al., 1994; Bernaudin et al., 1999; Marti, 2004;
Wang et al., 2004; Tsai et al., 2006). Inhibition of EPO activity
by administration of soluble EPOR worsens the severity of
injury (Sakanaka et al., 1998), suggesting that endogenously
produced EPO is directly involved in an intrinsic neuronal
repair pathway. In the best-studied experimental neuronal
injury paradigm, hypoxic-ischaemic brain injury, an upre-
gulation of neuronal, endothelial and glial EPO and EPOR
expression occurs following cerebral ischaemia (Lewczuk
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et al., 2000; Sinor and Greenberg, 2000; Siren et al., 2001;
Marti, 2004; Maiese et al., 2005). Administration of exogen-
ous recombinant human EPO (thEPO) after focal or global
cerebral ischaemia (Sadamoto et al., 1998; Sakanaka et al.,
1998; Brines et al., 2004; Leist et al., 2004), augments the
cytoprotective and restorative EPO response pathway leading
to a substantial improvement in neurobehavioural outcome.
The neuroprotective and restorative activity of exogenous
EPO in rodent ischaemia models has been documented in
studies published by several independent laboratories and
has also translated into the human clinical setting where
evidence for a clinical benefit of rhEPO in patients suffering
middle cerebral artery (MCA) territory stroke has been
reported (Ehrenreich et al., 2002).

Carbamylated EPO (CEPO) has been observed in patients
suffering from end-stage renal disease (Mun and Golper,
2000; Park et al., 2004). CEPO does not show any binding to
the classical EPOR in vitro or stimulate an haematopoietic
response in vivo, but nevertheless has been shown to exert
neuroprotective effects when administered following cerebral
ischaemia or other types of neuronal injury (Leist et al., 2004).
Although the specific cellular mechanisms responsible for the
cytoprotective activity of CEPO, and the relationships
between signalling pathways that mediate the beneficial
effects of thEPO and CEPO remain to be fully elucidated,
the protective effects of CEPO may involve signalling through
the common p-receptor (CD 131) (Brines et al., 2004).

Although the beneficial effects of exogenous rhEPO and
CEPO have been demonstrated in a range of cerebral
ischaemia models, investigators frequently use high doses
of rhEPO (typically 50001Ukg™!) in these studies. As this
dose of thEPO is far greater than that required to evoke
haematopoietic response, there remains a need for a
systematic investigation of the dose levels, treatment
window and treatment interval that are required for efficacy
in these models. Moreover, the levels of peripherally
administered EPO or CEPO that reach brain tissue in models
of cerebral ischaemia have not been reported, highlighting
the need to establish a link between peripheral intravenous
dose and brain levels of drug. In the present study, we
examined the dose-response to EPO and CEPO in an embolic
model of MCA occlusion (MCAo) stroke, using a repeated
dosing protocol that parallels the dosing regimen reported to
show clinical benefit in human stroke patients (Ehrenreich
et al., 2002). We examined the effects of thEPO or CEPO
treatment on neurobehavioural outcome and volume of
infarction, when the treatment was initiated 6 h after MCAo.

Methods

All experimental procedures were approved by the Henry Ford
Hospital Committee for the Care of Experimental Animals.

Model of embolic MCAo

Male Wistar rats (The Jackson Laboratory, Bar Harbor, ME,
USA) weighing 350-400g were employed in the present
study. The MCA was occluded by placement of an embolus at
the origin of the MCA, as described previously (Zhang et al.,
1997). This model frequently exhibits spontaneous clot lysis
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and reperfusion within 24-48h following MCAo (Zhang
et al., 1997; Jiang et al., 1998).

ELISA measurements of rhEPO and CEPO levels

Brain homogenate supernatant, plasma and cerebrospinal
fluid (CSF) samples were used for measurement of thEPO or
CEPO levels using a human EPO Quantikine Cytokine IVD
enzyme-linked immunosorbent assay (ELISA) kit (R&D
Systems, Minneapolis, MN, USA). As the antibodies used in
this kit show reduced affinity for CEPO, a standard curve was
generated using CEPO as the target antigen and a correction
factor was calculated to adjust the ELISA results to account
for the reduced antibody sensitivity. The lower limit of
detection in the EPO ELISA was 2.5mIUml ",

Neurological and behavioural assessment

To detect sensorimotor impairments, an array of behavioural
tests including foot-fault and the modified neurological
severity score (mNSS) were performed before MCAo and at 1,
3, 7, 14, 21 and 28 days after MCAo by an investigator not
aware of the treatments. These tests are sensitive and reliable
indices of sensorimotor impairments after ischaemic stroke
and have been applied extensively in our laboratory to assess
neurological outcome following MCAo in rats (Chen et al.,
2003; Wang et al., 2004; Zhang et al., 2005).

Infarct volume

Rats were killed 28 days after MCAo and infarct volume was
measured on seven equally spaced (2 mm) haematoxylin and
eosin-stained coronal sections, which covers the entire
territory supplied by the MCA (Bregma; 4.7 to —7.3 mm),
including the ischaemic core, were used for each rat using a
Global Lab Image analysis program (Data Translation,
Marlboro, MA, USA), as described previously (Paxinos and
Watson, 1986; Zhang et al., 1997). Briefly, the area of both
hemispheres and the area containing the ischaemic neuronal
damage (mm?) were calculated by tracing the area on the
computer screen. The lesion volume (mm?®) was determined
by multiplying the appropriate area by the section interval
thickness. To reduce errors associated with processing of
tissue for histological analysis, the ischaemic volume is
presented as the percentage of infarct volume of the
contralateral hemisphere (indirect volume calculation).

Histology and terminal deoxynucleotidyl transferase-mediated
biotinylated UTP nick end labelling

To examine the effect of EPO on microglial response,
deparaffinized coronal sections were histochemically stained
with peroxidase-labeled isolectin-B4 from Griffonia simplici-
folia seeds (GSAI-B4-HRP; Sigma, St Louis, MO, USA; Zhang
et al.,, 1997c). Briefly, the sections were incubated with
isolectin (20mgml™') in phosphate-buffered saline (PBS)
containing divalent cations at room temperature for 3 h and
then overnight at 4°C. Sections were then reacted with
diaminobenzidine and H,O, to generate orange-brown
reaction product at sites of isolectin-B4 binding. Eight fields



of view within the ischaemic boundary, defined as an area
0.35 mm away from the infarct rim, were acquired from each
coronal section. Four coronal sections from Bregma (0.7 to
—1.3mm), which cover the ischaemic core were used for
each rat (Paxinos and Watson, 1986; Zhang et al., 1997). Data
are presented as percentage of pixels with isolectin-B4 within
the field of view. To measure the number of apoptotic
cells, deoxynucleotidyl transferase-mediated biotinylated
UTP nick end labelling (TUNEL) was performed using the
Apotosis Detection Kit (ApopTag; Chemicon International,
Temecula, CA, USA) according to the manufacturer’s
protocol. Total number of TUNEL-positive cells in the
ischaemic boundary region was counted on four
coronal sections per rat. Data are presented as the number
of TUNEL-positive cells.

Haematocrit

To determine each animal’s haematocrit, a blood sample
(100 ul) was drawn via a tail vein immediately before the
initial drug dose treatment and again once per week up to 28
days after MCAo. Haematocrit was measured in microcapil-
lary tubes using standard procedures (Readacrit Centrifuge,
Clay Adams, Parsippany, NJ, USA).

Experimental protocols

(1) To determine brain levels of EPO and CEPO: MCAo rats
were treated (intravenous) with a bolus dose thEPO of
1000, 2500, 5000 and 10000IUkg ! or CEPO of 5 and
50 ug kg~ ' administered 6 h after MCAo. MCAo rats treated
with the same volume of saline were used as a control
group. Thirty minutes after administration of rhEPO or
CEPO, plasma (400-500 ul) and CSF (250-300 ul) samples
were obtained via tail vein bleed or cisterna magna
puncture, respectively. Immediately following blood and
CSF collection, animals were perfused with ice-cold saline,
and their brains were removed, separated into left and
right hemispheres and stored frozen on dry ice. Brains were
subsequently thawed, homogenized in 1ml ice-cold PBS
containing a protease inhibitor cocktail (Sigma-Aldrich,
St Louis, MO, USA) and centrifuged at 1000g for 15 min
at 4°C to pellet nuclei and cellular debris.

(2) To examine the dose response of EPO and CEPO on
infarct volume and functional outcome, following
embolization animals were randomly divided into treat-
ment groups (n=10 per group) and were treated
(intravenous, tail vein) with thEPO at a dose level of
50, 500, 1150 or 5000IU kg’l, CEPO at a dose of
50 ugkg™" or vehicle (vehicle was PROCRIT™ formula-
tion: 2.5mg human serum albumin, 5.6mg sodium
citrate, 5.6 mg NaCl, 0.06 mg citric acid in 100ml sterile
water (pH 6.9)). Treatment was initiated 6h after
embolization. For each dose level, an intravenous bolus
dose of thEPO, CEPO or vehicle was given 6, 24 and 48 h
after MCAo. The injection volume was 0.32-0.37 ml per
rat based on 0.1 ml1100g ' animal body weight. Activity
units of thEPO can be converted to mass units based
on the formula 120IU=1pug protein. Therefore,
500TUkg ' =4.16 ugkg™'; 10001Ukg ' =8.32 ugkg™";
25001Ukg 1 =20.8 ugkg™!; 50001Ukg ! =41.6 ugkg™L.

EPO or CEPO reduces cerebral infarction
Y Wang et al 1379

Statistics

Data were evaluated for normality and data were not
normally distributed. The Generalized Estimating Equation
(GEE) approach, considered to have less restriction on data
distribution, was employed. Analysis of variance was used to
study the effects of treatment, dose and time to first dose on
functional recovery. An analysis was performed for each
treatment group (thEPO or CEPO) in comparison to the
vehicle control group, respectively. Analysis began testing
the treatment/dose by administration time interaction,
followed by testing the main effect if no interaction was
detected at P<0.05 level, or a pair-wise comparisons, if
otherwise. All data are presented as means+s.e. Statistical
significance was set at P<0.0S.

Drugs

In this paper, rhEPO refers specifically to Epoetin-Alfa
(PROCRIT; distributed by Ortho Biotech Product, LP, Bridge-
water, NJ, USA as the finished commercial product
(10000TUmI1 ™). Doses used in these studies were drawn by
syringe directly from the commercial drug vial. All other
reagents were obtained from standard commercial vendors
except where noted otherwise.

Carbamylated thEPO (CEPO) was prepared from 50ml of
rhEPO (2.0mgml~'), obtained from Ortho Biologics Inc.
(Manati Puerto Rico). Stock thEPO was diluted with 50 ml of
1 M borate buffer (pH 8.8). To this solution was added 8.1 g of
potassium cyanate, recrystallized from ethanol. The reaction
mixture was incubated at 37°C for 24h and then dialysed
twice against 3.51 of water, and five additional times against
3.51 of sodium citrate (20mM, 0.1M NaCl (pH 6.0)). The
resulting solution was concentrated using a Centricon
centrifugal concentrator to a final volume of 28 ml. The
concentration was determined to be 3.47 mgml~! using an
extinction coefficient of ¢5,% =1.345. This concentrated
material was analysed by size exclusion high-performance
liquid chromatography, polyacrylamide gel electrophoresis
gel electrophoresis (4-12% gel), and surface-enhanced laser
desorption ionization mass spectroscopy (SELDI-MS). The
protein was de-glycosylated for mass spectrometry studies as
follows: 10ul Rapigest (Waters Corp., Milford, MA, USA)
(2mgml ! in PBS), 3 ul NP-40 detergent (15%), 4 ul ethanol,
4l each of PNGase, sialidase and O-glycanase (all from
Prozyme Inc., San Leandro, CA, USA) were added to 10 ul of
CEPO or an EPO control sample and incubated for 72h at
37°C. Both de-glycosylated and glycosylated samples were
analysed by SELDI-MS. The mass spectrum of de-glycosylated,
carbamylated EPO showed an increase of 368 AMU over de-
glycosylated EPO, corresponding to an average of 8.6
carbamoyl groups per molecule (EPO has eight lysines and
a free N terminus). Trinitrobenzene sulphonic acid analysis
was unable to detect any free amino groups.

Results

Intravenous rhEPO and CEPO cross the blood-brain barrier
following MCAo

As the antibodies used in the ELISA assay to quantitate
rhEPO in this study are specific for human EPO, endogenous
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rat EPO does not contribute to the observed drug levels and
therefore neither CEPO nor EPO was detected in plasma or
brain of rats treated with saline. High levels of rhEPO and
CEPO were detected in plasma, and measurable levels of the
corresponding protein were observed in CSF and brain
parenchyma 30 min after an intravenous bolus dose given
6 h after MCAo (Table 1). At the lower dose levels, the levels
of EPO achieved in CSF and brain parenchyma were at the
low end of the sensitivity range for our ELISA assay and there
was considerable variability in the data. Interestingly, there
was not a statistically significant difference in rhEPO or
CEPO levels in the ipsilateral (that is, MCA occluded)
hemisphere versus the contralateral non-ischaemic hemi-
sphere. Nevertheless, these data demonstrate that across a
fairly wide dose range, peripherally administered rhEPO and
CEPO crossed the blood-brain barrier (BBB) and entered the
brain parenchyma and CSF compartments.

Drug effects on haematocrit

Administration of three equal intravenous bolus doses of
thEPO (50, 500, 1150 or 50001Ukg ') at 6, 24 and 48h
following MCAo produced significant (P <0.05) but transient
rise in haematocrit, with the peak response occurring at day
14 after the initial dose (Figure 1). Thereafter, haematocrit
levels decreased, approaching pre-treatment levels at day 28.
Consistent with previous reports (Leist et al., 2004), admin-
istration of three equal intravenous bolus doses of CEPO
(50 ugkg™!) at 6, 24 and 48 h following MCAo did not alter
haematocrit at any time point.

Delayed (6 h) treatment with EPO or CEPO reduces infarct volume
To examine the long-term neuroprotective effects of CEPO
and rhEPO, ischaemic rats were treated 6 h after MCAo with
different dose levels of CEPO or rhEPO and killed 28 days
after MCAo. We first measured the entire infarct volume
including the cortex and the subcortex. Treatment with
rhEPO at doses of 500 and 50001U kg~! or CEPO at a dose of
50 ugkg !, significantly (P<0.05) reduced mean infarct
volume compared with the mean infarct volume in animals
treated with vehicle (Figure 2). The rhEPO 50001Ukg !
group exhibited 28% reduction of mean infarct volume, an
effect that is indistinguishable with the outcome observed in
animals treated with 50 ugkg~! CEPO (27%). The rhEPO
500IUkg~! dose group showed 17% reduction of infarct

volume (Figure 2). There was no effect on infarct volume in
the rhEPO 501Ukg ! group (Figure 2).

Administration of thEPO or CEPO 6h after MCAo could
protect against subsequent neuronal damage in the cerebral
cortex. We then separately measured infarct volume in the
cortex and the subcortex. Treatment with rthEPO at doses of
500 and 1150IUkg™' or CEPO at a dose of 50ugkg "
significantly reduced cortical (26 and 30% for rhEPO 500
and 11501Ukg™"', respectively, 36% for CEPO) but not
subcortical infarct volume (Figure 2). Remarkably, rhEPO at
a dose of 50001U kg~ ! significantly reduced infarct volume
in both the cortex (22%) and subcortex (36%, Figure 2).

To examine whether treatment with rhEPO or CEPO
improves neurobehavioural outcome, we performed a bat-
tery of behavioural tests that are sensitive to sensorimotor
impairment in rodents (Li et al., 2000; Chen et al., 2003;
Zhang et al., 2003, 2004, 2005; Wang et al., 2004). All rats
subjected to embolic MCAo and treated with vehicle
exhibited severe neurological deficits. However, rats treated
6h after MCAo with rhEPO at doses of 500, 1150 and
50001Ukg™! or CEPO at a dose of 50ugkg~!, showed
significantly (P<0.05) improved neurological outcome. The
separation between vehicle and treated animals began 7-21
days after MCAo, and the reduction of sensorimotor
impairment versus vehicle control persisted to the end of
the study, 28 days after MCAo (Figure 3). Improvement of
behavioural outcome was better (P<0.01) in rats treated

—— - —— —_—
vehicle EPOS0UIKg EPO 500 UlKg EPO 1,150 UlKg EPO 5,000 UlKg CEPO 50 ugiKg
64 r

{n=10) i

% of Whole Blood (MeanzSE)

Days (MCAo)

Figure 1 Changes in haematocrit before, during and after
treatment with rhEPO and CEPO. Zero and 1 day time points
represent prior to MCA occlusion and CEPO or rhEPO treatment,
respectively. *P<0.05 and **P<0.01 vs the vehicle group. N=10
rats per group. CEPO, carbamylated rhEPO; MCA, middle cerebral
artery; rhEPO, recombinant human erythropoietin.

Table 1 CEPO and EPO levels measured 30 min after CEPO or rhEPO administration
Groups rhEPO (IUkg™") CEPO (ngkg™')

1000 (ngml~7, n=3) 2500 (ngml~", n=4) 5000 (ngml~', n=3) 10000 (ngmi~", n=3) 5 (ngml~',n=3) 50 (ngml~’, n=3)
CSF 17.8+11.7 2.6+2.0 3.0+0.7 28.9+3.2 2.0+0.4 16.5+5.7
Plasma 476+313 329+137 969 + 60 11574+766 177+5.3 504+1006
Ipsilateral 0.22+0.11 0.20+0.18 1.0340.11 7.3741.09 0.440.01 1.2+40.2
Contralateral 0.24+0.1 0.1+0.04 0.8+0.2 5.8+1.4 0.4+0.03 0.7+0.04

Abbreviations: CEPO, carbamylated rhEPO; CSF, cerebrospinal fluid; EPO, erythropoietin; rhEPO, recombinant human erythropoietin.

Values are mean+s.e.
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Figure 2 Infarct volumes 28 days after embollc MCA occlusion. Panel a shows infarction on a coronal section stained with H&E of a
representative rat from vehicle, rhEPO 5000 1Ukg~" and CEPO 50 ugkg™" groups. Panel b shows quantitative analysis revealing that delayed
(6 h) treatment with CEPO or rhEPO reduced infarct volume. Infarct volumes were measured as a whole hemisphere (Whole), cortex and
subcortex. N=12 rats for control, thEPO 5001U kg~', and rhEPO 50001Ukg " groups. N=6 rats for thEPO 501Ukg ™", rhEPO 11501Ukg ™",
and CEPO 50 ug kg~ groups. *P<0.05 vs the vehicle group. CEPO, carbamylated rhEPO; H&E, haematoxylin and eosin; MCA, middle cerebral
artery; rhEPO, recombinant human erythropoietin.

e —— —a
vehicle EPO 50 UlKg

—
EPO 500 U/Kg EPO 1,150 U/lKg EPO 5,000 U/Kg CEPO 50 pg/Kg
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o 7 14 21 28 0 7 14 21 28
Days (MCAo) Days (MCAo)

Figure 3 The effects of CEPO and rhEPO on neurological function. Delayed (6 h) treatment with CEPO or rhEPO improves neurological
function measured by foot-fault test (a) and mNSS (b) compared with the vehicle group. *P<0.05 vs the vehicle group and * P<0.05 vs rhEPO
500 and 11501Ukg™" groups. N=10 rats per group. CEPO, carbamylated rhEPO; mNSS, modified neurological severity score; rhEPO,
recombinant human erythropoietin.

with 5000 1U kg~ ! thEPO when compared to rats treated with
thEPO at doses of 500 or 11501Ukg ! (Figure 3). Surpris-
ingly, treatment with rhEPO 50IUkg™' beginning at 6h
post-MCAo also slightly but significantly improved neuro-
logical outcome when assessed 28 days after MCAo (P=0.03,
Figure 3).

Delayed treatment with rhEPO or CEPO reduces apoptosis

and microglial activation

Previous studies have reported that acute treatment with
rhEPO prevents neuronal apoptosis and reduces activation of
inflammatory cells within the CNS (Siren et al., 2001; Ghezzi
and Brines, 2004). To examine whether delayed treatment
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with rhEPO reduced apoptosis and microglial activation, we
measured the number of apoptotic cells and activated
microglia in the ischaemic boundary region 28 days follow-
ing MCAo (Zhang et al., 1997¢). Treatment of thEPO at a dose
of 50001Ukg ! or CEPO (50 ugkg 1) significantly reduced
the number of TUNEL-positive cells (31% for rhEPO and 35%
for CEPO) and activated microglial cells (36% for rhEPO and
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Figure 4 The effect of CEPO and EPO on apoptosis and microglial
responses. Panels a—f are images of activated microglial cells identified
by IB4-positive cells in the cortical boundary region from representative
rats treated with vehicle (a and b), rhEPO 5000 IU kg:f1 (c and d) or
CEPO 509 kg’1 (e and f). Panels b, d and f are high magnification
images from the box area in panels a, c and e, respectively. (g and h)
Quantitative data of TUNEL-positive cells and activated microglial cells,
respectively, in the ischaemic boundary region. Core in the panels a, ¢
and e indicates the ischaemic core. Bar =80 um for panels a, c and e;
Bar =20 um for panels b, d, and f. CEPO, carbamylated rhEPO; EPO,
erythropoietin; rhEPO, recombinant human erythropoietin; TUNEL,
deoxynucleotidyl transferase-mediated biotinylated UTP nick end
labelling model. *P<0.05 vs the vehicle group.
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CEPO) compared with the number in the vehicle group 28
days after MCA occlusion (Figure 4).

Discussion

The results of the present study demonstrated that rhEPO at
doses of 500, 1150 and 50001Ukg ! or CEPO at 50 ugkg™?,
administered 6h following embolic MCAo significantly
reduced infarct volume and improved neurological outcome
compared with rats treated with vehicle. Moreover, our
results indicate that measurable concentrations of rhEPO
and CEPO are achieved in CSF and brain parenchyma
following peripheral intravenous bolus dosing and that the
concentrations achieved at the higher dose levels are
consistent with those required for activity using in vitro
models of neuronal injury. In these models, 11TUml ' EPO
(1IUmI~! EPO=8ngml~! EPO) protected P19 cells from
injury induced by serum withdrawal (Siren et al., 2001).

The neuroprotective effects of rhEPO have been demon-
strated in several experimental models of stroke (Siren et al.,
2001; Grasso et al., 2004; Leist et al., 2004; Villa et al., 2006). In
a model of transient cortical ischaemia, thEPO at doses of 500
to 5000IUkg ' has been shown to reduce infarct volume
(Brines et al., 2000, 2004; Siren et al., 2001). In the present
study, we used a model of embolic MCAo that mimics
malignant MCA infarction and severe neurological impair-
ment of human stroke (Hacke et al., 1996; Zhang et al., 1997;
Carmichael, 2005). Our data show that delayed (6 h) treatment
with thEPO at doses of 500, 1150 and 5000 but not 501U kg !
significantly reduced infarct volume 28 days after stroke.
rhEPO at a dose of 5000 IU kg~ ! was more effective in reducing
the entire infarct volume (28%) compared with a dose of
500IUkg ™' (17%). These data suggest that delayed treatment
with thEPO is effective even for malignant stroke and that the
neuroprotective effects of EPO are dose-dependent.

There are two major differences between those earlier
studies and the present work. First, earlier studies used either
a permanent focal MCAo model in which there is little or no
reperfusion of the ischaemic tissue or a model of cortical
infarction in which a distal branch of the MCA was occluded
(Sadamoto et al., 1998; Brines et al., 2000; Leist et al., 2004).
The embolic MCAo model used here frequently exhibits
spontaneous clot lysis and reperfusion within 24-48h
following MCAo, which closely mimics human stroke
(Zhang et al., 1997; Jiang et al., 1998). Second, and perhaps
most importantly, earlier reports demonstrating activity of
rhEPO in rodent stroke models used a single intravenous
bolus drug infusion. In the present study, we used a multiple-
dose paradigm in which three equal doses of drug were
administered, with the initial dose given 6 h and additional
doses given 24 and 48h after the initial dose. This dosing
paradigm was used to match as closely as possible the dosing
paradigm used in a small but positive clinical study using
rhEPO and stroke (Ehrenreich et al., 2002).

As expected, all doses of rhEPO used in the present study
produced a significant but transient elevation in haemato-
crit. This effect on haematocrit is consistent with the
effects produced by other haematopoietic agents studied in
preclinical stroke models (Belayev et al., 2005). Consistent



with earlier reports, CEPO which does not bind to the
classical EPOR did not elevate haematocrit (Leist et al., 2004).
The present study extends previous findings by demonstrat-
ing that, as for rthEPO, delayed (6h) treatment with CEPO
significantly reduced infarct volume and improved func-
tional outcome 28 days after embolic MCAo. Although the
cellular mechanisms responsible for the neuroprotective
effects of CEPO have not been fully elucidated, CEPO may
evoke a protective response by signalling through the
common f-receptor subunit, perhaps in a heteromeric
complex with the EPOR (Brines et al., 2004). Here, we
showed that CEPO and rhEPO, administered intravenously,
crossed the BBB, consistent with previous reports (Brines
et al., 2000; Juul et al., 2004; Leist et al., 2004).

The present study showed that the neuroprotective effect
of delayed treatment with CEPO and rhEPO was primarily
localized to the cerebral cortex. In this model of embolic
stroke, we demonstrated previously that impairment of
cerebral microvascular circulation in the cortex develops
within 6h after the onset of MCAo and the majority of
ischaemic damage to neurons in the cortex are reversible
(Garcia et al., 1993; Zhang et al., 2001). Thus, this 6 h window
in the cortex could provide an access for rhEPO and CEPO to
reach cerebral microvessels and pass the BBB rescuing
potentially viable neurons in the ischaemic boundary
region. Antiapoptotic and anti-inflammatory effects have
been proposed as likely mechanisms contributing to the
neuroprotective activity of thEPO and CEPO (Siren et al.,
2001; Agnello et al., 2002; Brines et al., 2004; Maiese et al.,
2004). We found that delayed treatment with rhEPO and
CEPO substantially reduced apoptosis and production of
activated microglial cells in the ischaemic boundary region
28 days after the onset of MCAo. However, it remains to be
determined whether these beneficial effects of thEPO and
CEPO are generated either by direct or by indirect anti-
inflammatory and antiapoptotic effects.

In summary, delayed (6h) treatment with CEPO and
rhEPO reduces infarct volume and improves functional
outcome following embolic MCAo. The long treatment
window described here, coupled with the use of a multiple
dose paradigm, suggests a viable therapeutic window for the
use of these agents in the treatment of human stroke.
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