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Summary
The haematopoietic hormone erythropoietin (EPO) has neuro-
protective properties and is currently being explored for treat-
ment of stroke and other neurological disorders. Short-term,
high-dose treatment with EPO seems to improve neurological
function of stroke patients but may be associated with increased
thrombotic risk,whereas alternative non-erythropoietic neuro-
protective derivatives of EPO, such as carbamylated EPO
(CEPO),may be devoid of such side-effects.We investigated the
effects of short-term,high-dose treatment with EPO and CEPO
on platelet function and haemostasis in healthy mice and rats.
Animals received three daily doses of EPO or CEPO (50 µg/kg),
and blood was compared with respect to alterations in haema-
tology and platelet reactivity. In rats, treatment with EPO in-
creased the haematocrit to >50% and the mean platelet volume
by 37%,while CEPO had no effect on these parameters.Platelets
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from EPO-treated rats showed an increased sensitivity to
thrombin receptor agonist peptides and elevated plasma levels
of soluble P-selectin (sP-selectin) were found in treated mice.
Further indicators of platelet hyperreactivity in EPO, but not
CEPO-treated animals, were significantly increased aggregatory
responses to collagen in whole blood and platelet-rich plasma
(PRP).The increased platelet reactivity was paralleled by a de-
creased bleeding time after tail transection in rats.Samples from
EPO-treated rats showed an attenuated response to ADP in
whole blood aggregometry and thrombelastography (TEG) pla-
telet mapping but not in apyrase-treated PRP,suggesting involve-
ment of ADP receptor desensitization. These findings suggest
that while EPO affects various aspects of platelet function,
CEPO is devoid of such effects.

Introduction
The cytokine erythropoietin (EPO) is the primary stimulator of
erythropoiesis, and recombinant human EPO (rhEPO) is widely
used in the treatment of anaemia (1). Additionally, EPO has at-
tracted interest as a neuroprotective agent with therapeutic po-
tential in diseases such as stroke, traumatic brain injury, schizo-
phrenia and spinal cord injury (2). In small clinical trials, EPO
seems to exert beneficial effects in stroke patients (3) as well as
in schizophrenic patients (4). These studies suggest that EPO or
EPO derivatives may be relevant for future treatment of patients

suffering from a variety of central nervous system (CNS) dis-
orders. However, treatment with EPO has been linked to an in-
creased risk of thrombotic events, and EPO seems to affect vari-
ous cardiovascular and haemostatic parameters unrelated to in-
creases in haematocrit (5, 6). For instance, EPO treatment im-
proves compromised platelet function in patients with renal fail-
ure independently of increases in haematocrit (7). In dogs, EPO
induces a functional hyperreactivity of platelets, and potentiates
thrombus development in a model of arteriovenous shunting (8,
9). EPO may also be pro-thrombotic in humans, both by increas-
ing platelet reactivity and by causing an increase in systemic
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blood pressure through vasoconstriction (5, 10). These pro-
thrombotic properties of EPO appear clinically relevant, since
three trials evaluating EPO treatment in cancer patients were pre-
maturely terminated due to increased thrombotic and cardiovas-
cular events (6). In the stroke population, haemostatic side-ef-
fects of EPO are particularly undesirable, given the severe hae-
mostatic disturbances in these patients (11).

The potential pro-thrombotic effects of EPO in treatment of
anaemic patients have already been evaluated; however, for cor-
rection of anaemia, patients typically receive chronic treatment
with low doses of EPO (i.e. ~50–100 U/kg = 0.5–1 µg/kg, three
times weekly, [12]). In contrast, little is known about the adverse
effects of short-term high-dose EPO treatment, which is relevant
for neuroprotection. For example, beneficial effects in animal
models of stroke are obtained with 1–3 doses of 5–50 µg/kg EPO.

Non-erythropoietic derivatives of EPO, which do not bind to
the classical EPO receptor, may have fewer unwanted haemos-
tatic effects; however, this remains to be evaluated. The most
studied EPO-derivative is carbamylated EPO (CEPO), which
acts neuroprotectively in a variety of different animal models,
such as cerebral ischemia (13, 14), autoimmune encephalo-
myelitis (13), spinal cord injury (13) and motor neuron degener-
ation (15). Given the potential use of EPO and CEPO as thera-
peutics for CNS indications, an evaluation of the thrombotic
risks associated with high-dose, short-term EPO and CEPO
treatment is warranted.

In this study, we tested the hypothesis that short-term high-
dose treatment with EPO affects haematological parameters in-
cluding platelet function, whereas CEPO has no effect on these
parameters.Thus, mice and rats were treated with EPO, CEPO or
saline using a dosing protocol compatible with protocols tested
in acute ischemic stroke studies. Haematological parameters and
plasma levels of soluble P-selectin (sP-selectin) were deter-
mined as well as agonist-induced platelet reactivity investigated
by flow cytometry, whole blood aggregometry, platelet-rich
plasma (PRP) aggregometry and thrombelastography (TEG)
platelet mapping. Plasma protein levels were analysed by West-
ern blotting and the in vivo consequences of EPO and CEPO
treatment were evaluated as bleeding time in the rat tail transec-
tion model.

Materials and methods
Materials
EPO from Dragon Pharmaceuticals (Vancouver, Canada) was
used for all experiments. For studies on haematological parame-
ters (Fig. 1), parallel experiments were run with Epoetin beta
(NeoRecormon®, F. Hoffmann-La Roche Ltd). CEPO was syn-
thesized from EPO as described earlier (13). Identity and purity
of the material as well as batch-identity was verified by amino
group titration, digest with LysC and peptide fragment analysis
by mass spectrometry as described elsewhere (13). The CEPO
batch used in these experiments has been verified for neuropro-
tective activity in animal models (unpublished data). The mouse
thrombin receptor PAR-3 (SFNGGP) and PAR-4 (GYPGKF) ac-
tivating peptides were synthesized at Novo Nordisk (Denmark)
using standard peptide chemistry.

Animals and treatments
All experimental procedures were carried out in accordance with
the directives of the Danish National Committee on Animal Re-
search Ethics and the European Communities Council Directive
#86/609 for care of laboratory animals. Animals were obtained
from Charles River, Germany. Male NMRI mice weighing 25–30 g
were dosed subcutaneously with a volume of 10 ml/kg. Alter-
natively, Sprague-Dawley rats weighing 200–250 g were dosed
with a volume of 1 ml/kg.Animals were dosed once daily with EPO
(50 µg/kg), CEPO (50 µg/kg) or saline (0.9% NaCl) for 1–3 days.
For experiments with mice receiving doses lower than 50 µg/kg, a
protein-stabilising vehicle was used (0.9% NaCl + 0.1% human
serum albumin). All animals were euthanized after experiments.

Analysis of haematological parameters
Rats and mice were anaesthetized with isoflurane and blood was
drawn from the vena cava with S-Monovette K-EDTA tubes
(Sarstedt, Germany). Haematological parameters were analysed
immediately on ADVIA® 120 (Bayer, Germany) using multi
species software 3.1 (Bayer).

P-selectin flow cytometry
Rats were anaesthetized with Avertin and blood was collected
with S-Monovette citrate tubes by cardiac puncture. Citrated
blood (50 µl) was incubated with different concentrations of
mouse thrombin receptor PAR-3 (SFNGGP) and PAR-4
(GYPGKF) agonist peptides for 5 minutes (min) at 37oC. Anti-
bodies CD62-PE (Biotex, LY20, 3 µl) and CD61-FITC (BD
553346, 4 µl) were added and incubated for 30 min at room tem-
perature. Red blood cells (RBC) were lysed by incubating with
1 ml red blood cell (RBC) lysing buffer (BD Bioscience FACS
lysing solution, 349202, San Jose, CA, USA) for 10 min at room
temperature before centrifugation for 5 min at 200 x g. The pel-
let was washed with 2 ml washing buffer (20 mM Hepes pH 7.4,
150 mM NaCl, 1 mg/ml bovine serum albumin [BSA]) and cen-
trifuged for 5 min at 200 x g. FACSflow (BD Bioscience, 0.5 ml)
was added to the pellet and samples were analysed on a
FACSCanto flow cytometer (BD Bioscience). Forward and side
scatter light channels and fluorescence channels were set on log.
A gate was set on CD61 positive cells (all platelets), and % of
cells within this gate positive for P-selectin (CD62P) was deter-
mined. Single coloured activated platelets were used for com-
pensation of overlapping fluorescence signals.

sP-selectin ELISA
Mice were anaesthetized with Avertin and blood was collected
from the heart into S-Monovette tubes containing a mix of ci-
trate, theophylline, adenosine, and dipyridamole (CTAD).
Samples were immediately placed on ice and platelet-poor plas-
ma was prepared by two rounds of centrifugation (2,500 x g for
20 min). For each round the middle 1/3 of the plasma phase was
isolated for further procedure. Plasma samples were analysed by
the mouse sP-selectin ELISA kit from R&D systems (Minnea-
polis, MN, USA) at a 1:10 dilution.

TEG platelet mapping
The contribution of platelet-mediated response to clot strength
was assessed by TEG measurements based on the TEG® Platelet
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Mapping assay kit and TEG analyser, series 5000, from Haemo-
scope Corp. (Skokie, IL, USA). Blood from Avertin-anaesthe-
tized rats was collected in S-monovette lithium-heparin tubes by
cardiac puncture. Whole heparinised blood (360 µl) was added to
a TEG cup containing Activator F (a snake venom directly con-
verting fibrinogen to fibrin without activating the other coagu-
lation enzymes) and ADP (10 µM, final concentration) or col-
lagen (20 µg/ml final concentration, Collagenreagent Horm
from Nycomed Pharma, Unterschleissheim, Germany). As par-
ameter for the clot strength, the maximal amplitude (MA) was
measured on the TEG Analyser. All samples were analysed
60–120 min after blood drawing.

Whole blood aggregometry
For aggregometry measurements, blood was sampled fromAver-
tin-anaesthetized rats into S-Monovette citrate tubes by cardiac
puncture. Samples of 300 µl citrated whole blood were added to
300 µl NaCl/CaCl2 solution (Dynabyte Medical, Munich, Ger-
many) and preheated 3 min at 37oC in test cells (Multiplate, Dy-
nabyte Medical). Collagen Horm (final concentration 2 µg/ml)
or ADP (final concentration 5 or 1 µM) in 20 µl was added and
aggregation measured for 6 min by impedance in a Multiplate in-
strument (Dynabyte Medical). Data are presented as area under
the aggregation curve (AUC). All samples were analysed within
120 min after blood drawing.

PRP aggregometry
Heparinized blood (3.6 U/ml) was sampled from the inferior vena
cava of EPO- or saline-treated rats under CO2-induced anaesthesia.
PRP was prepared by 10 min centrifugation at 400 x g. Before ag-
gregation, PRP samples were incubated with apyrase (1 mU/ml,
Sigma #A6535) for 90 min at 37oC to remove any extracellular
ADP present in the samples. Platelet aggregation was induced by
addition of either 1 µM ADP or 3 µg/ml collagen, and the aggrega-
tory response was measured over time by an optical aggregometer
(300BD-5, Payton, USA) coupled to an XctionView DataAcquisi-
tion System (Singa Technology Corporation, Taiwan). Data are
presented as peak aggregation and aggregation velocity deter-
mined as curve slopes during onset of the aggregatory response.

Platelet preparation and immunoblotting
Blood samples were collected from the hearts of Avertin-anaes-
thetized rats into S-Monovette CTAD tubes and were immedi-
ately kept on ice. For all further steps, platelets were kept on ice
and centrifuged at 4oC. PRP was prepared by three rounds of cen-
trifugation at 200 x g for 15, 10 and 3 min, respectively. After
each centrifugation, the plasma and buffy coat were transferred
to a new vial. Platelets were spun down at 2,000 x g for 5 min and
resuspended in 400 µl washing buffer (129 mM NaCl, 13.6 mM
Na3-citrate, 11.1 mM D-glucose, 1.6 mM KH2PO4). Remnants
of red and white blood cells were removed by centrifugation at
200 x g for 75 seconds (s), and platelets were washed twice be-
fore lysis on ice in 1% Nonidet P-40, 20 mM Tris-HCl pH 8,
137 mM NaCl, 2 mM EGTA, 10% glycerol with the following
inhibitors: 1 mM Na3VO4, 50 mM NaF, 10 mM Na-β-glycero-
phosphate, 1 mM AEBSF and protease inhibitor mix Complete
(Roche). Thirty µg of protein was loaded per well on 4–12%
gradient Bis-Tris NuPAGE gels for SDS-PAGE (Invitrogen). For

immunoblotting, the following antibodies were used: anti-P2Y1

(Sigma, P6487), anti-P2Y12 (Santa Cruz, sc-27152), anti-phosp-
ho-STAT3 (Cell Signaling, MA, U.S.A., #9131), anti-MEK1/2
(Cell Signaling, #9122), anti-GSK3β (Cell Signaling, #9332),
anti-β-actin (Sigma, A5441) and horseradish peroxidase-conju-
gated secondary antibodies (DAKO, Denmark). SeeBlue Plus2
prestained molecular weight markers from Invitrogen were in-
cluded on the blots. Densitometric analyses of blots were per-
formed using the AlphaEaseFC Software.

Bleeding time in rats
Rats were anaesthetised with Hypnorm/Dormicum and placed
on heating pads throughout the experiment to maintain a body
temperature of 37oC. The tail was transected 5 mm from the tip
with a single-use scalpel and the tail was immediately immersed
into 37oC warm isotonic saline until termination of bleeding was
noted. Termination of bleeding was defined as the time of com-
plete stop of bleeding with no recurrence of bleeding within the
next 60 s. No animals exceeded a bleeding time of 30 min. Cut-
off tail tips were subsequently weighed to ensure that there was
no difference in tail cutting between the groups. The treatment
groups were blinded for the observer.

Data presentation
For haematological studies, no differences were observed be-
tween naïve animals and saline-treated controls, therefore only
saline-treated controls are shown. Dragon EPO and Roche EPO
behaved identically in haematological studies; data in Figure 1
are presented for Epoietin beta (Roche) only. Haemoglobin data
completely paralleled the haematocrit data throughout all ex-
periments and therefore is not shown. Data are presented as
means ± SEM and analysed by one-way ANOVA with Bonferro-
ni´s post-hoc test correction using Graph Pad Prism 4.02 soft-
ware. P-values < 0.05 were considered statistically significant.
Asterisks and “ns” (non-significant) placed above the graph bars
denote comparison to saline group.

Results
Alterations in blood parameters after short-term EPO
treatment
Treatment of mice and rats once daily with EPO (50 µg/kg) for
three consecutive days increased RBC count, reticulocyte count
and mean platelet volume (MPV) when measured 48 hours (h)
after the last dosing (Fig. 1). The increase in RBC and reticulo-
cyte count corresponded to a rise in haematocrit from 40.9 ±
0.5% (mean ± SEM) to 51.7 ± 0.5% in mice, whereas the number
of platelets remained unchanged in both mice and rats (1,322 ±
78 platelets/fl in mice and 1,285 ± 195 platelets/fl in rats, mean
± SD, not shown). CEPO treatment did not alter any of the inves-
tigated blood parameters as compared to controls. Furthermore,
rats and mice reacted identically to treatments on all parameters.
To test whether acute dosing and handling or the presence of high
concentrations of compounds in the samples had any effect on
the haematological endpoints analysed, mice were treated with
EPO, CEPO or saline for two days and blood was analysed im-
mediately after the last dose. In this schedule, no differences
were detected between the groups (not shown).



e 1: Haematological parameters from mice and rats treated with EPO or CEPO. Mice or rats were injected daily (s.c.) with either
saline, EPO (50 µg/kg) or CEPO (50 µg/kg) for three consecutive days. Blood samples were collected 48 h after the last dose and haematological pa-
rameters were analysed. A-C) Haematological parameters from mice. D-F) Haematological parameters from rats. (n=8). Data are presented as means
± SEM. fl = femtoliter, ns = non significant, *** = p < 0.001.

Figure 2: CEPO did not antagonise EPO-mediated activity in
vivo. Three groups of mice were treated daily s.c. with either saline,
EPO (5 µg/kg) alone or EPO (5 µg/kg) plus CEPO (50 µg/kg) for five
days. Haematological parameters were measured on day 5 (n=4–5). Data
are presented as means ± SEM. ns = non significant, ** = p < 0.01, *** =
p < 0.001
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Altered whole blood aggregation responses to ADP
and collagen after EPO treatment
Additional functional platelet parameters were measured as
agonist-induced platelet aggregation after short-term treatment
with EPO or CEPO. Citrated blood from treated animals was
subjected to whole blood aggregometry measurements after
stimulation with the platelet agonists ADP or collagen. As be-
fore, rats received three daily doses of EPO, CEPO or saline, and
blood was analysed 48 h after the last injection. EPO treatment

enhanced aggregation in response to collagen, while CEPO had
no effect compared to controls (Fig. 5A). In contrast, the re-
sponse to ADP was significantly impaired in blood from EPO-
treated rats (Fig. 5B). The effects of EPO on platelet function
were further validated by examining blood from the same ani-
mals using TEG platelet mapping. TEG platelet mapping was
performed by stimulating platelets in heparinized whole blood
containing a fibrin network induced by a direct fibrinogen acti-
vator. Thus, this method measured the isolated contribution of
platelet responses to clot strength. Using this method, the signifi-
cantly decreasedADP response in EPO-treated animals was con-
firmed (Fig. 5C). To investigate whether EPO had any acute or
direct effects on platelet reactivity, experiments were repeated
with blood drawn at time points 4 h and 24 h after administration
of a single dose of EPO. In these acute studies, EPO had no effect
on ADP or collagen induced responses in TEG platelet mapping
or whole blood aggregometry (not shown). CEPO did not in-
fluence blood responses in any of the aggregometry or TEG ana-
lyses performed. When analysing blood by standard TEG
measurements with kaolin activation, no differences between the
groups were detected (not shown).

Altered PRP aggregation responses after EPO
treatment
The decreased ADP aggregatory response induced by EPO was
surprising since our other data indicated a general platelet hyper-
reactivity after EPO administration. To address whether this phe-
nomenon involved desensitization of the ADP receptors, we per-
formed aggregation studies with ADP-depleted PRP in which pla-
telets were allowed time to resensitize. ADP receptor desensitiz-
ation occurs as a response to low level receptor activation by extra-
cellular ADP, which may originate from platelet granule release or
by haemolytic leakage of ADP from RBCs. Thus, to eliminate the
interference of extracellular ADP in the aggregation response, we
isolated PRP from saline- or EPO-treated rats and incubated the
samples for 90 min at 37oC with a low concentration of apyrase
(1 mU/ml). Heparinized PRP was used for these experiments
since apyrase is dependent on divalent cations and therefore does
not work well in citrated samples. The concentration of apyrase
was chosen to be sufficiently high to ensure complete depletion of
adenine nucleotides from plasma (ATP +ADP in plasma is around
100 nM [16] and 1 mU/ml apyrase degrades 1 µM/min of ATP and
ADP), but too low to interfere significantly withADP-induced ag-
gregation. The 90 min incubation at 37oC was included to provide
sufficient time for the platelet ADP-receptors to resensitize (17).
When challenging the apyrase-treated PRP samples with ADP
(1 µM) we found no significant differences between saline and
EPO-treated groups in peak aggregation (Fig. 6A) or area under
the aggregation curve (not shown). However, after stimulation
with collagen (3 µg/ml) we observed a significantly increased re-
sponse in the EPO-treated group compared to controls, which was
evident as a 95% increase in peak aggregation (Fig. 6B) and a
350% increase in aggregation velocity (Fig. 6C).

Alterations in platelet protein levels after EPO
treatment
In order to investigate whether EPO might alter basic platelet
protein composition, we used Western blot analysis to examine

Figure 3:Thrombin receptor agonist-induced platelet P-selec-
tin surface expression and sP-selectin plasma levels after treat-
ment with EPO or CEPO. Three groups of animals were injected
daily s.c. with saline, EPO (50 µg/kg) or CEPO (50 µg/kg) for three days
and blood samples were collected 48 h after the last injection. A) Pla-
telet-poor plasma from mice was analysed by ELISA for levels of sP-se-
lectin (n=9–10). B) Citrated blood samples from rats were treated with
different concentrations of a mix of mouse thrombin receptor PAR-3
and PAR-4 agonist peptides and labelled with antibodies against CD61
(platelet marker) and CD62P (P-selectin, platelet activation marker) for
flow cytometry analysis. Activation resulting from simulation with a sub-
maximal concentration of agonist peptides (50 µM of each) is shown
(n=6). Dotted line represents the baseline percentage of CD62P+ pla-
telets before agonist stimulation (8% for saline, 9% for EPO and CEPO).
Data are presented as means ± SEM. ns = non significant, * = p < 0.05,
** = p < 0.01.

Figure 4: Dose-dependent effects of EPO on MPV and plasma
sP-selectin. Three groups of animals were injected daily (s.c.) for three
consecutive days with EPO (5 or 50 µg/kg) dissolved in saline for rats, or
vehicle (saline + 0.1% human serum albumin) for mice. Blood samples
were collected 48 h after the last injection. A) Mean platelet volume
measured in EDTA-stabilised blood from rats, fl = femtoliter (n=8).
B) Levels of sP-selectin in platelet-poor plasma from mice, analysed by
ELISA (n = 9–10). Data are presented as means ± SEM. ns = non signifi-
cant, * = p< 0.05, *** = p < 0.001.
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the levels of various platelet proteins in purified platelets from
rats treated with three daily doses of EPO or CEPO as described
before. Band density analysis revealed that levels of intracellular
kinases MEK1/2 (MAP/ERK kinase) and GSK3β (glycogen
synthase kinase-3β) were up-regulated in platelets from EPO-
treated animals, whereas levels of phosphorylated STAT3 (signal
transducer and activator of transcription 3) were decreased (Fig.
7). When investigating levels of ERK1/2 (extracellular signal-
regulated kinase 1/2), Pyk2 (proline-rich tyrosine kinase 2),
PI3K (phosphoinositide-3-kinase), Src, STAT5 or Akt (protein
kinase B), no differences were found between the groups. We
also probed the blots with antibodies against the ADP receptors
P2Y1 and P2Y12, and observed significantly increased levels of
proteins with the molecular weight of 66 kDa for P2Y1 and
45 kDa for P2Y12 following EPO treatment (Fig. 7). These bands
correspond well to the sizes of transgenically expressed forms of
the receptors (18, 19). However, we cannot exclude that the anti-
bodies recognize other platelet proteins upregulated by EPO pre-

treatment of the animals, as the commercially available anti-
bodies lack absolute specificity for their cognate P2Y receptors.
GAPDH and β-actin were applied as loading controls, both
yielding similar results.

Bleeding time in rats affected by EPO but not CEPO
As a model for testing the in-vivo consequences of EPO-me-
diated alterations in platelet function, bleeding time was
measured in rats after transection of the tail tip. In this model,
anti-platelet drugs such as aspirin and ADP receptor antagonists
have been shown to prolong bleeding time, indicating that the
model is sensitive to alterations in platelet function (20–22). Rats
were dosed as previously described with EPO or CEPO (50
µg/kg) for three consecutive days, and bleeding time was
measured 48 h after the last dose (Fig. 8). EPO treatment de-
creased bleeding time to 386 ± 38 s compared to 694 ± 82 s for sa-
line-treated controls (mean ± SEM, P<0.05). Bleeding time in
CEPO-treated rats did not differ from control group (650 ±126 s).

Figure 5: Agonist-induced whole blood aggregatory responses
after treatment with EPO or CEPO. Three groups of rats were in-
jected daily s.c. with saline, EPO (50 µg/kg) or CEPO (50 µg/kg) for
three days and blood samples were collected 48 h after the last injec-
tion. A, B) Citrate-stabilised blood samples were stimulated with either
2 µg/ml collagen (A) or 5 µM ADP (B), and aggregation was measured by
whole blood aggregometry. Graphs show values for area under the ag-
gregation curve (AUC) resulting from integration of the aggregation re-

sponse (AU = aggregation units) over the 6 min of the analysis. A base-
line value of AUC without agonist was subtracted from all original values
(baseline = 358 ±136 AU x min), n = 6–12 for A and n=9–16 for B. C:
TEG platelet mapping of heparinized whole blood stimulated with 10 µM
ADP. Clot strength is determined by maximal amplitude (MA) on the
TEG analyser (n = 9–12). Data are presented as means ± SEM. ns = non
significant, * = p < 0.05, ** = p < 0.01, *** = p< 0.001.

Figure 6: Agonist-induced aggregation of
apyrase-treated platelet-rich plasma
(PRP) from rats. Two groups of rats were in-
jected daily s.c. with saline or EPO (50 µg/kg)
for three days, and blood samples were col-
lected 48 h after the last injection. PRP was
prepared from heparinized blood and treated
with apyrase before aggregation. Aggregation
was induced by either 1 µM ADP (A) or 3
µg/ml collagen (B-D). A) Peak aggregation valu-
es above baseline for ADP-induced aggregation.
B) Peak aggregation values above baseline for
collagen-induced aggregation. C)Velocity for
collagen-induced aggregation determined as
the curve slope at initiation of aggregation.
D) Representative aggregation curves for col-
lagen-induced aggregation of PRP from EPO
and saline-treated rats. AU = aggregation units,
n=8. Data are presented as means ± SEM.
ns = non significant, *** = p< 0.001.



Discussion
The data presented here show that short-term, high-dose treat-
ment with EPO significantly affected blood parameters and pla-
telet reactivity, whereas such changes were absent in CEPO-
treated animals.The platelet-altering effects of EPO seemed to be
related to the high dose of 50 µg/kg, since 5 µg/kg did not increase
sP-selectin and only partially affected MPV. This dose-depend-
ency explains why similar platelet profiles have not been found in
previous studies with EPO in which lower doses have been tested.
The 50 µg/kg dose is relevant for stroke therapy, as it is protective
in most animal models of neuronal damage, and EPO at doses
below 50 µg/kg is suboptimal for treatment of brain ischemia in
the rat (23, 24). Furthermore, dosing of 50 µg/kg EPO in rodents
is bioequivalent to the dose of about 5 µg/kg tested in humans in
a small clinical stroke trial (3), taking into account the different
weight-surface ratio, the 3–4 times extended half-life of recom-
binant human EPO in humans compared to rats and the lower af-
finity of human EPO for the rat EPO receptor (13, 25, 26).

Short-term EPO treatment with 50 µg/kg caused a dramatic
rise in haematocrit in rodents, which was evident four days after
the first dose, and the haematocrit reached critical levels above
50% (clinical bloodletting criterion). This potent effect on ery-
thropoiesis is thus an issue in rodents after only three doses of
EPO, and haematopoietic side effects may be even more promi-
nent if EPO is to be used in long-term dosing schedules as might
be relevant in chronic neurological disorders. In a recent clinical
trial with non-anaemic schizophrenic patients, eight out of 20
EPO-treated patients required bleeding at least once during the
three months experiment to reduce haematocrit, although pa-
tients received about 5 µg/kg EPO only once a week (4).

EPO furthermore caused an increase in MPV in rodents,
which is consistent with findings in patients with chronic renal
failure, but which has not earlier been found in healthy individ-
uals (27). In humans, an increased MPV is correlated to a wor-
sened outcome after cerebrovascular and cardiovascular events
as well as to an increased risk of recurrent events of myocardial
infarctions and stroke (28–30). MPV may thereby be a clinically
relevant marker of risks associated with thrombotic events. In
addition, EPO treatment increased plasma levels of sP-selectin,
in accordance with findings in healthy human individuals (10).
The soluble form of P-selectin is shed from platelets after P-se-
lectin surface exposure, and it is itself a biologically active pro-
tein, which enhances clot formation and fibrin deposition (31).
An increased plasma level of sP-selectin has been observed in
acute stroke patients and is associated to various pro-thrombotic
conditions, such as atrial fibrillation and atherosclerosis (11, 32,
33).

Blood from animals pre-treated with EPO exhibited in-
creased platelet sensitivity to thrombin receptor agonist pep-
tides, as well as an increased aggregation response to collagen
stimulation compared to platelets from saline-treated controls.
In contrast, the platelet ADP-mediated response was markedly
reduced by EPO treatment, showing a 50% reduction in the TEG

Figure 7: Western blot analysis of platelet proteins. Three groups
of rats were injected daily s.c. with saline, EPO (50 µg/kg) or CEPO
(50 µg/kg) for three days and platelets were purified from blood samples
collected 48 h after the last injection. A) Lysates from purified platelets
were subjected to Western blot analysis of P2Y1, P2Y12, MEK1/2, GSK3β
and phospho-STAT3. Each lane represents platelets from an individual

animal. Molecular weights (MW) of proteins estimated from the molecu-
lar weight marker are noted on the left. B) Densitometric analysis of
bands in A.Y-axes denote band densities relative to β-actin with the sa-
line group normalised to 1 (n=4). Data are presented as means ± SEM.
ns = non significant, ** = p<0.01, *** = p< 0.001.

Figure 8: Bleeding time after tail transection in rats. Three
groups of rats were injected daily s.c. with saline, EPO (50 µg/kg) or
CEPO (50 µg/kg) for three days and tail transection was performed 48 h
after the last injection. The time span until complete stop of bleeding
was measured (n=12). Data are presented as bleeding time in seconds
(means ± SEM). ns = non significant, * = p < 0.05.
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platelet mapping assay. The fact that the decreased aggregatory
response to ADP was no longer observed in apyrase-treated PRP,
which was allowed to rest in the absence of ADP, indicates that
desensitization of platelet ADP receptors is a likely explanation
for the phenomenon observed in whole blood. This seems even
more likely in the light of our finding that the collagen response
of PRP from EPO-treated animals was significantly enhanced,
and the extent of enhancement appeared larger in apyrase-treated
PRP than in whole blood aggregometry. A possible explanation
for this could be that collagen-induced aggregation is a compos-
ite response reflecting both the isolated collagen-response and
the reaction to secondarily released ADP (34). Thus, normal-
isation of the ADP response in apyrase-treated PRP may have re-
vealed the true effect of EPO on the platelet collagen response.
The desensitization of platelet ADP receptors could result from
low-level granule release from circulating platelets leading to
local increases in ADP levels which in turn activates and desen-
sitizes platelet ADP receptors through internalization either
in vivo or in vitro (35). Alternatively, the higher number of RBCs
in EPO-treated animals may increase plasmaticADP levels since
adenosine phosphate compounds are released from RBCs both
during normal physiologically responses in vivo and during hae-
molysis as may occur in vitro after blood sampling (36). How-
ever, the 50% decrease in ADP response observed in TEG pla-
telet mapping suggests that the increase in RBC number is un-
likely to be the sole contributor to desensitization.

The increased protein levels observed in Western blotting
with antibodies against the ADP receptors P2Y1 and P2Y12 may
indicate the presence of a counter-regulatory mechanism against
ADP-receptor desensitization, possibly allowing platelets to in-
crease ADP-receptor levels by translational control. Also pro-
teins involved in intracellular pathways were regulated by EPO,
including alterations in the levels of MEK1/2, GSK3β and
phospho-STAT3, which are all involved in potentiation of pla-
telet aggregation. The MAPK pathway involving MEK1/2 is re-
sponsible for production of thromboxane A2 after ADP stimu-
lation (37) and STAT3 is involved in increasing platelet reactiv-
ity after thrombin stimulation (38). The role of GSK3β is largely
unknown, but in human platelets, inhibition of GSK3β abrogates
collagen-induced aggregation (39). The direct consequences of
these modifications in platelet protein levels are yet unknown,
but they indicate that EPO treatment has a clear effect on basic
platelets composition. We suspect that alterations in platelet-pro-
tein composition may be partly responsible for changes in pla-
telet reactivity. Elucidation of other proteins regulated by EPO
(i.e. by proteomics approach) could help produce a more com-
plete picture of the cause and consequence relationship between
high-dose EPO treatment and platelet reactivity.

Although EPO treatment resulted in a complex aggregatory
profile with increased responses to thrombin receptor agonist
peptides and collagen accompanied by an attenuation of the
ADP-response in whole blood, the bleeding time study confirm-
ed that in-vivo clot formation was enhanced by EPO treatment.
Few studies have investigated compounds which decrease bleed-

ing time in normal animals, but increased bleeding time in the rat
tail transection model correlates well with a decreased thrombus
formation in in-vivo thrombosis models (40, 41).

Changes in MPV and platelet reactivity manifested only four
days after the initial dose, and were not present at earlier time
points tested. Furthermore, in-vitro stimulation of whole blood
with high concentrations of EPO did not induce shedding of sP-
selectin, nor did it alter ADP- or collagen-induced aggregation
(not shown). Therefore, it seems feasible that EPO does not exert
direct effects on circulating platelets, but rather modulates pla-
telets during synthesis and maturation in the bone marrow.
Megakaryocytes possess high affinity binding sites for EPO and
EPO affects these cells directly, causing an increase in mega-
karyocyte size and number both in vitro and in vivo (42, 43). This
property of EPO is likely to explain our observations on MPV,
since platelet size is determined at the time of synthesis and is
thereby dependent on megakaryocyte volume (44). It has been
hypothesized, based on studies in humans and dogs, that EPO
treatment mediates an increased platelet turnover, thus involving
an increased production of new and more reactive platelets as
well as a premature loss of circulating platelets (9, 45, 46). Addi-
tionally, EPO treatment causes a decrease in thrombin EC50 valu-
es for platelet activation, correlating to young platelets having a
decreased thrombin EC50 compared to older platelets (9, 45, 47).
It is likely that the changes in platelet reactivity observed in this
study, are a result of EPO-induced synthesis of new platelets ex-
hibiting altered agonist responses, possibly due to alterations in
expression of receptors and intracellular signalling proteins.
In summary, short-term treatment with EPO at doses optimal for
neuroprotection caused significant alterations in platelet func-
tion and composition with in-vivo haemostatic consequences. In
contrast, CEPO treatment had no effect on these parameters.
Thus, CEPO seems to be devoid of any obvious haemostatic ef-
fects, thereby supporting a recent study showing that while EPO
causes an acute rise in blood pressure in rats, CEPO, in contrast,
does not (48).Animal studies have shown that EPO and EPO-de-
rived compounds may have the potential to bring benefit for both
embolic and haemorraghic stroke patients (49, 50). In both
forms of CNS injury, it is important to treat haemostatic disturb-
ances to avoid recurrent cerebrovascular events. The use of a
stroke therapeutic, which alters elements of haemostatic func-
tion may interfere with the function of other anti- or pro-throm-
botic drugs administered to patients, thereby complicating clini-
cal management of these patients. Therefore, EPO derivatives
such as CEPO, with neuroprotective potential and devoid of hae-
mostatic effects, may be beneficial as novel therapeutics in the
treatment of stroke.
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