
A single subcutaneous bolus of erythropoietin normalizes cerebral
blood ¯ow autoregulation after subarachnoid haemorrhage in rats

1Jacob Bertram Springborg, 2XiaoDong Ma, 2Per Rochat, 3Gitte Moos Knudsen, 4Ole Amtorp,
3Olaf B. Paulson, 2Marianne Juhler & *,1Niels Vidiendal Olsen

1Department of Neuroanaesthesia, The Neuroscience Center, Copenhagen University Hospital (Rigshospitalet), Copenhagen,
Denmark; 2Department of Neurosurgery, The Neuroscience Center, Copenhagen University Hospital (Rigshospitalet),
Copenhagen, Denmark; 3The Neurobiology Research Unit, The Neuroscience Center, Copenhagen University Hospital
(Rigshospitalet), Copenhagen, Denmark and 4Department of Pharmacology, Panum Institute, University of Copenhagen,
Copenhagen, Denmark

1 Systemic administration of recombinant erythropoietin (EPO) has been demonstrated to mediate
neuroprotection. This e�ect of EPO may in part rely on a bene®cial e�ect on cerebrovascular
dysfunction leading to ischaemic neuronal damage. We investigated the in vivo e�ects of
subcutaneously administered recombinant EPO on impaired cerebral blood ¯ow (CBF)
autoregulation after experimental subarachnoid haemorrhage (SAH).

2 Four groups of male Sprague-Dawley rats were studied: group A, sham operation plus vehicle;
group B, sham operation plus EPO; group C, SAH plus vehicle; group D, SAH plus EPO. SAH was
induced by injection of 0.07 ml of autologous blood into the cisterna magna. EPO (400 iu kg71 s.c.)
or vehicle was given immediately after the subarachnoid injection of blood or saline. Forty-eight
hours after the induction of SAH, CBF autoregulatory function was evaluated using the intracarotid
133Xe method.

3 CBF autoregulation was preserved in both sham-operated groups (lower limits of mean arterial
blood pressure: 91+3 and 98+3 mmHg in groups A and B, respectively). In the vehicle treated
SAH-group, autoregulation was abolished and the relationship between CBF and blood pressure
was best described by a single linear regression line. A subcutaneous injection of EPO given
immediately after the induction of SAH normalized autoregulation of CBF (lower limit in group D:
93+4 mmHg, NS compared with groups A and B).

4 Early activation of endothelial EPO receptors may represent a potential therapeutic strategy in
the treatment of cerebrovascular perturbations after SAH.
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Introduction

Erythropoietin (EPO) was originally de®ned as a hormonal

erythroid growth factor produced in the foetal liver or adult
kidney. Recent studies have established that neurons and
astrocytes are capable of EPO production and that neurons,

glial cells and brain capillary endothelial cells express speci®c
EPO receptors (Bernaudin et al., 1999; 2000; Brines et al.,
2000; Juul et al., 1998; Masuda et al., 1994; Morishita et al.,

1997; Yamaji et al., 1996). Similar to the peripheral
regulation, the expression of EPO receptors and the synthesis
of EPO in the central nervous system are induced by hypoxia

(Juul et al., 1998; Marti et al., 1996; Masuda et al., 1994). In
vivo animal studies have demonstrated that intracerebroven-
tricular administration of recombinant EPO protects against
neuronal damage in models of stroke (Bernaudin et al., 1999;

Calapai et al., 2000; Konishi et al., 1993; Sadamoto et al.,

1998; Sakanaka et al., 1998). Until recently it has been

assumed that the brain and the peripheral EPO systems were
parallel and separate, based on the view that the blood-brain
barrier is largely impermeable to large glycosylated molecules

such as EPO. However, also systemic administration of
recombinant EPO protects against neuronal damage and
improves survival after focal brain ischaemia (Brines et al.,

2000; Calapai et al., 2000; Siren et al., 2001) and
subarachnoid haemorrhage (Alafaci et al., 2000; Buemi et
al., 2000). A recent study indicated that the presence of EPO

receptors in brain capillaries may provide a speci®c route for
circulating EPO to enter the brain (Brines et al., 2000).
Acute subarachnoid haemorrhage (SAH) secondary to

rupture of an intracranial aneurysm is a life-threatening

condition that often strikes young and middle-aged adults.
SAH often leads to vasomotor instability resulting in
vasospasms and impaired autoregulation of cerebral blood

¯ow (CBF) (Cesarini et al., 1999; Voldby et al., 1985).
Cerebrovascular perturbations contribute signi®cantly to the
development of delayed cerebral ischaemia which is the major
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cause of a poor clinical outcome in patients surviving the
initial bleeding (Mendelow, 1988). The exact pathophysiolo-
gic background for changes in cerebrovascular tone after

SAH is unknown. The development of delayed vasospasms is
associated with an impaired endothelium-dependent, nitric
oxide (NO) mediated vasodilatation, perhaps because of a
diminished production of endothelium-derived NO in cere-

bral vessels (Faraci & Heistad, 1998; Sobey & Faraci, 1998).
Other lines of evidence exist to indicate that an in¯ammatory
response leading to expression of inducible NO synthase

(iNOS) may result in decreased activity of endothelial NOS
essential for normal endothelial function (Schwartz et al.,
1997; Scott & McGormack, 1999; Sheehy et al., 1998).

Recently, experimental SAH in rats was shown to involve an
increased expression of iNOS that predominated in cere-
brovascular tissue (Widenka et al., 1999; Sayama et al., 1998;

1999). Detectable presence of nitrotyrosin was co-located
with the sites of iNOS expression, indicating concomitant
formation of toxic levels of peroxynitrite (Sayama et al.,
1999). Most probably, SAH triggers the onset of an

in¯ammatory cascade with elevated levels of reactive oxygen
species secondary to accumulation of haemoglobin, Fe++ and
arachidonic acid metabolites, induction of iNOS and

cytokines, increased activity of xanthinoxidase, and aggrega-
tion of leukocytes (Lipton, 1999; Sobey & Faraci, 1998). In
line with this, increased cerebrospinal levels of proin¯amma-

tory cytokines have been measured in patients with SAH
(Kikuchi et al., 1995; Mathiesen et al., 1997; Hirashima et al.,
1997).

The mechanisms by which EPO mediates its neuroprotec-
tive e�ects are still unknown but may involve a modulation
of apoptosis secondary to inhibition of iNOS and production
of reactive oxygen species (Calapai et al., 2000; Sakanaka et

al., 1998; Siren et al., 2001). A recent study by Squadrito et
al. (1999) emphasized the therapeutic potential of recombi-
nant EPO in the treatment of disorders involving a marked

in¯ammatory response: In a model of circulatory shock
induced by total splanchnic ischaemia/reperfusion in rats,
intravenous treatment with EPO at the time of reperfusion in

a dose-dependent manner improved survival and attenuated
the increase in circulating levels of nitrite/nitrate and activity
of iNOS in aortic smooth muscle. This study also
demonstrated that recombinant EPO inhibits endotoxin-

induced formation of NO in cultured macrophages (Squa-
drito et al., 1999). Moreover, recombinant EPO has been
shown to inhibit the expression of iNOS after stimulation

with the proin¯ammatory cytokine IL-1b in vascular smooth
muscle cells (Akimoto et al., 1999; Kusano et al., 1999).
Thus, it remains possible that the neuroprotective e�ects of

recombinant EPO obtained in animal models of ischaemic
brain injury and SAH in part relies on a bene®cial interaction
of EPO in initial cerebrovascular in¯ammatory processes

leading to ischaemic neuronal damage. If so, activation of
endothelial EPO receptors may represent a potential
therapeutic strategy in the treatment of secondary neuronal
damage after SAH. Studies in our laboratory have demon-

strated that CBF autoregulation is impaired after experi-
mental SAH in rats (Ma et al., 2000; Rasmussen et al., 1992).
In the present study, we tested the hypothesis that a single

subcutaneous bolus of recombinant EPO given immediately
after the induction of SAH protects against SAH-induced
loss of CBF autoregulation.

Methods

Experimental animals and protocol

Male Sprague-Dawley rats weighing approximately 300 g
were obtained from a breeding centre (Mùllegaarden, Eiby,
Denmark), and housed in a temperature and moisture

controlled room with a 12 h light-dark cycle. The animals
were allowed access to standard laboratory chow (Altromin
Standard Diet 1324, Brogaarden, Denmark) and water ad

libitum. Four di�erent groups of animals were investigated:
group A: sham operation plus vehicle; group B: sham
operation plus EPO (400 iu kg71 s.c.); group C: SAH plus

vehicle; group D: SAH plus EPO (400 iu kg71 s.c.)
All procedures were performed in accordance with the

National Institute of Health's Guide for Care and Use of

Laboratory Animals and the study was approved by the
Committee on Animal Experimentation under the Ministry of
Justice, Denmark. All surgical procedures were performed by
the same investigator.

Induction of SAH and administration of EPO

The animals were prepared according to the method described
by Delgado et al. (1985). The rats were anaesthetized with 4%
iso¯urane in a mixture of 70% N2O and 30% O2 and the

iso¯urane level was reduced to 1.75%. The atlanto-occipital
membrane was exposed and a thin indwelling catheter was
placed in the cisterna magna after which the skin was closed.

SAH was induced by injection of 0.07 ml of autologous blood
drawn from the left ventricle of the heart. Sham operated rats
were prepared in a similar manner except that 0.07 ml of
isotonic saline was injected instead of blood. Immediately after

the subarachnoid injection of blood or saline, 400 iu kg71

recombinant human EPO (EprexTM 10,000 iu ml71, Janssen-
Cilag, Denmark) in a total volume of 0.3 ml or vehicle

(isotonic saline) in an equal volume was given subcutaneously
in the neck. Thereafter, the animals were allowed to emerge
from anaesthesia and were housed individually for 48 h.

Surgical preparation

CBF measurements were performed 48 h after the induction

of SAH (Delgado et al., 1985; Rasmussen et al., 1992;
Yamamoto et al., 1998). The animals were anaesthetized as
described above and were connected to a respirator after

tracheotomy. Anaesthesia was maintained with iso¯urane
1.75% throughout the experiment. End-tidal CO2 level was
adjusted to normocapnic values by changing the inspiratory

volume. A bolus of 3 mg of suxamethone followed by a
continuous infusion (0.01 mg min71) was given intraperito-
neally to achieve relaxation throughout the experiment. Body

temperature was kept constant at 37+0.58C by the use of a
heating table. Catheters were inserted into the femoral
arteries for blood sampling and measurements of mean
arterial blood pressure (MABP), and into the femoral veins

for blood substitution and drug administration.

Measurements of CBF

CBF was measured using the method described by Hertz et
al. (1984). The pterygopalatine artery and the branches of the
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external carotid artery were ligated to minimize extracerebral
distribution of radioactive xenon (133Xe). A retrograde
catheter was inserted into the external carotid artery with

the tip just cranial to the bifurcation for administration of
133Xe. After the injection of a single dose (0.04 to 0.1 ml) of
133Xe dissolved in saline (555 MBq ml71, Du Pont Pharma,
Brussels, Belgium) the activity was measured by a single

collimated NaI crystal placed ipsilaterally over the exposed
cranium between the eye and ear. CBF was calculated from
the initial slope of the washout curve with a correction for

background activity. This method allows rapid and repetitive
unilateral measurements of CBF in mainly cortical gray
matter (Olesen et al., 1971).

Time-dependent variation of CBF in the model was
separately evaluated by repetitive measurements of CBF in
three sham-operated, vehicle-treated rats. This time-course

study was conducted under the same conditions and with the
use of similar anaesthetic and surgical procedures as
described above. Starting at 30 min after surgery, CBF was
measured in duplicate every 30 min for 3 h.

CBF autoregulation studies

After surgery a period of 30 min was included to obtain a
steady state. Thereafter, a minimum of three baseline
measurements of CBF, temperature, intracranial pressure

(ICP), MABP and blood gases were obtained. ICP was
measured by the use of the catheter previously inserted into
the cisterna magnum. After basline measurements and the

con®rmation of steady state, MABP was increased to
20 mmHg above baseline values by continuous intravenous
administration of noradrenaline (0.4%, 0.6 to 5.5 ml h71).
This use of noradrenaline to produce moderate arterial

hypertension has been shown to induce only little, if any,
changes in cerebral haemodynamics and metabolism (Olesew,
1972; Tuor et al., 1986). CBF was measured 5 min after a

new stable value of MABP had been reached. Subsequently,
MABP was decreased step-by-step, initially by reducing the
infusion rate of noradrenaline and later by controlled

bleeding produced by withdrawal of blood from the venous
catheter. CBF, temperature and ICP were measured at every
10 mmHg decrement of MABP after a 5 min stabilization
period at each level. After each measurement, pH, PaCO2

and PaO2 were analysed in an arterial blood sample of 100 ml
by the use of a blood gas analyser (ABL-605TM, Radiometer,
Copenhagen, Denmark). All blood samples were immediately

replaced with heparinized blood from a donor rat of the same
strain. After the experiments the rats were given a lethal
injection of pentobarbitone.

Calculations and data analysis

All baseline values are presented as means+s.d. Baseline data
were analysed by a one-way analysis of variance (ANOVA).
In case of P50.05, unpaired Student's t-tests with correction
for multiple comparisons were used to analyse di�erences

between groups. Statistical analyses were performed using
Statistica for Windows 5.1 (StatSoft Inc., Tulsa, OK,
U.S.A.).

In each animal, CBF values were expressed as a percentage
of the baseline CBF (CBF%), and were plotted in CBF%/
MABP curves for every single rat. CBF%/cerebral perfusion

pressure curves were not plotted since values of ICP are not
available from all measurements because of inadequate
sensitivity of the equipment. A computer programme was

used to evaluate autoregulation (Schmidt et al., 1990). The
programme repetitively ®ts a sloped regression line and a
horizontal line to the CBF%/MABP values from each
animal. The sum of squares of the distance from all observed

datapoints to the combined curve area are calculated and the
combined curve with the lowest sum of squares is returned as
the best ®t (Schmidt et al., 1990). The lower limit of

autoregulation is de®ned as the MABP value corresponding
to the intersection of the two lines. In addition, a single linear
regression line is ®tted through the CBF%/MABP data from

each rat and the sum of squares is compared with the sum of
squares obtained by the combined curve. In this study, we
accepted the identi®cation of a lower MABP limit of

autoregulation only if all of the following criteria were
ful®lled: the MABP value of the lower limit identi®ed by the
computer was physiologically acceptable with a standard
error of less than 25% of the lower limit itself; the minimum

sum of squares obtained by the aforementioned two lines
were lower than that obtained by the single linear regression
line; the MABP value of the lower limit was at least

10 mmHg higher than the lowest MABP measured in the
experiment; and the MABP interval measured in the
experiment was 530 mmHg. Conversely, we de®ned the

autoregulation as abolished if the criteria could not be
ful®lled; the single linear regression line was identi®ed as the
autoregulation curve; and if CBF increased 410% per

30 mmHg increase in MABP. Mean CBF autoregulation
curves in the four groups were calculated by the computer
programme by pooling data from the individual animals as
described previously (Schmidt et al., 1990). Di�erences

between lower limits in the groups were evaluated using the
Wilcoxon rank-sum test for unpaired data. The s.e. of the
estimate of the curve was evaluated according to a t-statistic

testing the intersection from two di�erent lines (Kendall &
Stuart, 1958; Welch, 1947).

Results

Baseline values obtained 48 h after the induction of SAH are

shown in Table 1. ICP was higher and arterial pH was lower
in the two SAH groups compared with group A. Adminis-
tration of EPO had no e�ect on ICP or arterial pH. CBF,

MABP, PaCO2, PaO2 and temperature did not di�er between
the four groups.
The time-course study showed that CBF in the present

model remained stable over time: Means and ranges of CBF
at 0, 30, 60, 90, 120, 150 and 180 min were 153 (143 ± 171),
146 (136 ± 153), 149 (143 ± 155), 150 (143 ± 159), 167 (148 ±

177), 158 (153 ± 162), and 158 (155 ± 161) ml 100 g71 min71,
respectively. In the three animals, coe�cients of variation
were 10.0%, 7.3% and 8.8%, respectively. The mean bias
+2 s.d. between two consecutive measurements of CBF in

the same animal was 73.4+27.4 ml 100 g71 min71.
Individual autoregulation curves are presented in Figure 1

and mean autoregulation curves in the four groups are

presented in Figure 2. Throughout the autoregulation studies
arterial blood gases and temperature remained constant with
values of PaO2 well above hypoxaemic levels and PaCO2
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within eucapnic values. Arterial pH also remained constant
except at low MABP values where a small decline in arterial

pH was observed in all four groups (data not shown).
Consistent with previous studies (Paulson et al., 1990;
Rasmussen et al., 1992), autoregulation in the vehicle treated
control group was preserved in each individual animal with

the autoregulation curves consisting of two parts: a plateau
above the threshold MABP value (lower limit) and a sloping
part below, where CBF declined with decreasing values of

MABP. Pooled data from group A also showed preservation
of autoregulation. In the EPO treated control group,
autoregulation was also preserved in each individual animal

and in the group as a whole and similar autoregulation
curves were observed. In the vehicle treated SAH group,
autoregulation was absent in each individual animal and in
the group as a whole and a single linear regression line best

described the relationship between CBF and MABP. Thus, a
plateau of CBF or a lower limit of MABP could not be
de®ned. However, in the EPO-treated SAH group, auto-

Table 1 Baseline values in the four experimental groups

Sham operated SAH
Vehicle EPO Vehicle EPO P-value

(Group A) (Group B) (Group C) (Group D) (ANOVA)

CBF (ml 100 g71 min71) 165+47 160+25 177+71 176+50 0.884
MABP (mmHg) 103+10 103+8 95+13 103+10 0.301
ICP (mmHg) 3.3+0.7 3.6+0.7 4.3+1.0* 4.3+0.8* 0.041
PaCO2 (mmHg) 38.9+0.3 39.1+0.4 38.9+0.4 38.9+0.4 0.652
PaO2 (mmHg) 132.8+18.8 128.4+10.7 126.9+14.7 124.6+12.8 0.721
PH 7.46+0.01 7.46+0.02 7.43+0.03* 7.43+0.03* 0.024
Temperature (8C) 37.0+0.2 37.2+0.1 37.0+0.3 37.0+0.2 0.458

Values are means+s.d. n=8 in all groups. *P50.05 compared with group A.

Figure 1 Individual CBF autoregulation curves in the four experimental groups.

Figure 2 Mean CBF autoregulation curves in the four experimental
groups. Highest and lowest values of MABP are means of the
maximum and minimum values in the four groups.
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regulation in each individual animal and in the group as a
whole was preserved with autoregulation curves showing a
plateau and a lower limit. Lower limits of MABP and the

CBF plateaus in the three groups with intact autoregulation
did not di�er (Table 2).

Discussion

In the present study, we have demonstrated for the ®rst time

that a single subcutaneous bolus of EPO injected immediately
after the induction of SAH prevents SAH-induced impairment
of CBF autoregulation. Baseline values of CBF and MABP in

the four groups were comparable but the induction of SAH
slightly increased ICP and lowered arterial pH. Because acute
elevations of ICP up to 50 mmHg do not abolish CBF

autoregulatory function (Hauerberg & Juhler, 1994), the small
di�erences in ICP are assumed not to in¯uence autoregulatory
function. The PaCO2 was maintained within eucapnic values
and PaO2 was well above hypoxaemic levels in all groups.

Systemic arterial pH changes appear not to in¯uence CBF at a
constant PaCO2 level (Lassen, 1968). Consequently, the minor
drop in baseline arterial pH in the SAH groups is not likely to

have in¯uenced autoregulatory function. In this study, base-
line CBF values were higher than those observed in previous
studies in our laboratory (Ma et al., 2000; Rasmussen et al.,

1992). This could be explained by the use of di�erent
anaesthetics. The present addition of nitrous oxide to
iso¯urane results in signi®cantly higher CBF values than

those measured with iso¯urane alone, an e�ect not produced
by the addition of nitrous oxide to halothane as used in
previous studies (Hansen et al., 1989). However, autoregula-
tion curves in the control groups were similar to those

previously found indicating that the di�erence in baseline CBF
did not in¯uence CBF autoregulatory function. Moreover, the
time-course study showed that values of CBF remained stable

throughout the study period.
CBF autoregulatory function was normal in the two sham-

operated groups. In the vehicle treated SAH group, CBF

autoregulation was abolished and a lower limit and a CBF
plateau could not be identi®ed. However, in the EPO-treated
SAH group CBF autoregulatory function was normalized
with a CBF plateau and a lower limit of MABP not di�erent

from sham-operated animals. The present ®nding agrees with
recent studies reporting a bene®cial e�ect of recombinant EPO
in experimental models of SAH. In rabbits, intraperitoneal

injections of 1000 iu kg71 started immediately after the
induction of SAH improved survival and functional recovery

at 72 h (Buemi et al., 2000) and reduced the amount of
necrotic cortical neurons at 24 h (Alafaci et al., 2000). This
administration of recombinant EPO in animals with SAH was

reported to increase EPO concentrations in cerebrospinal ¯uid
(Alafaci et al., 2000). Although it cannot be excluded that
SAH-induced leakage of the blood-brain barrier allowed
passage of EPO into the brain, as suggested by the authors

(Alafaci et al., 2000), a translocation of EPO across the blood-
brain barrier (Brines et al., 2000) may as well have
contributed. In support of this, Brines et al. (2000) reported

that intraperitoneal administration of EPO (5000 iu kg71) in
normal rats within 30 min increased the concentration of EPO
in cerebrospinal ¯uid. It is unknown whether the smaller dose

of 400 iu kg71 used in our study increased the intracerebral
levels of EPO, and, furthermore, the present study was not
designed to test the e�ect of recombinant EPO on neuronal

damage and survival. In patients with SAH, the cause-and-
e�ect relationship between cerebral ischaemia, arterial vaso-
spasms, and impaired CBF autoregulatory function still
remains unsettled. However, loss of autoregulation constitutes

a potential threat against adequate cerebral perfusion, and in
patients with SAH cerebrovascular dysfunction is associated
with increased morbidity and mortality (Mendelow, 1988;

Voldby et al., 1985). Further studies are needed to examine
how the present bene®cial e�ect of recombinant EPO on CBF
autoregulation is related to brain ischaemic damage and

outcome after SAH. In addition, it remains unknown whether
EPO is equally e�cacious to improve autoregulation if given
by intrathecal administration after SAH.

Di�erent lines of evidence now indicate that the neuropro-
tective and anti-in¯ammatory e�ects of EPO may involve
several complex mechanisms. In neuronal-like cells and
cultured hippocampal and cerebral cortical neurons, EPO

prevents NMDA-receptor mediated glutamate toxicity (Mor-
ishita et al., 1997), which is an important factor in triggering
the initial processes leading to ischaemic neuronal damage

(Lipton, 1999). Glutamate toxicity is in part mediated by NO,
and studies in cultured hippocampal cells showing that EPO
protects against neuronal death induced by NO-generating

agents suggested that EPO upregulates the expression of
antioxidant enzymes (Sakanaka et al., 1998). However, EPO
may as well interact with NOS-induced formation of NO on a
transcriptional level, as EPO in vascular smooth muscle cells

inhibited cytokine-induced increases in iNOS-mRNA, iNOS-
protein expression, and NO production (Akimoto et al., 1999;
Kusano et al., 1999). Similar to other haematopoietic factors,

EPO has been shown to provide a trophic e�ect on neurons
(Konishi et al., 1993; Siren et al., 2001) and on brain capillary
endothelial cells (Yamaji et al., 1996). Interestingly, EPO

receptor mRNA is upregulated in the ischaemic penumbra
zone after middle cerebral artery occlusion (Sadamoto et al.,
1998), and the enhanced expression of EPO receptors in

neurons, astrocytes and endothelial cells precedes the
upregulation of EPO synthesis after focal ischaemia (Bernau-
din et al., 1999). In line with this, analyses of EPO receptor
transcripts in brain indicate that the neuroprotective e�ects of

EPO and its receptor in susceptible brain areas depend upon
both a hypoxia-induced stimulation of EPO formation and an
increase in the expression of EPO receptors resulting in

increased sensitivity to EPO (Chin et al., 2000).
It still remains unknown, however, to what extent the

neuroprotective e�ects of circulating recombinant EPO

Table 2 Lower limits of MABP and plateaus of CBF in the
four experimental groups

Sham operated SAH
Vehicle EPO Vehicle EPO

(Group A) (Group B) (Group C) (Group D)

Lower limit (mm Hg) 91+3 98+3 ± 93+4
CBF plateau 111 105 ± 104
(% of baseline)

Data are presented as means+s.d. n=8 in all groups.
Di�erences between lower limits in groups A, B and D are
non-signi®cant.
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depend upon its passage into the brain. Strong evidence now
indicates that dysfunction of cerebrovascular endothelium is a
signi®cant contributor to ischaemic brain damage after SAH

(Faraci & Heistad, 1998; Sobey & Faraci, 1998). In view of the
anti-in¯ammatory e�ect of EPO in vascular tissue (Akimoto et
al., 1999; Kusano et al., 1999; Squadrito et al., 1999), it is
conceivable that circulating EPO by activation of endothelial

EPO receptors may oppose in¯ammatory pathways in cerebral
arteries induced by SAH, independent of any entrance of EPO
into the brain. Impairment of endothelial NO activity after

SAH can result in enhanced adherence and in®ltration of
leukocytes in cerebral arteries (Faraci & Heistad, 1998). In a
rodent model of blunt head injury, systemic administration of

recombinant EPO reduced the in®ltration of mononuclear
in¯ammatory cells (Brines et al., 2000).
The quantity of EPO administered in this study is not far

from that now used in clinical therapy. In humans, similar
doses have been tested in clinical trials without the
demonstration of adverse e�ects (Cheung et al., 1998) and
some patients may even receive higher doses. Arterial

hypertension may develop during prolonged treatment with
recombinant EPO but in uremic patients this is not
considered to outweigh the advantages of the therapy (Luft,

2000). Thromboembolic complications due to an increase in
blood viscosity can be prevented by haemodilution. In
addition, single-dose administration of EPO is less e�ective

in producing a reticulocyte response than is repeated
administrations (Cheung et al., 1998). Obviously, subcuta-
neous administration of recombinant EPO, as used in the

present study, has clear advantages over intraperitoneal and
intrathecal injection. Greater feasibility combined with a
minimal infection risk may in clinical settings facilitate an
early onset of therapy. In view of recent studies indicating the

existence of an endogenous EPO/EPO-receptor system that

appears to be upregulated in ischaemic brain areas
(Sadamoto et al., 1998; Yamamoto et al., 2000), ampli®cation
of this system by systemic administration of recombinant

EPO may represent a potential therapeutic strategy in the
treatment of secondary neuronal damage after SAH. In our
study, bene®cial e�ects of EPO on cerebral autoregulation
was observed 48 h after the drug had been administered

immediately after the induction of SAH. Previous studies
have indicated that EPO has no acute neuroprotective e�ects
and that bene®cial e�ects in models of focal brain ischaemia

depend on an administration of EPO within 6 h after the
injury (Brines et al., 2000). The presence of this window of
protection suggests that the e�ect of EPO is secondary to

induction of protective genes. Further studies are needed to
clarify if the e�ects of recombinant EPO on CBF auto-
regulation after SAH can also be demonstrated after more

extended administration. Furthermore, the dose-response
relation has to be examined.

In conclusion, the present study demonstrates that a single
subcutaneous bolus of recombinant EPO administered

immediately after the induction of SAH protects against
SAH-induced loss of CBF autoregulatory function. Our
results may re¯ect that early activation of endothelial EPO

receptors after SAH has a bene®cial e�ect in initial
cerebrovascular in¯ammatory processes leading to impaired
CBF autoregulation.
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