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Cerebral vasospasm and ischemic damage are important causes of
mortality and morbidity in patients affected by aneurysmal sub-
arachnoid hemorrhage (SAH). Recently, i.p. administration of re-
combinant human erythropoietin (r-Hu-EPO) has been shown to
exert a neuroprotective effect during experimental SAH. The
present study was conducted to evaluate further the effect of
r-Hu-EPO administration after SAH in rabbits on neurological
outcome, degree of basilar artery spasm, and magnitude of neu-
ronal ischemic damage. Experimental animals were divided into six
groups: group 1 (n = 8), control; group 2 (n = 8), control plus
placebo; group 3 (n = 8), control plus r-Hu-EPO; group 4 (n = 8),
SAH; group 5 (n = 8), SAH plus placebo; group 6 (n = 8), SAH plus
r-Hu-EPO. r-Hu-EPO, at a dose of 1,000 units/kg, and placebo were
injected i.p. starting 5 min after inducing SAH and followed by
clinical and pathological assessment 72 h later. Systemic adminis-
tration of r-Hu-EPO produced significant increases in cerebrospinal
fluid EPO concentrations (P < 0.001), and reduced vasoconstriction
of the basilar artery (P < 0.05), ischemic neuronal damage (P <
0.001), and subsequent neurological deterioration (P < 0.05). These
observations suggest that r-Hu-EPO may provide an effective
treatment to reduce the post-SAH morbidity.

erebral vasoconstriction after aneurysmal subarachnoid
hemorrhage (SAH) is an important cause of cerebral isch-
emia, neurological disability, and premature death (1). The lack
of an adequate treatment for this condition has stimulated
numerous experimental and clinical studies for development of
effective therapeutic strategies. Cerebral arteries respond to
SAH with a biphasic contraction, the first begins minutes after
the bleed, with a delayed vasospasm more than 48 h later (2, 3).
Although delayed vasoconstriction has long been identified as a
major complication in patients suffering from SAH (4), the
clinical importance of acute vasoconstriction, a phenomenon
well documented in experimental settings (5), remains to be
clarified in humans. In this regard, considerable evidence has
accumulated suggesting that immediate vasoconstriction pro-
duces the acute cerebral ischemia that typically follows SAH (6).
To date, several theories have been proposed to explain the
occurrence of SAH-induced acute cerebral ischemia. Compli-
cations after SAH are usually attributed to luminal narrowing of
the major extraparenchymal arteries. However, this mechanism
cannot fully explain the diffuse brain ischemia, the phenomena
of cortical inhibition, blood-brain barrier (BBB) dysfunction,
and altered cerebrovascular reactivity that frequently follow
SAH (7). Therefore, other mechanisms, such as cerebral micro-
circulatory dysfunction, may be involved as contributory causes
in the pathogenic cascade after SAH (8, 9). Acute cerebral
ischemia has been attributed to a decrease in cerebral perfusion
pressure (CPP) (10). However, experimental and clinical studies
have shown that CPP does not usually drop to the point of
perfusion arrest (11, 12), suggesting that the decrease in CPP
cannot fully account for the SAH-induced acute cerebral isch-
emia. It has been reported that acute ischemia after SAH is
associated with a sudden and persistent decrease in cerebral
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blood flow, despite the changes in intracranial pressure and CPP
(5). Recently, it has been pointed out that impairment of the NO
vasodilatory pathway may play a role in acute cerebral vasocon-
striction and ischemia after SAH (13, 14).

During the past several years, interest has focused on the
efficacy of recombinant human erythropoietin (r-Hu-EPO) to
protect against neurological injury produced in several experi-
mental models of brain insult. In particular, studies have shown
a neuroprotective effect of EPO in models of cerebral ischemia
(15-18), concussive brain injury (19), experimental autoimmune
encephalomyelitis, and kainate-induced seizures (19). In these
experimental procedures, EPO has been administered both
intrathecally or systemically, provoking controversy regarding
the ability of the heavily glycosylated EPO protein to cross the
BBB. Recently, it has been reported that systemic administration
of r-Hu-EPO, immediately after experimental SAH, reduces the
mortality rate, ameliorates functional recovery, and prevents
brain ischemic damage after experimental SAH (20-23). Given
these findings, and according to reports that have demonstrated
that EPO enhances the NO system activity (24-26), elicits
neuroprotective properties on cerebral cortical neurons from
N-methyl-D-aspartate receptor-mediated glutamate toxicity
(15), we further investigated the potential protective effects of
r-Hu-EPO in a rabbit model of SAH.

Materials and Methods

Animals and Induction of SAH. The procedures used in this study
were based on the guidelines of the ethical committee on the care
and use of laboratory animals at our institution. Male New
Zealand White rabbits (n = 48) weighing 3.2-3.9 kg were
anesthetized with an i.m injection of a mixture of ketamine (40
mg/kg) and xylazine (8 mg/kg) and intubated. The central ear
artery was cannulated to obtain 5 ml of autologous blood that
was percutaneously injected, within 1 min, into the cisterna
magna. The rabbits were positioned in ventral recumbence for 15
min to allow ventral blood clot formation and then were mon-
itored for the next 72 h.

Experimental Groups and Drug Administration. The rabbits were
divided into six experimental groups: group 1, control (no SAH);
group 2, control plus placebo; group 3, control plus r-Hu-EPO;
group 4, SAH; group 5, SAH plus placebo; group 6, SAH plus
r-Hu-EPO. Each group consisted of eight animals. All doses,
placebo and r-Hu-EPO, were administered i.p. starting 5 min
after the induction of SAH (20-22) and repeated every 8 h for
72 h. Rabbits in groups 2 and 5 received the vehicle used for
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r-Hu-EPO administration (serum albumin, 2.5 mg/ml; sodium
chloride, 5.84 mg/ml; sodium citrate, 5.80 mg/ml; anhydrous
citric acid, 0.057 mg/ml; H>O) at the dose of 1 ml/kg body
weight, as placebo (20, 21). r-Hu-EPO was given to groups 3 and
6 at a dose of 1,000 units/kg.

Neurological Evaluation. The rabbits were observed on a flat
surface and neurologically assessed with a four-point system
(27). In brief, paresis of the legs or abnormal gait (circling
movement or difficulty walking) were noted: grade 1, denoted no
neurological deficit (normal); grade 2, a minimal or suspected
neurological deficit; grade 3, a mild neurological deficit without
abnormal movements; and grade 4, a severe neurological deficit
with abnormal movements. The examination was conducted
daily from the day after the experimental procedure by a
colleague who was blinded to the animal’s treatment.

Cerebrospinal Fluid (CSF) and Serum EPO Concentration Assay.
Simultaneous serum (1 ml) and CSF (1 ml) samples (1 ml)
were collected at 72 h after SAH by using a 23-gauge butterfly
needle inserted into the central ear artery or cisterna magna,
respectively.

The EPO concentrations were determined by using an ELISA
(Immuno-Biological Laboratories, Hamburg, Germany) follow-
ing the manufacturer’s procedure. The lower limit of detection
was ~2 milliunits/ml.

To evaluate the contamination with blood of the CSF samples,
especially those from SAH animals, the hemoglobin content was
measured by a photometric analysis and compared with the
levels found in the serum samples.

Morphometric Analysis of the Basilar Arteries. Seventy-two hours
after SAH, rabbits were anesthetized and the central ear arteries
were cannulated for monitoring blood pressure and gas level.
After obtaining satisfactory respiratory parameters, all animals
were killed by perfusion-fixation (28). The brains were removed
and the middle third of each basilar artery was dissected out. The
tissue samples were washed several times with 0.1 mol/liter PBS
solution, pH 7.4, and then fixed in 1% osmium tetroxide for 1 h
at room temperature. The tissues were dehydrated and placed in
a mixture of propylene oxide and epoxy-resin overnight. The
vessel fragments were flat-embedded the next day in 100%
epoxy-resin and allowed to polymerize at 60°C for 48 h. Cross-
sections of the basilar arteries, 0.5 mm thick, were obtained by
using an ultra-microtome. Sections were mounted onto glass
slides and stained with 0.5% toluidine blue for light microscopy.
Morphometric measurement of 10 randomly selected arterial
sections from each animal was performed with computer-
assisted morphometry (8, 29, 30). The luminal area for each
basilar artery was established in a blinded manner by calculating
the average of these 10 measurements.

Histological Evaluation. After perfusion-fixation process, the
brains were cut into coronal slices at 2-mm intervals starting at
the bregma and continuing posteriorly through the cerebellum.
The slices were then placed in a freezing microtome and
sectioned at 10-25 wm and stained with hematoxylin and eosin.
Ischemic lesions were evaluated in a blinded manner by using
light microscopy. The numbers of neurons with histological
characteristics of abnormal structures (intracytoplasmic vacuol-
ization, shrinkage and hyperdensity of the nuclei (pyknosis),
perineuronal large halo, eosinophilic or dark, shrunken cyto-
plasm with indistinct neuronal processes) (31) were counted in
each section. The results of neuronal counting in five randomly
selected sections from each animal were averaged. Each micro-
scopic field corresponded to ~1.6 mm?.
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Table 1. Neurological deficit grade observed 72 h after SAH
in rabbits

Neurological deficit grade*

Group 1 2 3 4
Control 8 0 0 0
Control plus placebo 8 0 0 0
Control plus r-Hu-EPO 8 0 0 0
SAH 0 0 4 4
SAH plus placebo 0 0 6 2
SAH plus r-Hu-EPO** 5 3 0 0

*Neurological deficit grades are follows: 1 = no deficit; 2 = minimal or
suspected deficit; 3 = mild deficit without abnormal movements; 4 = severe
deficits with abnormal movements.

**Pp < 0.05 compared with SAH and SAH plus placebo group.

Data Processing and Statistical Analysis. Data are expressed as
mean = SEM for the given number of animals. Wilcoxon’s U test
was used to compare the neurological grades among the groups.
Values for the EPO concentrations in the CSF and serum were
analyzed by Student’s 7 test and Pearson’s correlation coefficient.
Data for the cross-sectional areas were statistically compared by
using ANOVA followed by Fisher’s protected least significant
differences test. Data obtained from the analysis of the fre-
quency of damaged cortical neurons were compared by the
Kruskal-Wallis one-way ANOVA by ranks. Statistical evalua-
tion of blood gas values and arterial pressure was performed by
ANOVA. Differences were accepted as being significant at the
P < 0.05 level.

Results

Neurological Evaluation. Table 1 summarizes the neurological
grade observed in each group 72 h after the experimental
procedure. No neurological deficits were observed in animals of
groups 1 (control), 2 (control plus placebo), and 3 (control plus
r-Hu-EPO). Rabbits of groups 4 (SAH) and 5 (SAH plus
placebo) showed progressive neurological deterioration after
SAH. These deficits were initially observed 24 h after SAH and
became most severe thereafter. The neurological status of
animals treated with r-Hu-EPO (group 6) was significantly
better than animals from groups 4 or 5 (P < 0.05). In particular,
24 h after the experimental procedure, of the eight animals, two
presented with minimal neurological deficits (grade 2) and six
with mild neurological deficits (grade 3). Thereafter, the neu-
rological deficits gradually improved, and 72 h after SAH three
animals showed minimal deficits (grade 2) and the other five
were normal (grade 1).

CSF and Serum EPO Concentration. Fig. 1 shows the mean EPO
concentration in the CSF and serum for each group at 72 h after
SAH. The mean EPO concentration of the CSF was 1.49 + 0.360
units/liter in group 1 (control), whereas 22.93 = 6.29 units/liter
was found in the serum. In group 2 (control plus placebo), the
mean EPO value was 1.60 = 0.399 units/liter in the CSF and
21.366 * 3.082 units/liter in the serum. In the serum, a signif-
icant increase in the EPO concentration was found in groups 3
(control plus r-Hu-EPO) and 6 (SAH plus r-Hu-EPO) compared
with the other groups (P < 0.05): the mean values observed were
86.137 * 11.452 and 88.192 =+ 35.841 units/liter, respectively. In
the CSF a significant increase in EPO concentration was ob-
served in r-Hu-EPO-treated rabbits both of group 3 (control plus
r-Hu-EPO) and group 6 (SAH plus r-Hu-EPO) compared with
the other groups (P < 0.001) with mean values of 7.202 *+ 1.207
and 15286 * 2.265 units/liter, respectively, which differed
significantly (P < 0.05).
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Fig.1. Bargraphsshowingthe mean EPO concentrationin the serum (A) and
CSF (B) for each group at 72 h after SAH. (A) In the serum, a significant increase
in EPO concentration was found in groups 3 (control plus r-Hu-EPO) and 6 (SAH
plus r-Hu-EPO) compared with the other groups (¥, P < 0, 05). No statistical
differences were observed comparing group 3 with group 6. (B) In the CSF a
significant increase in the EPO concentration was observed in r-Hu-EPO-
treated rabbits of both group 3 (control plus r-Hu-EPO) and group 6 (SAH plus
r-Hu-EPO) compared with the other groups (*, P < 0.001). The mean EPO
concentration from group 6 was significantly higher than that in group 3 (**,
P < 0.05).

The photometric analysis excluded any significant blood con-
tamination in the CSF samples (data not shown).

Morphometric Analysis of the Basilar Arteries. Table 2 shows the
physiological parameters measured immediately before perfu-
sion-fixation. Among all of the groups tested, no significant
differences occurred for any of these parameters.

The basilar arterial cross-sectional areas of animals that did
not undergo experimental SAH (groups 1, 2, and 3) were not
different from each other. The mean basilar artery cross-
sectional area of 0.452 = 1.158 mm? in the control group, was
reduced to 0.086 = 0.07 mm? (80.7%) and 0.073 = 0.075 mm?
(83.4%) in the SAH (group 4) and SAH plus placebo group
(group 5), respectively. The histological appearance of these
arteries was characterized by a marked corrugation of the
internal elastic lamina and vacuolar formation within the endo-

Xe
0.

Fig. 2. Computer-generated photomicrographs illustrating the basilar ar-
tery cross-sectional area examined by light microscopy (toluidine blue stain-
ing, X49). (A) Group 1 (control); (B) group 2 (control plus placebo); (C) group
3 (control plus r-Hu-EPO); (D) group 4 (SAH); (E) group 5 (SAH plus placebo); (F)
group 6 (SAH plus r-Hu-EPO). The cross-sectional area of arteries from the
SAH-plus-r-Hu-EPO group (group 6) demonstrated a significant improvement
of the vasoconstriction compared with groups 4 or 5 (P < 0.05). (Calibration
bar, 100 um.)
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thelium. The cross-sectional area of arteries from SAH plus
r-Hu-EPO group (group 6, 0.353 = 0.176 mm?) demonstrated
both a significant improvement of the vasoconstriction (P <
0.05) and a least prominent corrugation of the internal elastic
lamina compared with groups 4 or 5. Fig. 2 illustrates represen-
tative basilar artery cross-sections from each group.

Histological Evaluation. Brain sections obtained from SAH (group
4) and SAH plus placebo (group 5) animals were characterized
by a high frequency of necrotic cortical neurons in the cerebral
cortex (Fig. 3 A and B). Necrotic cortical neuronal counts from
SAH plus r-Hu-EPO group (group 6) demonstrated a significant
decrease in the frequency of necrotic neurons (Fig. 3C) com-
pared with SAH (group 4) and SAH plus placebo groups (group
5) (P <0.001). Fig. 4 summarizes the differences in total necrotic
cortical neurons in the SAH, SAH plus placebo, and SAH plus
r-Hu-EPO groups.

Discussion

The results of this study strongly support a neuroprotective
activity of r-Hu-EPO when administered systemically after the
induction of experimental SAH. The i.p. administration of
r-Hu-EPO significantly reduced the vasoconstriction of the
basilar artery in SAH-plus-r-Hu-EPO-treated animals compared
with other animals that underwent SAH. The analysis of cortical
neurons with ischemia-induced damage showed that damaged
cortical-cell counts obtained from brain sections of the SAH-
receiving r-Hu-EPO group presented a significant decrease in
the frequency of necrotic neurons compared with the SAH
(group 4) and SAH plus placebo (group 5) groups.
Intracranial arterial spasm has been recognized as a detri-
mental clinical entity for more than 40 years, but the etiology and
pathogenesis of such a symptomatic cerebral vasospasm are still

Table 2. Systemic parameters measured immediately before perfusion fixation in each group

Group n MABP, mm Hg pOz, mm Hg pCO,, mm Hg pH

Control 8 99.2 + 24 1083 = 7.2 40.3 £ 0.7 7.44 + 0.01
Control plus placebo 8 100.5 = 2.3 115.7 = 6.8 40.1 = 0.5 7.46 = 0.02
Control plus r-Hu-EPO 8 99.9 = 1.4 110 = 5.1 40 = 0.6 7.47 = 0.02
SAH 8 101.5 =43 111.2 6.3 40 + 0.4 7.49 = 0.01
SAH plus placebo 8 101.4 = 2.7 1103 =54 39.9 = 0.6 7.48 = 0.02
SAH plus r-Hu-EPO 8 99.3 + 3.4 110.4 = 5.1 39.6 = 0.8 7.46 = 0.01

MABP, mean arterial blood pressure; pO,, partial oxygen pressure; pCO,, partial carbon dioxide pressure.
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Fig. 3.

Photomicrographs of brain sections at 72 h after SAH. (hematoxylin and eosin, X920.) Brain sections (piriform cortex) obtained from animals of group

4 (SAH) (A) and 5 (SAH plus placebo) (B) are characterized by a high frequency of necrotic cortical neurons. Section from animals of group 6 (SAH plus r-Hu-EPO)
(C) contains few damaged neurons compared with SAH and SAH-plus-placebo groups (P < 0.001). (Calibration bar, 0.1 mm.)

not well understood. Despite numerous attempts at prevention
and treatment, cerebral vasospasm is still associated with sig-
nificant mortality and an unfavorable outcome (1). An early,
short-lived phase may occur immediately after SAH, and a
subsequent phase that is prolonged or chronic (2, 3). The delayed
vasospasm, seen on angiogram in 40-70% of patients with SAH
(32) in the second week after hemorrhage, seems to be most
important clinically. The acute vasoconstriction, before consid-
ered to be a laboratory observation, recently has been strongly
suspected also in humans (4, 5). Both phases of vasospasm are
considered to result from an abnormal constriction of the
muscular layers of the cerebral vessels, and both have been
considered the main cause of cerebral ischemia after SAH (33).
However, whether the two phases are independent or interactive
with respect to the clinical course has not been settled. On the
basis of this evidence, an increasing number of investigators have
recently focused their attention in assessing the efficacy of drugs
administered a few minutes after the induction of experimental
SAH with a view to prevent brain ischemia (13, 34, 35).

The ischemic brain injury that often follows SAH is mediated
mainly by glutamate (14). By using intracerebral microdialysis,
studies on SAH in humans have demonstrated variable increases
in extracellular glutamate concentrations (36). Such an occur-
rence has been confirmed in experimental models in which
measurements of extracellular glutamate levels in cortical re-
gions at various times have provided an indication of the severity
and duration of ischemia during SAH (37).

Experimental studies have recently shown a potent neuropro-
tective effect of EPO during cerebral ischemia. Morishida and
coworkers (15) have demonstrated that in cultured neurons EPO
prevents the glutamate-induced cell death in a dose-dependent
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Fig.4. Graphshowingthe mean necrotic cortical neurons numberinthe SAH
(group 4), SAH plus placebo (group 5), and SAH plus r-Hu-EPO (group 6)
groups. Animals treated with r-Hu-EPO (group 6) presented with a significant
decrease in the frequency of necrotic neurons compared with SAH (group 4)
and SAH plus placebo groups (group 5) (*, P < 0.001).
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manner. Sadamoto et al. (16) have shown that EPO ameliorates
place-navigation disability, cortical infarction and thalamic de-
generation in rats after undergoing a permanent occlusion of the
middle cerebral artery. Sakanaka et al. (17) have reported, by
using a lateral ventricular infusion of soluble EPO-R, that EPO
ameliorates neuron survival in a model of cerebral ischemia in
the gerbil. Koshimura et al. (25) have suggested that EPO
stimulates neuronal and functional viability, mitogen-actived
protein kinase activity, dopamine release, and NO synthesis.
Bernaudin et al. (18) have shown the neuroprotective action of
intraventricular-injected EPO in focal permanent cerebral isch-
emia in mice. We have reported that systemic administration of
r-Hu-EPO, immediately after experimental SAH, reduces the
mortality rate, ameliorates functional recovery, and prevents
brain ischemic damage (20-23). Very recently, Brines et al. (19)
have demonstrated the ability of systemically administered r-Hu-
EPO to exert a neuroprotective effect in animal models of focal
brain ischemia, concussive brain injury, experimental autoim-
mune encephalomyelitis, and kainate-induced seizure.

The neuroprotective effect of r-Hu-EPO in this model is in
agreement with reports showing similar effects of EPO during
cerebral ischemia (15-18). Several possible mechanisms exist
through which EPO could achieve this protective effect. It has
been suggested that, during ischemia, EPO protects neurons
from glutamate toxicity by activation of Ca?>" channels (15),
increases the activity of antioxidant enzymes in neurons (17),
modulates the angiogenesis in the ischemic brain, thus improving
blood flow and tissue oxygenation in the border zone of the
ischemic area (38), and protects endothelial cells from apoptotic
cell death (18). On the other hand, according to the ability of
EPO in preventing cerebral vasospasm, rather than a direct
action on cerebral parenchyma, one possible mechanism could
be a direct effect of EPO on the vascular endothelium, with
secondary benefits neurologically. In this role, peripherally
available EPO could interact with the luminal EPO-R preventing
constriction. This hypothesis is not surprising because it has been
reported that brain vascular endothelial cells express two forms
of EPO-R mRNA (38). Accordingly, EPO could act directly on
cerebral arteries by binding with its receptor, exerting a com-
petence activity in the control of the cerebrovascular tone.
Finally, one might also speculate that EPO could prevent
vasospasm after SAH by enhancing the endothelial release of
NO during the early stage of SAH. Previous investigations have
demonstrated an acute decrease in cerebral NO levels after SAH
(13) and a significant improvement of NO system activity after
administration of r-Hu-EPO (24-26). Although further studies
are required to clarify the action of EPO in the central nervous
system both in physiological and pathological conditions, we
propose that EPO acts in multiple ways involving, at least, both

Grasso et al.



direct neuroprotection and antivasospastic properties to protect
the brain from the damage consequent to SAH.

The modality by which r-Hu-EPO acts in the central nervous
system across the BBB remains a matter of controversy. Ac-
cording to the literature, EPO has shown a neuroprotective
action both by intrathecal or systemic administration. Knowl-
edge of the mechanisms by which peptides and proteins are
transported across the BBB is still limited. At present five
mechanisms have been proposed: transmembrane diffusion,
carrier-mediated transport, fluid-phase endocytosis, nonspecific
adsorptive endocytosis, and receptor-mediated adsorptive en-
docytosis (39—42). On the other hand, it has been reported that
only by a leakage of the BBB can systemically administered EPO
cross from the periphery into the central nervous system (43).
However, Brines et al. (19) have recently suggested that, after
systemic administration, r-Hu-EPO may be transported across
the BBB by a specific receptor-mediated mechanism. These
authors, by administrating biotinylated r-Hu-EPO, demon-
strated an active translocation of peripheral EPO across the BBB
in the absence of any neural insult. Our results are in agreement
with such a hypothesis. In our study, an increase in EPO
concentration in the CSF was detected in all animals treated with
r-Hu-EPO. In animals of group 3 (control plus r-Hu-EPO) no
SAH was induced, therefore the increase in EPO level in the CSF
could be explained by the presence of a specific translocation
mechanism across the intact BBB. In animals of group 6 (SAH
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