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Abstract
Objective ‒ This study was designed to investigate the
indirect neuroprotective properties of recombinant human
erythropoietin (rhEPO) pretreatment in a rat model of
transient middle cerebral artery occlusion (MCAO).

Methods ‒ One hundred and ten male Wistar rats were
randomly assigned to four groups receiving either
5,000 IU/kg rhEPO intravenously or saline 15minutes prior
to MCAO and bilateral craniectomy or sham craniectomy.
Bilateral craniectomy aimed at elimination of the space-
consuming effect of postischemic edema. Diagnostic
workup included neurological examination, assessment
of infarct size and cerebral edema by magnetic resonance
imaging, wet–dry technique, and quantification of hemi-
spheric and local cerebral blood flow (CBF) by flat-panel
volumetric computed tomography.
Results ‒ In the absence of craniectomy, EPO pretreat-
ment led to a significant reduction in infarct volume
(34.83 ± 9.84% vs. 25.28 ± 7.03%; p = 0.022) and midline
shift (0.114 ± 0.023 cm vs. 0.083 ± 0.027 cm; p = 0.013).
We observed a significant increase in regional CBF in
cortical areas of the ischemic infarct (72.29 ± 24.00% vs.
105.53 ± 33.10%; p = 0.043) but not the whole hemi-
spheres. Infarct size-independent parameters could not
demonstrate a statistically significant reduction in
cerebral edema with EPO treatment.
Conclusions ‒ Single-dose pretreatment with rhEPO
5,000 IU/kg significantly reduces ischemic lesion volume
and increases local CBF in penumbral areas of ischemia
24 h after transient MCAO in rats. Data suggest indirect
neuroprotection from edema and the resultant pressure-
reducing and blood flow-increasing effects mediated
by EPO.

Keywords: neuroprotection, rat, recombinant human
erythropoietin, transient focal cerebral ischemia, vascular
disorders, craniectomy

1 Introduction

To date, many studies have been conducted on the
identification, development, and evaluation of pharma-
cological neuroprotectants. In this context, experimental
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research has demonstrated that systemically administered
recombinant human erythropoietin (rhEPO) partially
crosses the blood–brain barrier (BBB) with a latency
and is able to reduce neuronal damage in animal models
of cerebrovascular, neuroinflammatory, and neurodegen-
erative diseases as well as traumatic central nervous
system (CNS) injury [1–4]. Depending on the study
design, preclinical studies on EPO in stroke models
indicate an improvement in infarct size by up to 32%
and neurobehavioral outcomes by almost 40% [5,6].

Erythropoietin production in the CNS seems to be
triggered by hypoxia. Astrocytes, as well as oligoden-
drocytes, endothelial cells, neurons, and microglia,
endogenously produce EPO. In principle, several types
of EpoR receptors exist, including the homodimeric
receptor (EpoR)2, a soluble as well as a heterodimeric
receptor comprising a functional interaction of EpoR
with the common β receptor (βcR, also known as CD131).
The homodimeric EpoR has been detected on neural
progenitor cells (NPCs), neurons, astrocytes, endothelial
cells, and microglia [7–9]. Upregulation of EPO and
EpoR in infarct and peri-infarct regions has been
demonstrated in the course of focal cerebral ischemia/
hypoxia [10]. The interaction of EPO and its receptor
induces the phosphorylation of Janus kinase 2, which
leads to the activation of phosphoinositide 3-kinase–
serine–threonine kinase Akt and/or the signal trans-
ducer and activator of transcription 5 and/or the nuclear
factor-κB pathway [11]. In this system, the EPO may
exert neuroprotective effects via antiapoptotic mechan-
isms, stimulation of NPC proliferation and differentia-
tion, neurogenesis, angiogenesis, and modification of
inflammatory response and also induces erythropoiesis
[7,8,12]. The heterodimeric EpoR/βcR receptor has been
detected in various EPO-responsive tissues, including
the cells of the CNS, such as microglia, and of the heart
and kidney. It has been shown that this coexpression
mediates the tissue-protective properties of EPO rather
than erythropoietic effects [13].

Neuroprotection consists of prevention and opposi-
tion of pathological neuronal loss in diseases of the CNS
[14]. Within cerebral ischemia, this loss can only partly
be attributed to vessel occlusion. Moreover, perfusion
deficits and the adjacent functional decline following
cerebral vessel occlusion are consequences of the space-
occupying effect of postischemic cerebral edema.
Experimental data suggest that tissue swelling due to
vasogenic edema during the hyperacute phase (<6h) of
stroke has considerable influence on temporospatial progres-
sion of the ischemic area by compromising microcircula-
tion within critically perfused tissue at risk [15–18].

Therapeutic measures aiming at reducing cerebral
edema and its space-occupying effect in the early stages
of stroke may therefore induce an indirect “secondary”
neuroprotection [16].

Most experimental studies focused on EPO treatment
within the first hours following vessel occlusion [7],
simulating the unpredictable situation clinicians face in
the emergency department or in the stroke unit after
sudden onset of a neurological deficit. However, with the
advent of interventions in the cardio- and cerebrovas-
cular systems – such as carotid endarterectomy and
stenting, coronary artery bypass grafting, percutaneous
coronary and cerebrovascular thrombectomy, angio-
plasty or coiling, and clipping of cerebral aneurysms –
that carry an increased risk of stroke or require transient
cerebral artery occlusion [19–26], anticipatory neuropro-
tection preceding a risk-related procedure demands
greater attention [27]. In this context, experiments on a
rodent model for transient middle cerebral artery
occlusion (MCAO) suggest that beneficial effects of EPO
treatment before ischemia onset can have a definite (if
indirect) impact on the extent of ischemic edema and
preservation of BBB function [27].

This study was designed to investigate secondary
neuroprotective properties of rhEPO treatment preceding
transient MCAO in a rodent stroke model. Dosage
(5,000 IU/kg) and intravenous application were chosen
according to the findings from the corresponding in vivo
studies, considering the significantly low BBB perme-
ability of this compound [1,7,28]. The multimodal
approach included magnetic resonance imaging (MRI),
flat-panel volumetric computed tomography (fpVCT),
and quantification of brain water content (BWC) by the
wet–dry technique. Elimination of the space-occupying
effect of cerebral edema was achieved by bilateral
craniectomy [29].

2 Methods

2.1 Animal preparation and surgical
procedures

Male Wistar Unilever rats (HsdCpb:WU; Harlan
Winkelmann, Germany) with a mean body weight of 310 g
(±19.47 g) were used. Prior to surgery, each rat was
administered 100mg/kg metamizole (Novalgin®; Sanofi,
Germany) orally. Anesthesia was established with 5%
isoflurane delivered in air at 3.0 L/min and maintained
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during surgery via a facial mask with 2–3% isoflurane
delivered in air at 0.5 L/min. The core body temperature was
recorded with a feedback-controlled heating pad and kept at
37.0°C (±0.25°C) during surgery and imaging procedures.

In addition to considerable neurological deficits,
rodents often exhibit pronounced cardiorespiratory in-
stability after occlusion of the middle cerebral artery
(MCA). Since this study was not intended to evaluate the
craniectomy itself, but rather the effect of EPO under various
pressure conditions, the craniectomy was performed before
MCAO to avoid provoking an increased dropout rate
through additional anesthesia and intervention with an
already potentially unstable animal. Bilateral or sham
craniectomies were performed after local anesthesia (2%
lidocaine; Xylocaine®, AstraZeneca, Germany), as described
previously [29]. The whole os parietale and the caudal parts
of the os frontale were removed using a liquid-cooled
trephine, while the dura mater was left intact.

Afterward, the animals were randomized to treat-
ment with EPO or placebo and MCAO was performed in
each rat as discussed previously [15]. In brief, the right
common carotid artery was exposed and a silicone-
coated nylon suture (4-0) was inserted. Then the
occluder was advanced proximally until its tip reached
the anterior cerebral artery (mean suture depth: 20 ±
2 mm) beyond the carotid bifurcation, thus blocking the
blood flow to the right MCA. Reperfusion was estab-
lished after 90minutes by removing the suture. Meta-
mizole was administered orally again 6 h after the first
application and added to the tap water.

Ethical approval: The research related to animal use has
been complied with all the institutional guidelines and
the current German animal protection law. The experi-
ments were approved by the regional committee for
the care and use of animals (Regierungspraesidium
Darmstadt; Az.B2/170).

2.2 Experimental setup

One hundred and ten rats were randomly assigned to four
groups: (i) placebo + craniectomy, (ii) EPO + craniectomy,
(iii) placebo–craniectomy, and (iv) EPO–craniectomy.

Craniectomy was performed in 56 animals (+cra-
niectomy); the bone skull of 54 rats was thinned but not
completely removed (–craniectomy). Thereafter, all 110 rats
were randomly subjected to the treatment groups (EPO vs.
placebo): 15minutes prior to MCAO, each animal was
administered 5,000 IU/kg EPO (NeoRecormon®; Roche,

Germany) in 2ml isotonic saline (EPO) or only 2ml isotonic
saline (placebo) via coccygeal venous catheter. Afterward,
MCAO was performed by a surgeon blinded to the group
assignment. Functional testing took place at baseline and
24 h after MCAO. Then ten rats of each group were
subjected to MRI to detect ischemic lesion volume,
vascular edema, and midline shift (MLS) and to post-
mortem quantification of BWC by the wet–dry technique.
The remaining animals of each group underwent quanti-
fication of cerebral blood flow (CBF) via fpVCT. Functional
assessment, radiological imaging, and evaluation, as well
as wet–dry analysis, were performed by experienced
investigators blinded to the group assignment.

2.3 Functional testing

Motor functions were assessed using the Rotarod test at
baseline and 24 h after MCAO. The wheel was continu-
ously accelerated from 0 to 30 rpm within 1 minute. The
maximum speed tolerated by the rats was documented
and the difference was calculated as Rotarod perfor-
mance before and after MCAO [30].

2.4 MRI

After functional testing, the MRI scanning was per-
formed under anesthesia with a tomography (Bruker
PharmaScan 7.0 T, 16 cm), which operates at 300.51 MHz
(1H-imaging) and is equipped with a 300mT/m self-
shielding gradient system. The animal’s respiratory rate
was monitored noninvasively and maintained between 60
and 80/min by regulation of the isoflurane concentration.

The linear polarized volume resonator (diameter
60mm) was tuned and matched manually, and localized
images were acquired using a spin-echo sequence. Rapid
acquisition with relaxation enhancement sequences (20
contiguous slices of 1mm thickness, repetition time [TR] =
2500ms, and echo time [TE] = 41.8ms) were used to verify
symmetric positioning and were repeated after correction of
the possible necessary slice angulation [18].

2.5 T2-imaging

To map the vascular edema (T2-relaxation time [T2RT])
[15] and the lesion and hemispheric volumes, we used a
Carr–Purcell–Meiboom–Gill spin echo imaging sequence,
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acquiring eight contiguous coronal slices (slice thickness =
2mm, gap = 0mm, field-of-view (FOV) = 37 × 37mm,
matrix size = 512 × 256, TR = 3833.5ms, TE [12 echos, ΔTE =
18ms] = 18–216ms, number of excitations (NEX) = 1, and
acquisition time (AT) = 12min 7 s).

2.6 T2*-imaging

To exclude animals with possible hemorrhages, 16
contiguous coronal slices were acquired using an
SNAP-T2*-imaging sequence (slice thickness = 1 mm,
gap = 0mm, FOV = 37 × 37 mm, matrix size 256 × 256,
TR = 43.4 ms, TE = 7.0 ms, and AT = 12 min 7 s).

2.7 MRI data evaluation

2.7.1 Ischemic lesion volume

The mean ischemic lesion volume was determined by
performing computer-aided planimetric assessment of the
lesion volume (LV) and the hemispheric volumes of the T2-
weighted images (ipsilateral: HVi; contralateral: HVc)
(ImageJ v1.46; National Institutes of Health, Bethesda,
USA). The edema-corrected lesion volume (%HLVec) was
calculated by the following equation [18]:

= (( − + )/ ) ×%HLV HV HV LV HV 100ec c i c (1)

2.7.2 MLS quantification

The MLS quantification was performed using high-
resolution T2-weighted images. The position of the third
ventricle could be clearly determined in all rats. The
distance between the middle of the third ventricle and
the outer border of both hemispheres (distance from
ipsilateral border to third ventricle: A and distance from
contralateral border to third ventricle: B) was measured
[17] and MLS was calculated by the following equation:

= ( − )/A BMLS 2 (2)

2.7.3 T2RT

For quantification of the T2RT, we used Bruker’s imple-
mented image processing tool. On the six contiguous

coronal slices, regions of interest (ROIs) were set in the
center of the ischemic lesions in the cortex and subcortex
and on the corresponding position of the contralateral
hemisphere, and the side-to-side differences of the T2RT
were calculated.

2.8 Postmortem analysis: quantification of
BWC by the wet–dry technique

After MRI, the animals were deeply anesthetized and
decapitated. The brains were removed and separated
into the ipsi- and contralateral hemispheres. The wet
weight of each hemisphere was measured, then the
tissue was dried to a constant weight at 50°C and
weighed again (dry weight). The absolute BWC (%H2O)
was calculated as follows [18]:

= ([ ]/ × )%H O wet weight – dry weight wet weight 1002 (3)

Equation (4) was used to calculate the increase in
BWC in the ipsilateral hemisphere compared to the
unaffected contralateral hemisphere (%ΔH2O) [18]:

= −%ΔH O %H O %H O2 2 ipsilateral 2 contralateral (4)

2.9 fpVCT

The CBF was quantified after the 24-h clinical testing
with an fpVCT, which was developed by GE Healthcare,
London, Ontario, Canada. The system is described in
detail in the study by Obert et al. (2010) [31]. Preparation
and anesthesia of the rats, image acquisition, recon-
struction, and analysis followed a previously published
protocol [32].

2.10 Placing the ROIs, infarct core, and
hemisphere

Since the infarcted brain regions cannot be properly
displayed on perfusion slices, the corresponding 2,3,5-
triphenyltetrazolium chloride (TTC)-stained slices were
used to identify the extent and location of ischemic
areas. After VCT investigation, the animals were deeply
anesthetized using isoflurane and euthanized by de-
capitation; the brains were removed and sectioned
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coronally into six slices (thickness: 2 mm each),
incubated in a 2% solution of TTC at 37°C, fixed by
immersion in 10% buffered formalin solution, and
scanned with a computer scanner (ScanJet 3400C;
Hewlett Packard; resolution 600 × 600 dpi). The
unstained areas of the fixed brain slices were defined
as the ischemic infarction.

For ipsi- and contralateral sides, flexibly created
freehand ROIs included cortical and subcortical
regions of the infarct core as well as the whole
hemisphere. The CBF (ml/100 g/min) was acquired as
mean for each side or the corresponding region and in
each animal, thus permitting comparison of data
between infarct hemisphere and non-infarct hemi-
sphere. Differences in CBF were calculated by the
following equation:

= ( / ) ×

%CBF difference
mean CBF ipsilateral mean CBF contralateral 100

(5)

2.11 Statistical analysis

The Shapiro–Wilk test was used to test for normal
distribution of parametric data. Homogeneity of variance
was tested by the Levene test. Erythropoietin treatment
and placebo groups were compared separately for
craniectomy and sham craniectomy by unpaired
Student’s t test or, for data not passing the normality
test, the nonparametric Mann–Whitney U test. Data are
presented as mean ± standard deviation. The level of
probability p < 0.05 was regarded as significant (SPSS
v21; IBM, Germany).

3 Results

Twenty-six animals had to be excluded from this study:
for seven animals, technical problems occurred during
contrast agent infusion, and the imaging of another four
rats was hampered due to motion artifacts. Seven
animals suffered cerebral hemorrhage, six animals died
during craniectomy, and two rats showed no ischemic
infarction. The remaining 84 animals completed the
study protocol.

Pre-MCAO Rotarod performance, body weight, and
body temperature did not differ significantly between the
groups.

3.1 Neurological impairment

The results in Rotarod test performance pre- vs. 24 h
post-MCAO did not differ significantly between the
craniectomy (5.71 ± 11.14 rpm vs. 6.29 ± 9.95 rpm; p =
0.837) and sham craniectomy groups (5.43 ± 11.21 rpm
vs. 6.00 ± 7.10 rpm; p = 0.786).

3.2 Infarct size

Measurement by MRI of infarct sizes corrected for the
space-occupying effect of brain edema revealed no
difference (t(18) = 1.391; p = 0.181, d = 0.62) between
craniectomy rats receiving placebo (36.29 ± 10.21%) vs. EPO
(30.34 ± 8.86%). The mean ischemic lesion volume after
24 h was significantly smaller (t(18) = 2.497; p = 0.022, d =
1.12) in EPO-treated animals without craniectomy (25.28 ±
7.03%) when compared to placebo animals without
craniectomy (34.83 ± 9.84%) (Figure 1).

3.3 Brain edema

The MLS of the animals treated with EPO (0.083 ±
0.027 cm), which were not craniectomized, was signifi-
cantly reduced (t(18) = 2.768; p = 0.013; d = 1.24) when

Figure 1: Mean ischemic lesion volume as determined on MRI,
expressed in percentage of hemispheric volume (%HLVec).
Significantly reduced mean ischemic lesion volume for EPO-
treated animals compared to the placebo group without
craniectomy (*p = 0.022; t-test). No significant difference could be
detected between craniectomy groups. Outliers are marked with a
circle (out values) or a star (far out values).
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compared to the noncraniectomized placebo animals
(0.114 ± 0.023 cm). This could not be observed in the two
craniectomy groups (placebo: 0.109 ± 0.029 cm vs. EPO:
0.100 ± 0.031 cm, respectively; t(18) = 0.613; p = 0.548;
d = 0.30) (Figure 2a).

In the EPO- and placebo-treated craniectomy
groups, BWC (placebo: 3.33 ± 1.75% vs. EPO: 3.48 ±
1.61%, respectively; z = 1.71; p = 0.912; d = 0.09) and
T2RT (placebo: 29.50 ± 7.79 ms vs. EPO: 27.57 ± 7.39 ms,
respectively; t(18) = 0.569; p = 0.576; d = 0.25) showed
no significant difference. A similar result could be
obtained from the analyses of BWC (placebo: 3.87 ±
1.02% vs. EPO: 3.19 ± 1.11%; z = −1.21; p =
0.247; d = 0.64) and T2RT (placebo: 28.25 ± 6.65 ms vs.

EPO: 23.54 ± 9.14 ms; t(18) = 1.318; p = 0.204; d = 0.59) in
noncraniectomy groups III + IV (Figure 2b and c).

3.4 CBF

CBF was acquired within cortical and subcortical regions
of the infarct core as well as the whole hemisphere and
expressed as a ratio between the ipsilateral and the
contralateral sides.

In the absence of craniectomy (groups III + IV), the
EPO-treated animals showed a significant increase in CBF
in cortical regions of the infract core when compared to

Figure 2: MLS (a), BWC (b), and T2RT (c). (a) MLS in the groups without craniectomy was significantly smaller in animals treated with EPO
when compared to the placebo animals (*p = 0.013). No significant differences were observed within the craniectomy groups. (b) BWC and
(c) T2RT displayed no significant differences between the groups. Outliers are marked with a circle (out values) or a star (far out values).
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the placebo-treated animals (placebo: 72.29 ± 24.00% vs.
EPO: 105.53 ± 33.10%, respectively; t(18) = −2.245; p =
0.043; d = 1.00) (Figure 3a). In the subcortical regions
(placebo: 74.29 ± 29.04 vs. EPO: 103.38 ± 39.54%,
respectively; t(18) = −1.799; p = 0.091; d = 0.85) and the
total infarct core (placebo: 76.58 ± 28.03 vs. EPO: 104.48 ±
33.49%, respectively; t(18) = −1.975; p = 0.065; d = 0.90),
tendencies did not reach statistical significance. No
significant difference in CBF was observed in the cortical
(placebo: 94.40 ± 28.62% vs. EPO: 95.12 ± 23.79%,
respectively; t(18) = −0.05; p = 0.961; d = 0.03) or
subcortical region (placebo: 88.94 ± 19.00% vs. EPO:
92.74 ± 26.73%, respectively; t(18) = 0.378; p = 0.709; d =
0.16) or the whole infarct core within the craniectomy
groups (placebo: 90.89 ± 20.39% vs. EPO: 96.67 ± 28.19%,
respectively; t(18) = 0.542; p = 0.594; d = 0.23) (groups I +
II, Figure 3).

Between the craniectomy groups, investigation of
hemispherical blood flow in the cortical (placebo:
108.59 ± 19.46% vs. EPO: 103.75 ± 11.68%, respectively;
t(18) = 0.706; p = 0.488; d = 0.30) and subcortical
regions (placebo: 96.94 ± 7.15% vs. EPO: 94.11 ± 11.30%,
respectively; t(18) = 0.699; p = 0.492; d = 0.29) and total
hemisphere (placebo: 103.70 ± 15.81% vs. EPO: 100.13 ±
10.96%, respectively; t(18) = 0.616; p = 0.545; d = 0.26)
revealed no significant effects of EPO treatment. Similar
results were shown in the comparison of CBF between
groups III + IV without craniectomy in the cortical
(placebo: 91.25 ± 16.45% vs. EPO: 99.12 ± 18.04%,
respectively; t(18) = −1.020; p = 0.312; d = 0.46) and
subcortical regions (placebo: 90.02 ± 11.54% vs. EPO:

90.43 ± 9.18%, respectively; t(18) = −0.087; p = 0.931; d =
0.04) and total hemisphere (placebo: 91.26 ± 11.86% vs.
EPO: 94.36 ± 10.90%, respectively; t(18) = −0.609; p =
0.550; d = 0.27) (Figure 4).

5 Discussion

Investigations on rodent stroke models [16–18,33]
indicate that the development of vasogenic brain edema
within the hyperacute phase of stroke (<6 h) may exert a
significant, possibly underestimated, influence on the
progression of ischemic area, as swelling of ischemic
tissue within the fixed cranial volume can lead to
impairment of microcirculation in the critically hypo-
perfused penumbral area. Hence, collateral damage
caused by the space-occupying effect of a large MCA
territory stroke accounts for up to 50% of ischemic lesion
formation [16]. Therapeutic measures aiming to reduce
cerebral edema and its resulting space-occupying effect
in the early stages of stroke may operate as indirect or
“secondary” neuroprotectants [16,29]. Investigations on
the effects of systemically administered rhEPO prior to
transient MCAO in rodents suggest that neuroprotection
results more from the mitigation of brain edema than
from direct antiapoptotic effects on neurons [27]. We
hypothesized that EPO administered prior to transient
MCAO exerts its neuroprotective properties in the early
phase of stroke primarily via secondary neuroprotection
by reduction of cerebral edema.

Figure 3: CBF in the infarct core. There was a significant CBF increase with EPO treatment in the cortical regions of the infarct core when
compared to placebo treatment in the absence of craniectomy (*p = 0.043 u-test) (a). No significant CBF changes could be observed in the
cortical regions of the infarct core when craniectomy was performed (a) or in subcortical regions (b). Outliers are marked with a circle (out
values) or a star (far out values).
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Craniectomy has been shown to save the lives of
patients with large space-occupying territorial strokes in
severe danger of cerebral herniation and death and was
proven in large clinical trials to reduce mortality
significantly, from 71 to 22% [34,35]. Experimental
studies on the effect of craniectomy in a rodent model
of MCAO report a significant reduction of infarct size,
mainly attributed to the release of mechanical compres-
sion [36,37]. To approach the distinction of primary from
secondary neuroprotection in our study, elimination of
increased intracranial pressure due to the space-occu-
pying ischemia was achieved by bilateral craniectomy
prior to transient MCAO [16,29]. Thus, the preponder-
ance of edema reduction via EPO was expected to lead to
pronounced group differences regarding infarct size and
edema volume, which are dependent on integrity of the
skull.

We observed that rhEPO treatment before transient
MCAO reduced edema-corrected infarction size by
approximately 10%. Data on experiments with a com-
parable setting are limited; two previous studies on rats
reported no significant effects on infarct volume for EPO
pretreatment. In contrast, a study on mice showed
infarct reduction up to 47% [27,38,39]. Interestingly, in
the present investigation, a significant reduction com-
pared to placebo treatment could only be observed if the
skull was left intact; an approximation of infarct sizes
could be quantified with craniectomy.

Experimental research on rodent stroke models
provides robust evidence for the antiedematic effects of
EPO, which has particularly been attributed to a preserved
barrier function of the BBB [40–45]. An investigation on

the markers of BBB integrity – such as occludin, alpha-,
and beta-catenin– demonstrated that EPO treatment be-
fore and 3 days after focal cerebral ischemia can stabilize
the BBB, reduce its permeability, and thereby control
cerebral inflammation and edema [43]. Impermeability of
the BBB mainly depends on intact endothelial cells and
tight junctions, which are subjected to substantial oxida-
tive stress by generation of reactive oxygen species and
lipid peroxidation during the phase of reperfusion after
transient ischemia [46,47]. Under this condition, EPO
seems to stimulate endothelial nitric oxide production
and has the ability to prevent reperfusion-mediated injury
to the BBB [48]. Due to the fact that lesion volume is
proportional to hemispheric BWC, the volume of infarcted
tissue can bias methods for quantification of BWC that
include whole hemispheres, such as the wet–dry tech-
nique and determination of MLS; cerebral edema in the
present investigation was therefore assessed on MRI using
T2RT measurements in ROIs, since this method was shown
to be largely independent of lesion size [18]. We could
demonstrate a significant reduction in MLS for EPO
pretreatment only in the absence of bilateral craniectomy.
In this group, MRI T2RT presented a trend toward the
lowest mean values for the treatment group with intact
skull but missed statistical significance. Nevertheless,
these data seem to suggest that neuroprotection of EPO
pretreatment in transient MCAO implies a strong antiede-
matic effect.

We used fpVCT for noninvasive dynamic imaging of
cerebral perfusion after temporary MCAO in the cortical
and subcortical regions of the infarct and the whole
hemisphere [32]. Without craniectomy, the EPO

Figure 4: CBF in the hemisphere. The CBF measurement of the whole hemispheres, i.e., cortical (a) and subcortical (b) regions, revealed no
significant effects of EPO treatment regardless of craniectomy. Outliers are marked with a circle (out values).
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pretreatment led to a significant increase in CBF in the
cortical regions of the ischemic tissue. However, in
subcortical areas of the infarct and the whole hemi-
spheres, no significant alterations of CBF could be
objectified. Xiong et al. described EPO neuroprotection
after traumatic brain injury even in EpoR null mice and
attributed this effect particularly to vascular protection
[49]. Li et al. investigated angiogenesis in mice that
received rhEPO 30minutes before and once daily after
ischemic stroke and observed enhanced angiogenic
activity between days 7 and 21; on day 14, the CBF
reached preischemia initial values [50]. Furthermore, in
a rabbit model for subarachnoid hemorrhage, intrave-
nously administered rhEPO led to a significantly
increased CBF between days 2 and 16 [51]. In addition
to these observations of EPO’s time-sensitive effects,
Shafi et al. used isolated rat MCA to demonstrate that
luminal-applied EPO can directly dilate arteries and that
24-h pretreatment with EPO potentiates this effect [52];
after this single-dose pretreatment with EPO and
transient MCAO, we only observed a significant increase
in CBF in the defined cortical regions of the infarct and
in the absence of craniectomy. If compression on the
brain, microvasculature and presumable pial and
venous vessels is released by craniectomy, the CBF in
EPO- and placebo-treated rats is equal. This seems to
display a local effect for the defined area of the ischemia,
as no differences in CBF could be observed for total
hemispheres regardless of the EPO treatment or cra-
niectomy. A focal improvement in CBF in the cortical
regions of the ischemic area may indicate a more
efficient collateralization with EPO, either via its antie-
demic and pressure-reducing mode of action or due to
its direct vasodilatative effects. Improved collateraliza-
tion in turn supports the recovery of critically perfused
penumbral areas reducing the infarct core, which has
been shown by a significant reduction in ischemic lesion
volume. In line with the aforementioned data on infarct
size and edema reduction, the latter could only be
objectified in the absence of craniectomy, i.e., a situation
in which pressure variations are supposed to be the most
pronounced.

The results of this study have to be interpreted with
caution, as surrogate parameters for a secondary
neuroprotective mechanism of action were considered.
These can be regarded as hypothesis generating but
must subsequently be confirmed in the corresponding
mechanistic studies to objectively distinguish a direct or
indirect mechanism of action.

In this study, rhEPO was administered – a com-
pound that, because of its low BBB permeability, must

be applied in comparatively high intravenous doses,
prompting several dose-dependent side effects such as
increased hematocrit and hypertension as well as
procoagulatory and prothrombotic effects on microcir-
culation. These side effects seem to be primarily due to
the erythropoietic mode of action of the EPO derivate,
and it is conceivable in principle that they limit the
extent of neuroprotection in the context of acute
cerebrovascular diseases. Therefore, efforts have been
made in the past to support EPO-mediated cytoprotec-
tion without affecting the hematopoietic system. In this
respect, it could be shown that, putatively due to an
altered receptor interaction, carbamylated EPO and
mutants such as EPO-S100E or EPO-R103E act neuro-
protectively but lack erythropoietic activity with a
drastically reduced (EPOR)2 affinity. In addition, the
fusion protein EPO-Tat possesses a significantly
enhanced BBB permeability and thus enables the use
of lower effective doses [53,54]. It therefore remains to be
discussed whether the use of another EPO derivative
yielded different, clearer results.

Another aspect of pharmacokinetics appears to be of
particular interest in connection with the application of
EPO prior to MCAO. In a rodent model of traumatic brain
injury, it was shown not only that EPO must be
administered in high doses when applied peripherally
and that intravenous is superior to intraperitoneal
administration but also that rhEPO crosses the BBB
with a delay of approximately 4 h and appears to
develop its biological effect after around 8 h [1]. More-
over, the half-life of rhEPO after single injection was
reported to be between 25.6 h and 35.5 h [2]. If this time
frame of pharmacokinetics and the edema dynamics
after cerebral infarction with the onset immediately after
ischemia are taken into account, an even earlier time of
application of EPO could possibly have led to a more
pronounced neuroprotective effect. Thus, the single
administration of EPO immediately after the onset of
ischemia, which is more similar to the clinical situation
in stroke, is not expected to produce significantly
different results. As described in the introduction, the
timing was chosen against the background of anticipa-
tory neuroprotection in cerebrovascular interventions,
for example, where the onset of damage is known; a
transfer of the results to acute stroke therapy is only
possible with difficulty.

With respect to the effect sizes of infarct volumes
and perfusion parameters, although the number of animals
per group seems to be sufficient, it remains debatable
whether larger groups for investigations on brain edema
would have led to significantly different results.
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Clinical testing did not point out a statistically
significant functional improvement, which might indicate
limited sensitivity of the clinical tests in general or with
regard to the chronological parameters and points in time
selected in this study. Furthermore, the study design does
not allow quantification of possible long-term improve-
ment. In principle, the use of healthy animals, controlled
laboratory conditions, and application of anesthesia can
hamper the assignability of findings from bench to bedside,
which has to be considered when findings are interpreted.

6 Conclusion

Interventions for predictable stroke risk substantiate
discussion on anticipatory neuroprotection preceding
the risk-related procedure and intended for prevention
of neuronal loss. This study demonstrates that a single
dose of rhEPO 5,000 IU/kg given prior to transient MCAO
in rats significantly reduces ischemic lesion volume,
decreases MLS, and increases local CBF in the cortical
regions of ischemia after 24 h. Data may suggest an
interaction between edema and pressure reducing as
well as blood flow-increasing effects mediated by EPO.
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