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Abstract Purpose: Recombinant
human erythropoietin (rhEPO) atten-
uated ischemia/reperfusion (I/R)
injury-induced spinal cord damage.
Since carbamylated EPO derivatives
are stated to be devoid of rhEPO side
effects, we tested the hypothesis that
a newly developed carbamylated
EPO-FC fusion protein (cEPO-FC)
would compare favorably with
rhEPO. Methods: Anesthetized and
mechanically ventilated pigs ran-
domly received cEPO-FC (50 lg
kg-1), rhEPO (5,000 IU kg-1) or
vehicle (n = 9 per group) 30 min prior
to 30 min of aortic occlusion and over
the 4 h of reperfusion. During aortic
occlusion, mean arterial pressure
(MAP) was maintained at 80–120%
of baseline values by esmolol, nitro-
glycerin, and adenosine-50-
triphosphate (ATP). During reperfu-
sion, noradrenaline was titrated to keep
MAP at pre-ischemic levels. Spinal
cord function was assessed by motor
evoked potentials (MEP) and lower
limb reflexes. Tissue damage was
evaluated using hematoxylin and eosin,
Nissl, and terminal deoxynucleotidyl
transferase-mediated dUTP-biotin nick
end labeling (TUNEL) staining. Plasma
levels of interleukin-6, tumor necrosis
factor-a, and 8-isoprostanes were mea-
sured as markers of systemic

inflammation and oxidative stress.
Results: While only cEPO-FC
restored MEP amplitude to values
close to pre-occlusion levels, both
cEPO-FC and rhEPO comparably
restored lower limb reflexes and
reduced the percentage of damaged
neurons. Infiltration of mononuclear
inflammatory cells was moderate
without intergroup difference; positive
TUNEL staining was barely detectable
in any group. I/R injury increased
blood cytokine levels without inter-
group difference, whereas both cEPO-
FC and rhEPO significantly lowered
8-isoprostane levels. Conclu-
sions: In a porcine model of aortic
balloon occlusion-induced spinal cord
I/R injury, cEPO-FC and rhEPO
comparably protected against ische-
mic spinal cord dysfunction and
neuronal damage. This effect coin-
cided with attenuated oxidative stress.
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Introduction

Thoracic aortic cross-clamping during aortic aneurysm
repair is a typical clinical example of ischemia/reperfu-
sion (I/R) injury. The most vulnerable organs are the
kidneys and the spinal cord [1]. Recombinant human
erythropoietin (rhEPO) protected against spinal cord I/R
injury [2, 3], and, in fact, we previously showed in swine
that 300 IU kg-1 rhEPO prior to aortic balloon occlusion
and during early reperfusion reduced both thoracic spinal
cord neuronal damage and glial apoptosis. Motor neuron
function, however, did not recover, most likely due to the
low dose of rhEPO administered and/or as a result of the
marked tissue damage [4]. Moreover, Ehrenreich et al. [5]
recently reported a significantly higher overall death rate
in rhEPO-treated patients with stroke, possibly as a result
of the high number of patients undergoing systemic
thrombolysis with recombinant tissue plasminogen acti-
vator: in vitro, a single rhEPO exposure enhances
production of plasminogen activator inhibitor-1 [6].

The hematopoietic effects of rhEPO have been shown
to be through the activation of a homodimeric EPO
receptor complex (EPO-R/EPO-R), whereas organ-pro-
tective properties are referred to activation of an
alternative receptor complex consisting of the EPO-R and
the common b receptor (EPO-R/bcR) [7]. Stimulation of
EPO-R/bcR alone was reported to be devoid of the unde-
sired EPO side effects attributed to activation of the EPO-
R/EPO-R complex [8, 9]. Carbamylated EPO derivatives
(cEPO) do not bind to EPO-R/EPO-R, but are as cyto-
protective as rhEPO [9, 10]. Thus, they represent an
interesting alternative to rhEPO [10]: cEPO showed neu-
roprotective activity in models of traumatic brain injury
[11] and stroke [12]. Moreover, cEPO was recently
reported to more effectively reduce kidney inflammation
in brain-dead rats than rhEPO [13]. All data on cEPO-
related organ protection against I/R injury, however,
originate from nonresuscitated rodent models which did
not integrate standard resuscitation measures such as fluid
resuscitation and/or vasopressor support to guarantee well-
maintained systemic hemodynamics. Therefore, we tested
the hypothesis that a newly developed carbamylated EPO-
FC fusion protein, consisting of two EPO molecules fused
to the FC part of IgG1 (cEPO-FC) [14], protects against
ischemic spinal cord dysfunction and neuronal damage
comparably to rhEPO in swine undergoing thoracic aortic
balloon occlusion-induced I/R injury [4].

Materials and methods

Animals

The experiments were performed in adherence to National
Institutes of Health Guidelines on the Use of Laboratory
Animals. The experimental protocol had been approved

by the University Animal Care Committee and the Fed-
eral Authorities for animal research.

Surgical preparation

Anesthesia and surgical instrumentation were performed
as in previous experiments [4, 15]. After induction of
anesthesia with iv propofol and ketamine and subsequent
endotracheal intubation, anesthesia was maintained with
continuous iv propofol (6–8 mg kg-1 h-1) and remifen-
tanil (15–20 lg kg-1 h-1). It was carefully checked that
the propofol and remifentanil infusion rates were identical
in all experimental groups. Pigs were mechanically
ventilated [FiO2 0.35, tidal volume 8 mL kg-1, positive
end-expiratory pressure (PEEP) 10 cmH2O, inspiratory/
expiratory time ratio 1:1.5, respiratory rate 13–15 min-1

adjusted to maintain arterial PCO2 = 35–45 mmHg].
These ventilator settings were used because swine are
particularly susceptible to atelectasis formation in depen-
dent lung regions due to the lack of alveolar collateral
ventilation [16]. Normothermia (37.5–38.5�C) was
maintained with heating pads. Sodium heparin (1,000
IU h-1) was continuously infused for anticoagulation. Via
surgical cut-downs, catheters were placed in the A. carotis
dextra for measurement of blood pressure in the upper
half of the body (MAPproximal), transpulmonary single
indicator thermodilution-cardiac output (CO), and global
end-diastolic volume (GEDV), a well-accepted marker of
cardiac preload [17], as well as in the V. jugularis dextra
for measurement of central venous pressure (CVP) and
drug infusion. Via femoral cut-down, catheter sheaths
were introduced into the Aa. femorales sinistra and dextra
for distal blood pressure recording (MAPdistal) and
placement of inflatable balloon catheters. Adapting a
technique previously published by other authors [18], one
catheter was placed directly above the aortic trifurcation,
the other one directly downstream of the A. subclavia
sinistra, the correct position of which was manually
controlled via a left-sided thoracotomy. This approach
was chosen to prevent any perfusion of the spinal cord via
collateral flow distal to the proximal balloon [19], which
could result from variable bifurcation of the A. radicularis
magna anterior [20]. The intra-aortic balloon occlusion
was used to avoid mechanical injury related to clamp
placement and release per se [21]. A minilaparotomy was
performed to place a catheter into the bladder for urine
sampling.

Measurements and calculations

The following hemodynamic parameters were recorded
continuously: heart rate, MAPproximal, MAPdistal, CO,
CVP, and GEDV. Intermittent arterial blood sam-
ples were analyzed for blood gases, acid–base status,
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hemoglobin content, and O2 saturation. Spinal cord
function was evaluated by motor evoked potentials
(MEP) as described previously [4, 22, 23]. Three
electrodes were inserted into the scalp and one into the
soft palate to apply electric impulses (Digitimer Ltd.,
MultiPulse Stimulator D185 mark IIa) to the motor
cortex. To quantify MEP, electrodes were inserted in
the muscles of the limbs to measure the neuronal
potential (ExcelTech Ltd., ExlTek Neuromax 1004).
After electric stimulation of the cerebral motor cortex,
the neural responses of the upper and the lower limbs
were recorded. Decrease of more than 75% of the MEP
amplitude was accepted as an indication of ischemic
spinal cord dysfunction [22, 23]. MEP signal disap-
peared within 5 min in all animals as a sign of
sufficient aortic occlusion. Similar to previous studies
[24], MEP showed marked interindividual variability.
Therefore, MEP data are presented both in lV [24] as
well as in percentage of pre-ischemic values [22, 23].
In addition, spinal cord function was clinically evalu-
ated by observing the movements of the upper and
lower limbs in response to claw clamping during tem-
porarily reduced anesthesia. The muscular response was
classified as follows: 0 = no movement, 1 = muscular
movement, 2 = joint movement, 3 = normal move-
ment; a score of 4 was attributed if spontaneous
movement was present even without stimulation by claw
clamping.

Serum 8-epiprostaglandin F2 (8-isoprostane), inter-
leukin (IL)-6, and tumor necrosis factor (TNF)-a levels
were determined using commercial immunoassay kits as
described previously [25, 26]. Data reported are nor-
malized for protein content to correct for dilution effects
resulting from volume resuscitation [25, 26]. Post mor-
tem spinal cord samples were immediately harvested
from the thoracic and lumbar regions and processed for
pathohistological examination using hematoxylin and
eosin (HE) and Nissl staining as well as terminal
deoxynucleotidyl transferase-mediated dUTP-biotin nick
end labeling (TUNEL) as described in detail previously
[26, 27]. A qualified neuropathologist blinded to group
assignment evaluated all spinal cord sections. Complete
cross-sections from the thoracic and lumber regions were
evaluated. Evidence of apoptosis was accepted only if
nuclear staining was considered positive. Immunohisto-
chemical detection of cleaved caspase-3 was performed
using primary antibody (cleaved caspase-3, Cell Sig-
naling) detection by the alkaline phosphatase–anti-
alkaline phosphatase complex (APAAP) method and
visualization with a red chromogen (Dako APAAP
REALTM, Dako Corp.) followed by counterstaining with
Mayer’s hematoxylin. Slides were visualized quantified
for both intensity and percent immunoreactive regions
using AxioVision (release 4.8) software (Zeiss, Jena,
Germany).

Experimental protocol

Twenty-seven domestic pigs (German landrace) with
median (range) body weight of 49 (3–66) kg of either sex
were used. The sample size was calculated based on the
assumption that no neurological recovery would occur in
the vehicle group [4], whereas at least 50% of the animals
treated with cEPO-FC or rhEPO, respectively, would
present muscle response score C3 (p \ 0.05, power 80%).
Animals were randomly assigned to receive either rhEPO
[body weight 50 (36–66) kg, male/female n = 3/n = 6],
cEPO-FC [body weight 48 (45–53) kg, male/female
n = 5/n = 4] or vehicle [body weight 49 (44–61) kg,
male/female n = 5/n = 4]. Two doses of iv rhEPO
(5,000 IU kg-1 & 50 lg kg-1) or cEPO-FC (50 lg kg-1)
each were infused twice, i.e., over 30 min immediately
before aortic occlusion and during the first 4 h of reper-
fusion. This EPO dose was chosen because it had yielded
marked neuroprotection in models of spinal cord injury
and cerebral I/R injury [9, 12, 28, 29]. Furthermore, a
similar dose (40 lg kg-1) of both rhEPO and cEPO was
neuroprotective in a rat model of spinal cord hemisection
[30]. The cEPO-FC molecule used is a fusion protein
comprising two rhEPO molecules connected with the Fc
domain of a human antibody IgG1 [14]. Thereafter, this
whole complex is carbamylated until no erythropoietic
potency remains. The same amount of protein was
administered in the cEPO-FC and rhEPO groups, but
taking into account the steric molecular structure and
the molecular weight of cEPO-FC, the number of EPO
subunits administered in the cEPO-FC group was
approximately 44% of that in the rhEPO group. Baseline
data were collected, and immediately after the first rhEPO
or cEPO dose, the balloon catheters were inflated until
disappearance of MAPdistal. To closely mimic the clinical
scenario and based on our previous studies [4, 15, 26, 27,
31], continuous iv nitroglycerin (1.7 mg min-1), esmolol
(16.5 mg min-1), and adenosine-50-triphosphate (ATP,
2–10 mg min-1) were infused and adjusted to main-
tain MAPproximal at 80–120% of the baseline value. To
ensure constant fluid administration, animals received
10 mL kg-1 h-1 Ringer’s solution throughout the whole
experiment. To optimize preload at comparable central
venous pressures, 1,000 mL hydroxyethyl starch was
infused during aortic occlusion. The 30-min aortic
occlusion was chosen because other authors reported
large spinal cord infarction over several segments in pigs
after a clamping period of 60 min or longer [23]. Fur-
thermore, 45 min of ischemia had resulted in marked
ischemic neuron damage (25–40% of all thoracic motor
neurons) in the spinal cord without any functional
recovery at 8 h of reperfusion in our previous study [4].
During reperfusion, continuous iv noradrenaline was
titrated to keep MAPdistal at the level prior to aortic
occlusion. Additional data were collected at 1, 2, 4, and

1527



10 h of reperfusion. Blood samples for measurement of
8-isoprostane, IL-6, and TNF-a levels were taken at 2 and
10 h of reperfusion, because we had observed the most
pronounced effects on these parameters in previous
studies on porcine aortic occlusion-induced I/R injury
[26, 31]. Thereafter, the animals were sacrificed under
deep anesthesia with an additional dose of Na-pentobar-
bitone and intravenous KCl.

Statistical analysis

All data are presented as median (range). After exclusion
of normal distribution using the Kolmogorov–Smirnov
test, data within groups were analyzed using Friedman
repeated-measures analysis of variance on ranks and a
subsequent post hoc multiple-comparison procedure
(Dunn0s method). Differences between treatment groups
at identical time points were analyzed with Kruskal–
Wallis analysis of variance on ranks followed by a
post hoc Dunn test.

Results

Table 1 summarizes the systemic hemodynamics and gas
exchange. According to the protocol, MAPproximal was
maintained at 80–120% of the baseline value during
aortic occlusion without any intergroup difference
[MAPproximal at 15 min of aortic occlusion: vehicle group:
90 (68; 101), cEPO-FC: 91 (73; 100), rhEPO: 84 (74; 97)
mmHg; p = 0.302]. None of the parameters showed any
significant difference between the three experimental
groups at any time point of the experiment, and the total
amount of noradrenaline needed to achieve the hemody-
namic targets during reperfusion did not differ either
[vehicle group: 162 (54; 513), cEPO-FC: 68 (30; 242),
rhEPO: 82 (44; 255) lg kg-1; p = 0.174]. Table 2 sum-
marizes the results of the blood 8-isoprostane, IL-6, and
TNF-a measurements. Levels of 8-isoprostane, IL-6, and
TNF-a were significantly increased at the end of the
reperfusion period in all three groups, but while there was
no significant intergroup difference in the cytokine blood
levels, 8-isoprostane was significantly lower in both the
cEPO-FC and rhEPO groups, respectively (p \ 0.002
versus vehicle group).

The results of the MEP measurements are shown in
Table 3 and Fig. 1. Absolute MEP amplitudes showed a
large interindividual range prior to ischemia (Table 3),
and were significantly depressed during reperfusion. The
depression of the MEP amplitude was significantly atten-
uated, however, in the cEPO-FC and rhEPO groups
(Table 3). Figure 1 shows the MEP amplitude in per-
centage of pre-ischemic value and demonstrates that
cEPO-FC was associated with improved recovery of spinal

cord function at the end of the experiment [vehicle group:
0 (0; 32) %; cEPO-FC 63 (5; 169) %; rhEPO 10 (0; 109)
%; p \ 0.05 cEPO-FC versus vehicle group and rhEPO].
The intensity of the lower limb reflexes (Fig. 2) as asses-
sed by the muscular response score to stimulation with
claw clamping comparably recovered in the cEPO-FC and
rhEPO groups [vehicle group: 0 (0; 4); cEPO: 4 (2; 4);
rhEPO: 4 (0; 4); p \ 0.001 versus vehicle group at 10 h of
reperfusion]. The upper limb response remained normal in
all animals throughout the whole observation period.

The histological evaluation showed that attenuation of
postischemic neurological dysfunction coincided with
significantly less pronounced neuronal damage. Hema-
toxylin eosin and Nissl staining showed cell swelling and
cytoplasmatic vacuolization in both the lumbar and the
thoracic spinal cord slices, indicating marked ischemic
spinal cord injury (Fig. 3a–c). Infiltration of mononuclear
cells was present in a few animals only, without intergroup
difference. Nissl staining allowed quantification of the
number of neurons with ischemic damage: both cEPO-FC
and rhEPO comparably attenuated neuronal injury in the
spinal cord (Fig. 3d), and this protection was similar in the
thoracic [vehicle group: 27 (11; 47); cEPO-FC: 8 (2; 15);
rhEPO: 5 (4; 11)% Nissl-positive cells as fraction of all
cells; p \ 0.05 versus vehicle group] and the lumbar
regions [vehicle group: 26 (16; 41); cEPO-FC: 7 (3; 22);
rhEPO 8 (0; 19) % Nissl-positive cells as fraction of all
cells; p \ 0.05 versus vehicle group]. Post mortem
immune in situ hybridization of spinal cord cross-sections
(TUNEL) did not reveal significant apoptosis activity in
either groups [thoracic region: vehicle group 0 (0; 4),
cEPO-FC 0 (0; 1), rhEPO 0 (0; 19); lumbar region: vehicle
group 0 (0; 0), cEPO-FC 0 (0; 1), rhEPO 0 (0; 1) TUNEL-
positive cells], and there was no significant intergroup
difference. Positive immunohistochemical staining for
activated caspase-3 was nearly completely absent well.

Discussion

The aim of the present study is to test the hypothesis that
cEPO-FC compares favorably with rhEPO in a clinically
relevant porcine model of thoracic aortic balloon occlu-
sion-induced spinal cord I/R injury. The major findings
were (1) that cEPO-FC more effectively restored motor
evoked potentials than rhEPO, whereas (2) the loss of
spinal cord reflexes was comparably improved by the two
drugs. The protective effect on neurological function
coincided with a (3) similar attenuation of ischemic
neuron damage and (4) markers of lipid peroxidation.

While the score of the muscular response to claw
clamping during reperfusion was comparably improved in
the two treatment groups, cEPO-FC more efficiently
restored motor evoked potentials than did rhEPO in
our experiment. A different effect on the systemic
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inflammatory response and/or oxidative stress between
these two compounds can most likely be ruled out: in
contrast to the data recently reported by Nijboer et al.
[13], neither cEPO-FC nor rhEPO affected the rise in IL-6
and TNF-a levels, and the attenuation of the rise in blood
isoprostane levels was comparable. Furthermore, rhEPO
and cEPO-FC treatment resulted in similar protection
against neuronal damage, and infiltration of inflammatory
cells into the spinal cord did not show any intergroup
difference either.

Both cEPO-FC and rhEPO attenuated ischemic neuro-
nal damage in the spinal cord, which coincided with
improved neurological function. These findings are in
contrast with our previous report demonstrating that rhEPO
allowed reduction of spinal cord tissue damage without,
however, any beneficial effect on neurological function [4].
The shorter ischemia period (30 min of aortic occlusion in
the present versus 45 min in the previous study) resulted in
much less pronounced overall neuronal injury damage and
is most likely responsible for this discrepancy; in fact, in

Table 1 Systemic hemodynamic and gas exchange parameters

Before aortic occlusion 1 h reperfusion 4 h reperfusion 10 h reperfusion

Core temperature (�C)
Vehicle 35.4 (34.1; 36.7) 34.6 (34.1; 36.7) 35.3 (34.0; 37.8) 36.6 (33.0; 37.8)
cEPO-FC 35.5 (33.9; 36.4) 35.3 (34.0; 36.2) 35.3 (34.5; 37.0) 36.0 (34.3; 38.5)
rhEPO 35.8 (35.2; 37.3) 35.7 (35.0; 36.8) 35.7 (34.3; 36.6) 35.7 (34.1; 36.8)

Heart rate (beats min-1)
Vehicle 71 (52; 98) 97 (58; 175)# 74 (54; 109) 68 (44; 87)
cEPO-FC 76 (58; 120) 84 (60; 177)# 61 (46; 135) 60 (45; 130)
rhEPO 70 (60; 91) 86 (72; 123)# 63 (55; 87) 59 (45; 65)#

Mean arterial pressure (mmHg)
Vehicle 89 (70; 98) 92 (80; 99) 87 (80; 95) 85 (69; 102)
cEPO-FC 92 (71; 101) 94 (72; 100) 98 (82; 105) 91 (79; 101)
rhEPO 83 (75; 96) 85 (79; 103) 88 (71; 103) 86 (72; 99)

Central venous pressure (mmHg)
Vehicle 12 (6; 12) 11 (6; 14) 11 (7; 13) 10 (7; 13)
cEPO-FC 9 (8; 15) 9 (7; 17) 9 (8; 15) 10 (7; 16)
rhEPO 6 (5; 9) 7 (5; 8) 7 (5; 9) 8 (6; 10)

Cardiac index (mL kg-1 min-1)
Vehicle 124 (80; 234) 156 (109; 345)# 110 (91; 255) 101 (61; 226)
cEPO-FC 138 (86; 158) 168 (116; 228)# 121 (83; 172) 115 (58; 146)
rhEPO 113 (75; 141) 145 (115; 196)# 98 (81; 131) 85 (60; 104)#

Stroke volume (mL kg-1)
Vehicle 83 (74; 106) 89 (78; 116) 85 (67; 125) 80 (44; 120)
cEPO-FC 78 (56; 97) 97 (60; 139) 92 (47; 129) 74 (40; 125)
rhEPO 67 (52; 96) 75 (67; 105) 74 (52; 108) 67 (53; 93)

Global end-diastolic volume (mL kg-1)
Vehicle 695 (621; 1,166) 771 (605; 938) 697 (555; 1,008) 749 (386; 936)
cEPO-FC 685 (454; 1,075) 721 (490; 948) 761 (469; 1,517) 693 (413; 937)
rhEPO 597 (470; 791) 741 (502; 858) 616 (499; 779) 632 (535; 805)

Arterial PO2 (mmHg)
Vehicle 146 (131; 162) 131 (90; 150)# 142 (106; 162) 136 (103; 160)
cEPO-FC 146 (130; 164) 131 (109; 149)# 145 (113; 162) 144 (82; 166)
rhEPO 148 (131; 155) 124 (118; 143)# 141 (132; 155) 143 (132; 157)

Arterial PCO2 (mmHg)
Vehicle 36 (32; 38) 45 (36; 51)# 37 (34; 43) 35 (34; 38)
cEPO-FC 36 (33; 39) 41 (31; 48)# 38 (36; 41)# 38 (37; 45)#

rhEPO 35 (31; 39) 45 (37; 47)# 35 (32; 40) 37 (34; 40)
Arterial pH
Vehicle 7.56 (7.49; 7.6) 7.44 (7.32; 7.54)# 7.52 (7.45; 7.56)# 7.51 (7.47; 7.55)#

cEPO-FC 7.57 (7.54; 7.6) 7.46 (7.38; 7.52)# 7.54 (7.49; 7.55)# 7.50 (7.47; 7.54)#

rhEPO 7.49 (7.4; 7.58) 7.34 (7.24; 7.5)# 7.45 (7.37; 7.56)# 7.42 (7.34; 7.53)#

Arterial base excess (mmol L-1)
Vehicle 10.2 (5.9; 11.9) 5.0 (-2.7; 9.9)# 7.8 (2.0; 10.0)# 5.7 (3.1; 7.0)#

cEPO-FC 10.8 (6.3; 13.1) 4.1 (0.5; 8.6)# 9.3 (7.4; 12.6) 7.3 (4.9; 9.9)#

rhEPO 10.1 (6.6; 13.1) 4.4 (1.8; 8.7)# 8.3 (4.8; 10.0) 7.2 (3.9; 8.3)#

Hemoglobin (g dL-1)
Vehicle 7.6 (6.1; 8.9) 8.1 (6.9; 10.5) 8.3 (6.7; 10.9) 7.9 (7.0; 10.5)
cEPO-FC 7.9 (5.9; 8.5) 7.8 (6.6; 9.0) 7.7 (6.6; 9.1) 7.5 (6.1; 8.3)
rhEPO 8.2 (7.2; 9.4) 9.0 (7.5; 11.0) 8.6 (7.7; 9.6) 8.4 (7.7; 9.5)

All data presented as median (range), n = 9 in each group
# p \ 0.05 versus before aortic occlusion
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the previous study even the rhEPO-treated animals pre-
sented with 25% and 30% Nissl-positive neurons in the
thoracic and lumbar spinal cord, respectively. In the pres-
ent study such a high number of Nissl-positive neurons was
only found in the vehicle group. These animals, however,
did not show any neurological recovery either. It is note-
worthy in this context that immunohistochemical staining
for caspase-3 and TUNEL-positive glia cells were virtually
absent, which is in contrast with previous reports from our

own group [4] and by other authors [32] on porcine spinal
cord I/R and traumatic injury, respectively. Again, the
shorter ischemia may assume importance: in the previous
study we found TUNEL-positive cells in both the thoracic
and lumbar regions after 45 min of spinal cord ischemia,
whereas in another experiment only minor positive TUN-
EL staining was present in the spinal cord after 30 min of
aortic occlusion [26]. The time lag between tissue injury

Table 2 Blood 8-epiprostaglandin F2 (8-isoprostane), interleukin (IL)-6, and tumor necrosis factor (TNF)-a concentrations

Before aortic occlusion 2 h reperfusion 10 h reperfusion

TNF-a (pg gprotein
-1 )

Vehicle 1,289 (673; 1,744) 1,461 (800; 2,012) 2,233 (1,461; 5,824)#

cEPO-FC 1,522 (1,108; 5,455) 1,715 (1,127; 9,350)# 2,304 (1,518; 14,261)#

rhEPO 1,264 (549; 2,343) 1,567 (795; 2,945)# 3,040 (1,348; 4,981)#

IL-6 (pg gprotein
-1 )

Vehicle 0 (0; 15,402) 799 (0; 16,978)# 849 (0; 14,365)#

cEPO-FC 0 (0; 1,938) 1,017 (0; 2,261)# 968 (0; 2,723)#

rhEPO 0 (0; 1,237) 1,001 (0; 5,236)# 1,377 (658; 3,746)#

8-Isoprostanes (pg gprotein
-1 )

Vehicle 1,897 (1,552; 2,418) 2,154 (1,458; 4,099) 2,518 (1,754; 4,334)#

cEPO-FC 1,669 (1,031; 3,163) 1,831 (1,386; 2,484) 1,510 (1,294; 2,193)§

rhEPO 1,447 (1,026; 1,822) 1,814 (1,325; 3,440)# 1,479 (839; 2,023)§

All data presented as median (range), n = 9 in each group, # p \ 0.05 versus before aortic occlusion, § p \ 0.05 versus vehicle group

Table 3 Amplitudes of the motor evoked potentials (MEP) in lV

Before aortic occlusion 1 h reperfusion 4 h reperfusion 10 h reperfusion

MEP amplitude (lV)
Vehicle 2,748 (721; 7,183) 832 (120; 2,683)# 124 (0; 555)# 0 (0; 483)#

cEPO-FC 2,163 (353; 10,766) 1,154 (144; 3,733)# 593 (0; 2,283)# 761 (250; 3,610)#§

rhEPO 3,971 (1,076; 9,250) 2,188 (0; 5,934)#§ 0 (0; 1,826)# 629 (0; 3,959)#§

All data presented as median (range), n = 9 in each group, # p \ 0.05 versus before aortic occlusion, § p \ 0.05 versus vehicle group
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Fig. 1 Amplitudes of the motor evoked potentials (MEP) (in
percentage of pre-ischemia value) in the vehicle (light grey box
plots), cEPO-FC (dark grey box plots), and rhEPO (open box plots)
groups at 10 h of reperfusion. All data are median (quartiles,
range), n = 9 in each group. §p \ 0.05 versus vehicle group,
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vehicle (light-grey box plots), cEPO-FC (dark-grey box plots), and
rhEPO (open box plots) groups. A score of 4 was attributed when
spontaneous movement was present even without claw clamping.
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and organ sampling is also crucial for detection of postin-
jury apoptosis in the spinal cord: while caspase-3-positive
cells were reported 28 days after spinal cord trauma [32],
we hardly found any TUNEL-positive cells 4 h after spinal
cord ischemia [27]. Controversial data are available on the
presence of neuronal apoptosis after spinal cord I/R injury
per se: while TUNEL-positive staining was reported in rats
[33] and rabbits [2, 34], other authors did not find any
TUNEL-positive neurons in swine even at 120 h of
reperfusion [18]. Finally, apoptotic cell death was reported
to assume importance in immature neurons only [35]: we
studied swine aged 18–24 weeks, and to the best of our
knowledge, neuronal apoptosis was only described in
neonatal and infant piglets with maximum age of
4–5 weeks [32, 36].

The cytoprotective effects of rhEPO and its nonhemat-
opoietic derivatives are attributed to various mechanisms
[37], i.e., anti-inflammatory [13, 28], anti-oxidative [13, 29,
38], and anti-apoptotic [8, 9, 28, 38] properties. In our
experiments, neither cEPO-FC nor rhEPO affected the I/R-
induced increase in blood cytokine levels or the mononu-
clear cell infiltration, nor was there evidence of apoptosis in
any of the groups. The significantly lower levels of iso-
prostane, a well-accepted marker of lipid peroxidation [39],
may suggest that cEPO-FC and rhEPO probably exerted
their neuroprotective properties due to attenuation of oxi-
dative stress. Clearly, this systemic anti-oxidative property
of a systemically administered drug does not necessarily

explain a localized protective effect within the spinal cord:
there was no significant relation between the percentage
recovery of MEP amplitude or the lower limb muscle
response score, respectively, and blood isoprostane levels
(coefficient of correlation r = -0.19, p = 0.346, and
r = -0.27, p = 0.171, respectively). Nevertheless, our
findings are in good agreement with previous data on both
rhEPO- and cEPO-induced attenuation of oxidative stress in
rodent models of I/R injury [13, 38]. Finally, Siems et al.
[40] also reported a reduction of blood isoprostane levels in
anemic patients treated with rhEPO.

Limitations of the study

First, during aortic occlusion, we continuously infused
nitroglycerin, esmolol, and ATP in order to control blood
pressure. It could be argued that this pharmacological
intervention influenced our findings, given the beneficial
effect of ATP infusion in experimental I/R injury [41]. It
must be emphasized, however, that the infusion rates of
these drugs were strictly identical in the three groups and
that they were only administered during the 30 min of
aortic occlusion. Therefore, it is unlikely that they pro-
duced major effects that could be evidenced as late as at
10 h of reperfusion. Moreover, a second major limitation
may be related to the duration of the reperfusion period.
In fact, other authors reported evaluation of neurological
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well as quantification of Nissl
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grey box plots), cEPO-FC
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rhEPO (open box plots) groups.
All data are median (quartiles,
range), n = 9 in each group,
§p \ 0.05 versus vehicle group

1531



function and spinal cord histology after 24–120 h of
reperfusion [18, 42]. These studies have demonstrated
that both neurological outcome and tissue damage may
further worsen after the first 10 h of reperfusion [18].
Consequently, we may have missed more pronounced
differences between cEPO-FC and rhEPO, respectively,
than those observed for the motor evoked potentials.

In summary, in a porcine model of aortic occlusion-
induced spinal cord I/R injury we demonstrated that the
newly developed cEPO-FC and rhEPO comparably
attenuated neuronal damage and restored neurological
function. The neuroprotective properties coincided with
similar attenuation of lipid peroxidation, whereas anti-

inflammatory and anti–apoptotic effects most likely did
not assume major importance.
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D, Sönmez U, Orhan YT, Açikel U,
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Wegrzyn M, Jähnig P, Herrmann M,
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B, Möller P, Calzia E, Szabó C,
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