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Abstract

Background Darbepoetin-alpha (DA) is a novel erythropoiesis-
stimulating agent developed for treating anemia. In animal
models, recombinant human erythropoietin has been reported
to be beneficial for neuroprotection. In this study, we determined
whether DA would protect the spinal cord against ischemia-
reperfusion injury in a rabbit model.

Methods Forty rabbits were randomized into five groups of
eight animals each: group 1 (sham), group 2 (ischemia), group
3 (vehicle), group 4 (30 mg/kg methylprednisolone), group 5
(30 pg/kg DA). Only laparotomy was performed in the sham
group. In all the other groups, the spinal cord ischemia model
was created by a 20-min occlusion of the aorta just caudal to
renal artery with an aneurysm clip. The drugs were
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administered immediately after the clamp was removed. The
animals were killed 24 h later. Spinal cord segments between
L2 and L5 were harvested for analysis. Neurological evalua-
tion was performed with the Tarlov scoring system just before
the animals were killed. Level of tissue malondialdehyde was
analyzed as a marker of lipid peroxidation and tissue caspase-
3 activity as a marker of apoptosis. Also, histopathological
evaluation of the tissues was performed.

Results Both malondialdehyde and caspase-3 levels were
significantly decreased by DA administration. Histopatho-
logical evaluation of the tissues also demonstrated decrease
in neuronal degeneration and infiltration parameters after
DA administration. In the DA group, neurological outcome
scores were statistically significantly better compared with
the ischemia and the vehicle groups.

Conclusions Although further studies considering different
dose regimens and time intervals are required, DA was
shown to be at least as effective as methylprednisolone in
spinal cord ischemia/reperfusion model.

Keywords Darbepoetin-alpha - Spinal cord - Ischemia
reperfusion - Neuroprotection

Introduction

Spinal cord injury (SCI) may have either traumatic or non-
traumatic origin; both of them often lead to devastating dys-
function and disability. The neurological damage at the time of
insult is called “primary injury”. After primary injury, endog-
enous substances cause additive damage, which is called
“secondary damage”. Inflammation and free radical formation
play an important role in pathological mechanisms involved in
secondary damage [11, 16, 21]. Ischemic injury, which is
aggravated by reperfusion, results in lipid peroxidation and

@ Springer



1038

Acta Neurochir (2012) 154:1037-1044

further degeneration [7, 30]. Glutamate-mediated excitotoxic-
ity, formation of reactive oxygen species and lipid peroxida-
tion are important events contributing to neuronal dysfunction
and cell loss following traumatic and ischemic injury to the
central nervous system [2, 17].

After thoracic or abdominal aorta surgery, there is a well-
known risk of paraplegia due to SCI caused by ischemia/
reperfusion (I/R) [18]. It is thought to be caused by the lower-
ing or blockage of blood flow from the intercostal arteries to
the spinal cord [45]. There are various agents and methods
used for spinal cord protection during the ischemic period.

Erythropoietin (EPO) is a glycoprotein hormone that is
the primary regulator of erythropoiesis [26]. Recombinant
human erythropoietin (rHuEPO) has been used to treat
anemia associated with chronic renal failure, chemotherapy
for cancer patients, and HIV infections [31]. EPO is neuro-
protective in a variety of rodent models of hypoxic/ischemic
central nervous system disorders [35, 37, 42]. Darbepoetin-
alpha (DA) is a novel erythropoiesis-stimulating agent with
additional sialic acid-containing oligosaccharide compared
with EPO, and an extended circulatory half-life, and in-
creased in vivo biological activity [12]. DA is now being
used extensively to treat anemia associated with chronic
renal failure and chemotherapy [34, 40]. Because DA acti-
vates the EPO receptors (EPO-R), here we have hypothe-
sized that it should also confer neuroprotection in I/R model
of the spinal cord.

Materials and methods
Experimental groups

All experimental procedures used in this investigation were
reviewed and approved by the ethical committee of the
Ministry of Health Refik Saydam Hifzissiha Institution.
Forty adult male New Zealand white rabbits, weighing
2,500-3,850 g, were divided randomly into five groups of
eight rabbits each:

Group 1 Sham group (n=8); laparotomy only. Rabbits
underwent laminectomy and non-ischemic spinal
cord samples were obtained immediately after
surgery.

Ischemia group (n=8). Rabbits underwent tran-
sient global spinal cord ischemia. After laminec-
tomy, spinal cord samples were removed 24 h
post-ischemia.

Vehicle group (n=8). As for group 2, but rabbits
received 2 ml vehicle solution (saline) intrave-
nously immediately after the clamp was removed.
Methylpredinisolone (MP) group (n=8). As for
group 2, but rabbits received a single intravenous

Group 2

Group 3

Group 4
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dose of 30 mg/kg MP (Prednol, Mustafa Nevzat,
Turkey) immediately after the clamp was removed.
DA group (n=8). As for group 2, but rabbits
received a single intravenous dose of 30 pg/kg
DA (Aranesp, Amgen Europe, Netherlands)
immediately after the clamp was removed.

Group 5

Anesthesia and surgical procedure

The animals were kept at optimal (18-21°C) room temper-
ature and fed with the standard diet, where a 12-h light—dark
cycle was implemented. Free access to food and water was
allowed. The animals were anesthetized by intramuscular
administration of 70 mg/kg ketamine (Ketalar, Parke Davis
Eczacibasi, Turkey) and 5 mg/kg xylazine (Rompun, Bayer,
Turkey) and allowed to breath spontaneously. Body temper-
atures were measured and maintained at 37°C with a heating
pad. Animals were placed in the supine position. After
sterile preparation, a 10-cm midline incision was made and
the abdominal aorta was exposed through a transperitoneal
approach. Heparin (150 U/kg) was administered through the
intravenous route 5 min before clamping for anticoagula-
tion. Approximately 1 cm below the renal artery, the aorta
was clamped using an aneurysm clip of 70 g closing force
(Yasargil, FE721, Aesculap, Germany) under a surgical
microscope. Cross clamp time was 20 min. At the end of
the occlusion period, the clips were removed and restoration
of blood flow was visually verified. The drugs were admin-
istered immediately after the clamp was removed. Free
access to food and water was allowed 2 h after the operation.
Crede’s maneuver was performed on animals with neuro-
genic bladder at least two times a day. The animals were
killed 24 h after operation by injection of pentobarbital
(200 mg/kg); then, spinal cord segments between L2 and
L5 were removed by carefully performed laminectomy for
biochemical and histopathological analysis.

Caspase-3 activity

Tissues were homogenized in physiological saline (1 g in
5 ml) and centrifuged at 4,000 g for 20 min. The upper layer
of clear supernatant was removed and used in the analyses.
Before analysis, the supernatant samples were adjusted so
that they contained equal protein concentrations. The pro-
tein concentrations of the supernatant samples were mea-
sured using the Lowry method. The Lowry method depends
on the reactivity of the nitrogen in peptides with copper ions
under alkaline conditions and the subsequent reduction of
the Folin-Ciocalteau phosphomolybdic-phosphotungstic ac-
id to heteropolymolybdenum blue by the copper catalyzed
oxidation of aromatic amino acids. Absorbance measure-
ments were made at 700 nm using a spectrophotometer.
The protein concentration of the sample was determined
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using a protein calibrator. The caspase-3 activity of the
tissue samples was measured using the Caspase-3 Colori-
metric Detection Kit (907-013; Assay Designs, Ann Arbor,
MI, USA). The kit involves the conversion of a specific
chromogenic substrate for caspase-3 (acetyl-Asp-Glu-Val-
Asp-p-nitroanilide), followed by colorimetric detection of
the product (p-nitroaniline) at 405 nm. The absolute value
for caspase-3 activity can be determined by comparison with
a signal given by the p-nitroaniline calibrator. Activity
measurements were quantified by comparing the optical
densities obtained with standards with the p-nitroaniline
calibrator. One unit of caspase-3 activity was defined as
the amount of enzyme needed to convert 1 pmol of substrate
per min at 30°C. The results were expressed as U/mg
protein.

Tissue malondialdehyde (MDA) analysis

MDA is formed from the breakdown of polyunsaturated
fatty acids, and serves as an important and reliable index
for determining the extent of peroxidation reactions [30].
Tissue MDA levels were determined by a method based on
the reaction with thiobarbituric acid (TBA). Briefly, the
samples were mixed with two volumes of cold saline solu-
tion containing 0.001% butylated hydroxytoluene (BHT)
(200l 0.01% BHT solution in methanol) and 0.07% sodi-
um dodecyl sulfate (SDS) (20ul 7% SDS). Then 1-ml
samples were added to 500 pl 0.01 M NH,SO,4 and 500 pl
thiobarbituric acid reagent (0.67% thiobarbituric acid in
50% aceticacid) to precipitate protein. The samples were
heated in boiling water for 60 min. After cooling, an equal
volume (2 ml) of n-butanol was added to each test tube and
mixed. The mixture was centrifuged at 4,000 rpm for 10 min
at room temperature. The absorbance of the organic layer in
1 ml cell was read at 535 nm (Molecular Devices Corpora-
tion, Sunnyvale, CA, USA). MDA concentrations were
expressed as nmoles per gram tissue wet weight.

Histopathology

The cord specimens obtained at 24 h post-injury were pre-
pared for histological study. Each cord segment was im-
mersed in 4% paraformaldehyde in 0.1 mol/l phosphate
buffer and stored at 4°C. The species were then embedded
in paraffin, cut into sections of 5 pm thickness, and stained
with hematoxylin-eosin (H&E). The specimens were exam-
ined under a light microscope by a neuropathologist, who
was blinded to the study design.

Neurologic evaluation

Neurologic status of the animals was scored by assessment
of hind-limb neurologic function 24 h after the procedure,

using the modified Tarlov Scoring System [23]. A score of 0
to 5 was assigned to each animal as follows: 0, no voluntary
hind-limb movement; 1, movement of joints perceptible; 2,
active movement but unable to sit without assistance; 3, able
to sit but unable to hop; 4, weak hop; 5, complete recovery
of hind-limb function.

Neurologic evaluations were performed by a medical
doctor who was blinded to the experimental groups.

Statistical analysis

All data collected were coded, recorded and analyzed using
SPSS 10.0.1 for Windows (SPSS, Chicago, IL, USA). All
data are presented as mean = standard error (SE). One-way
analysis of variance (ANOVA) for parametric data was used
for comparing differences between two or more groups.
Tukey’s test was used to determine differences between
groups.

The differences among the groups in terms of Tarlov
scores were determined by nonparametric statistical analysis
using the Kruskal-Wallis test. A p value less than 0.05 was
considered statistically significant.

Results
Caspase-3 activity

There were statistically significant differences between the
control and both the ischemia and the vehicle groups with
regard to mean caspase-3 activity (p<0.01); however this
data showed that I/R injury clearly elevated caspase-3 ac-
tivity in the damaged tissue. When the DA group was
compared both with the ischemia and the vehicle groups,
there were a statistically significant decrease in caspase-3
levels were determined (p<0.01). As in the DA group, the
MP group also showed a statistically significant decrease in
caspase-3 levels (p<0.01). This data concluded that both
MP and DA prevented an increase in caspase-3 activity and
effectively inhibited apoptotic cell death. There was no
statistically significant difference between the MP and the
DA groups (p=0.563). The difference between the vehicle
group and the ischemia group was not statically significant
(»p=0.115). Also, the difference between the DA group and
the sham group was statically significant (p<0.01) (Fig. 1).

MDA analysis

When mean tissue MDA levels were compared between the
control and both the ischemia and the vehicle groups, there
were statistically significant differences observed (p<0.01);
so we concluded that after I/R injury, due to elevated lipid
peroxidation, tissue MDA levels were increasing. When we

@ Springer



1040

Acta Neurochir (2012) 154:1037-1044

600

500

400 -

300

200 -

100 '
0

Sham Ischemia Vehicle

Caspas-3 (IU)

Fig. 1 Tissue caspase-3 activity in study groups. Values are expressed
as a mean + SD (D4 darbepoetin-alpha, MP methylpredinisolone)

compared the ischemia and the vehicle groups with the DA
group, there were statistically significant differences were
observed (p<0.01). As in the DA group the comparison
between the MP and both the ischemia and the vehicle
groups, there were statistically significant differences were
also observed (p<0.01). These data showed that both MP
and DA prevented spinal cord tissues from an increase in
MDA levels. The DA group had lower mean tissue MDA
levels (0.4+0.17) compared with the MP group (0.6+0.08);
but this difference was not statistically significant (p=
0.093). The difference between the vehicle group and the
ischemia group was not statically significant (p=0.211).
Also, the difference between the DA group and the sham
group was statically significant (p<0.01) (Fig. 2).

Histopathology

Light microscopic examinations of the spinal cord samples
from the sham group were normal (Fig. 3a). Both in the
ischemia (Fig. 3b) and the vehicle groups, diffuse hemor-
rhage and congestion in the gray matter were observed at
24 h after I/R injury. There were marked necrosis and
widespread edema in both white and gray matter. In the
damaged portion there were infiltrating polymorphonuclear
leukocytes, lymphocytes, and plasma cells. Neuronal pyknosis,
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Fig. 2 Tissue MDA levels in study groups. Values are expressed as a
mean + SD (DA darbepoetin-alpha, MP methylpredinisolone)
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a loss of cytoplasmic features and cytoplasmic eosinophilia
were also observed both in the ischemia and the vehicle groups.
In the DA group, the cord tissues were protected from I/R
injury, as in the MP group (Fig. 3c, d).

Tarlov score

The mean Tarlov score of the DA group (2.8+£0.4) was
significantly higher than both the ischemia (0.4+0.5) and
the vehicle groups (0.2+£0.4) (p<0.01). The mean Tarlov
score of the MP group was 2.440.5, and this value was
significantly higher than both the ischemia and the vehicle
groups (p<0.01). There was no statistically significant dif-
ference between the DA and the MP groups.

Discussion

Recombinant human EPO has been shown to be an exceed-
ingly safe drug, which has been used more than 15 years for
treatment of anemia. About a decade ago, it was generally
believed that EPO acts only on erythroid precursor cells, but
because erythropoietin receptors (EPO-R) have been found
in many other tissues, including brain, spinal cord, heart and
testis, there is an emerging consensus that EPO may help
nonerythroid cells to survive and proliferate [27, 46]. EPO
has been showed to have antiapoptotic, antioxidant, antiin-
flammatory and angiogenic effects, which are providing
tissue protector effects [1]. The neuroprotective effect of
EPO has been demonstrated in numerous experimental stud-
ies [22, 32, 36, 37, 42]. Also, EPO administration to the
patients with ischemic stroke showed significant improve-
ment in clinical outcome and reduced the infarct size [13].
There are several studies showed that EPO administration
reduces injury caused by I/R of the spinal cord [6], eye [21],
gut [43], lung [47], and liver [41] in animals. As a result, it is
increasingly agreed that EPO has potent tissue protective
effects. The exact mechanism of the EPO’s protective effect
against I/R injury is not fully understood. The receptor
associated tyrosine kinase (jaus-kinase 2) is the main intra-
cellular pathway for the effect of EPO on hematopoiesis and
neuroprotection [9, 25]. Evidence from recent animal stud-
ies has shown that EPO reduces apoptosis via Akt-mediated
pathway involving a decrease in active caspase-3 [5, 33, 44].

The EPO analogue, DA, is an erythropoiesis-stimulating
agent that exerts similar physiological responses by affect-
ing EPO-R [12]. Convincing evidence is available that DA
as well as EPO acts as a neurothrophic and neuroprotector in
the brain. Banks et al. [3] reported that DA crosses the
blood—brain barrier by way of the extracellular pathways
in amounts that could account for the neuroprotective effect.
In animal studies, both agents have been reported to be
beneficial in treating global and focal ischemia, reducing
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Fig. 3 Photomicrographs of 5— ‘a
um-thick spinal chord tissue
sections from the different
treatment groups (H&E, x10
obj.). a Sham group, showing
regular spinal cord parenchyma.
b Ischemia group, showing
degenerated neurons (hollow
arrows) in the edematous
surface. ¢ MP group, showing
less edema and degenerated
neurons (hollow arrows); note
the normal appearing neurons
(filled arrows). d B
Photomicrograph of the DA
group, showing less
degenerated neurons (hollow Airg
arrows), and more normal » G sanGs :
appearing neurons (filled WS ELE T i~
arrows). The cord tissues were 2 .

well protected from injury }

nervous system inflammation and improving neurological
outcome [4, 6, 37, 42]. As an EPO-derivate agent, we
hypothesized that DA may have neuroprotective effects on
I/R model of the spinal cord. The rabbit aortic cross clamp-
ing method, which we used, is a useful method for this
research, and the ischemic period of 20 min was chosen in
order to achieve enough injury [48]. DA had demonstrated
its protective effects against myocardial ischemia when
infused both during the clamping, post clamping and also
24 h after reperfusion. The dosage of the DA used in this
study was obtained from the past studies [15].

Necrosis and apoptosis are the other two major pathways
of neuronal death resulting from I/R injury [38]. Acute
ischemia usually leads to necrosis because of a reduction
in spinal blood flow accompanied by depletion of adenosine
triphosphate reserves and the development of edema [19,
38]. Although it has been showed that mild or severe I/R
injury triggers apoptosis, which leads to later cell death [20,
28]. Apoptosis is activated by cysteine protease family
known as capases [14]. Caspase-3 is an interleukin-
converting enzyme, and has been suggested to be the prin-
cipal effectors in the mammalian apoptotic and inflammato-
ry pathways [24]. Sakurai et al. [38] demonstrated an
increase in caspase-3 immunoreactivity in the motor neu-
rons of the spinal cord after 15 min of ischemia. As a result
of ischemic events, the peak increase in caspase-3 induction
triggers DNA fragmentation [28]. DNA fragmentation and
apoptotic cells have also been identified in the ischemic
hemisphere after focal and forebrain ischemia [29]. All these
past studies identified the caspase-3 activity as a reliable
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method in reflecting the apoptotic activity of I/R injury. It
has also been shown that apoptosis has occurred at 24 h
after I/R injury [10]. In the present study, we demon-
strated that I/R injury increased tissue caspase-3 activity
in the spinal cord of the both ischemia and vehicle
groups when compared with the sham group, which is
consistent with previous observations [10, 18, 38]. In
this study, we demonstrated that both DA and MP have
statistically significant effects on lowering caspase-3
activity when compared with the ischemia and the ve-
hicle groups, so we showed that DA and MP have
antiapoptotic effects.

The central nervous system consists largely of lipids,
which are easily damaged by free-radical-induced lipid per-
oxidation [39]. Following spinal cord ischemia and during
reperfusion, lipid peroxidation occurs within the cell mem-
brane. However, lipid peroxidation is recognized as one of
the main pathophysiological mechanism involved in sec-
ondary damage [8]. MDA is formed from the breakdown
of polyunsaturated fatty acids, and serves as an important
and reliable index for determining the extent of peroxidation
reactions. MDA rises after spinal cord ischemia, demon-
strating lipid peroxidation, which is thus considered to be
evidence of reperfusion injury [35]. Our study showed that,
after I/R injury, levels of MDA had dramatically increased
in the both ischemia and vehicle groups when compared
with the sham group. When compared with the ischemia and
the vehicle groups, a statistically significant effect of DA
and MP on lowering MDA levels after I/R injury has been
shown in this study.
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Histopathological evaluation includes neuronal and axo-
nal damage and microglia infiltration. The sham group had
normal spinal cords. Both in the ischemia and vehicle
groups, diffuse hemorrhage, congestion, neuronal and axo-
nal damage in the gray matter were observed at 24 h after I/
R injury. Both the DA and the MP groups showed better
morphological results compared with the ischemia and ve-
hicle groups. These results suggest that DA and MP have
beneficial effects on preserving normal spinal cord morphol-
ogy, both by reducing lipid peroxidation and inhibiting
apoptotic events.

We found that aortic clamping caused paraplegia in
almost all animals in the ischemia and the vehicle
groups. DA and MP infusions previous to I/R injury
protect the spinal cord, which was shown by improved
neurological function, determined by Tarlov scores.

Conclusions

In conclusion, neurological outcome, histopathological
and biochemical analysis revealed that DA exhibits
meaningful neuroprotective activity over I/R injury of
the spinal cord. DA is shown to be at least as effective
as MP; so we propose that the DA treatment could be
useful in I/R injury.

However, this study has some limitations. The num-
ber of rabbits in each group and the time period for
neurological assessment may be augmented; and the
dose-dependent results may be investigated; with
delayed neurological and histopathological assessment
(more than 24 h) of the I/R injury of the spinal cord
will increase DA’s value in treatment. Also, precondi-
tioning in a similar model may have additive effects.
Further studies based on our findings may be more
helpful for investigating this promising medication for
I/R injury of the spinal cord.

Conflicts of interest None.
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Comment

Although historically used for the treatment of anemia, EPO has
emerged as a neuroprotective agent in different conditions of neuronal
damage (traumatic brain injury, ischemia, spinal cord compression,
peripheral neuropathy, retinal damage, epilepsy, and Parkinson’s dis-
ease, among others). The neuroprotective effect has been reported in a
large number of studies, with some controversies.

The authors used darbepoetin, an erythropoietic derivative of EPO,
of which much fewer studies are available. As stated by the authors,
this derivative of EPO has an extended circulatory half-life and in-
creased in vivo biological activity compared with EPO. This enhanced
erythorpoietic activity is, however, considered detrimental by most
researchers. A major concern is the risk of thrombosis after the admin-
istration of multiple doses of this glycoprotein. The risk in a single
administration model, like that proposed in this study, should be less
relevant. Nonetheless, the tissue-protective functions of EPO have
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been separated from its hematopoietic actions, leading to the develop-
ment of EPO derivatives and mimetics. Many studies are focusing on
non-erythropoietic erythropoietin derivatives, investigating their anti-
apoptotic potential and anti-inflammatory function as well as their role
in restoring vascular integrity. Carbamylated erythropoictin (CEPO)
and asialo erythropoietin (asialoEPO) are structural derivatives of EPO
that have no effect on erythrocyte mass, whereas they maintain a
neuroprotective capability.

Alfredo Conti

Messina, ITALY

@ Springer

Comment

The authors describe a well-designed experiment which demonstrates
the neuroprotective activity of an EPO analogue. The efficacy was
similar to MP in this rabbit model. The results may be of interest to
vascular surgeons and may lead to further research using the compound
in traumatic spinal cord injury.

Daniel Resnick

Wisconsin, USA
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