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Abstract

Spinal cord injury (SCI) causes disturbances of motor skills. Free radicals have been shown to be essential for
the development of spinal cord trauma. Despite some progress, until now no effective pharmacological ther-
apies against SCI have been verified. The purpose of our experiment was to investigate the neuroprotective
effects of ebselen on experimental SCI. Twenty-two rats subjected to SCI were randomly subjected to SCI with
no further treatment (n = 10) or intragastric administration of ebselen (10 mg/kg) immediately and 24 hours
after SCI. Behavioral changes were assessed using the Basso, Beattie, and Bresnahan locomotor scale and foot-
print test during 12 weeks after SCI. Histopathological and immunohistochemical analyses of spinal cords and
brains were performed at 12 weeks after SCI. Magnetic resonance imaging analysis of spinal cords was also
performed at 12 weeks after SCI. Rats treated with ebselen presented only limited neurobehavioral progress
as well as reduced spinal cord injuries compared with the control group, namely length of lesions (cysts/scars)
visualized histopathologically in the spinal cord sections was less but cavity area was very similar. The same
pattern was found in T2-weighted magnetic resonance images (cavities) and diffusion-weighted images (scars).
The number of FluoroGold retrogradely labeled neurons in brain stem and motor cortex was several-fold
higher in ebselen-treated rats than in the control group. The findings suggest that ebselen has only limited
neuroprotective effects on injured spinal cord. All exprimental procedures were approved by the Local Animal
Ethics Committee for Experiments on Animals in Katowice (Katowice, Poland) (approval No. 19/2009).
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Introduction

Injury of the spinal cord causes disturbances of both sen-
sory and motor function (Blight, 1983; Basso et al., 1996).
Besides devastating loss of neurons, spinal cord injury (SCI)
activates a secondary cascade of events that induce rapid
oxidative stress and a progressive degeneration of spinal
cord (Kalayci et al., 2005; Baptiste and Fehlings, 2006). It is
still one of the leading causes of disability in Western coun-
tries, especially in young people. The degree of dysfunction
after SCI depends on various factors, such as severity of
trauma, location of the injury, and subsequent degenera-
tive response. The secondary response induces apoptosis,
lipid peroxidation, demyelination, and neuronal loss. Be-
sides the mechanical damage of the spinal cord structure,
free radical species have been shown to be involved in the
pathogenesis of spinal cord trauma (Demopoulos et al.,
1982; Sekhon and Fehlings, 2001; Beattie et al., 2002; Xiong
etal., 2007).

Ebselen (2-phenyl-1,2-benzisoselenazol-3(2H)-one), a
synthetic seleno-organic compound, has been demonstrated
to have antioxidant abilities (Fujisawa and Kadoma, 2005).
Ebselen catalyzes the reduction of reactive oxygen species
(ROS) in a manner similar to glutathione peroxidase which
degrades hydrogen peroxide and organic peroxides in the
brain to the greatest extent (Miiller et al., 1984; Parnham
and Sies, 2013; Ozyigit et al., 2015).

Ebselen can protect cellular components from the oxida-
tive damage via modulation of metalloproteins, enzymatic

cofactors, gene expression, antioxidant and immune mech-
anisms. Also, cell functioning can be altered by ebselen by
changing the thioredoxin pathways (Zhao et al., 2002). Ad-
ditionally, it has low toxicity because ebselen molecule does
not release selenium (Noguchi, 2016). Ebselen attenuates
oxidative DNA damage (He et al., 2007).

Ebselen is lipid-soluble and acts mainly through reaction
with cysteine thiol groups in proteins. That is why clini-
cal trials are currently led to check ebselen applicability in
prevention and treatment of a variety of disorders, such as
stroke, brain injury, cardiovascular diseases, atherosclero-
sis, and cancer (Azad and Tomar, 2014). Ebselen may have
potential neuroprotective effects in animal models of SCI
(Unlu et al., 2002; Kalayci et al., 2005; Jia et al., 2018). Seo
et al. (2009) observed the neuroprotective effects of ebselen
against ischemic in the hippocampal CA1 region after tran-
sient forebrain ischemia.

The aim of our experiment was to study the possible neu-
roprotective effects of ebselen on experimental SCI in rats.

Materials and Methods

Ethics statement

All experimental procedures were performed in the Center
for Experimental Medicine of Medical University of Silesia
in Katowice in accordance with the European Union animal
protection law and approved by the Local Animal Ethics
Committee for Experiments on Animals in Katowice (Kato-
wice, Poland) (approval No. 19/2009).
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Animals

Twenty-five adult (3 months old, weighing 300 g) male Wis-
tar rats (the Center for Experimental Medicine of Medical
University of Silesia in Katowice, Poland) were used. Three
animals were subjected to magnetic resonance imaging
(MRI) to obtain reference images of healthy spinal cords.
Remaining twenty-two animals were subjected to SCI and
randomly divided into two groups: control group (n = 10):
no additional treatment was given after SCI; ebselen group (n
= 12): ebselen treatment was given after SCL.

SCI models

The focal spinal cord injury was produced by means of pressure
impactor; this apparatus allows for achieving a precisely con-
trolled air blast as described previously (Marcol et al., 2012).

Briefly, animals were anesthetized intraperitoneally with
ketamine (100 mg/kg) and xylazine (10 mg/kg) and after
immobilization; T9-11 spinal cord segments were exposed.
A 2-mm hole in the right T10 vertebral arch was carefully
drilled under the stereomicroscope (Nikon, Tokyo, Japan)
to spare the dura. To avoid trepan overheating, cooling with
ice-cold phosphate-buffered saline (PBS) was performed.
Then, impactor tip was carefully positioned inside the hole,
only touching the dura mater but not pressing it and an iso-
lated air blast (150 kPa pressure, 0.1 seconds duration) was
applied. The whole process was recorded by the digital cam-
era paired to the stereomicroscope (Nikon, Tokyo, Japan).
After removal of the tip from the hole, it was sealed with a
bone wax, tissues were sutured in layers, and the wound was
protected with a sterile bandage.

To avoid dehydration, all animals were subcutaneously
injected with 2 mL of sterile saline. Because the autonomic
function of urinary bladder was impaired due to the spinal
shock, it was emptied manually twice a day until the re-
currence of bladder function. To prevent pain, 400 mg of
paracetamol (suspension 125 mg/5 mL) was dissolved in 100
mL drinking water (average drug dosage 200 mg/kg of body
weight daily).

Drug administration

Immediately and 24 hours after SCI, a 0.05% ebselen (Sig-
ma-Aldrich, St. Louis, MO, USA) solution was intragastrically
administered. Prior to administration, ebselen was dissolved
in distilled water to obtain a drug dosage of 10 mg/kg.

Behavioral assessment

All behavioral changes of rats were assessed during 12 weeks
after SCI performed by observers blinded to the experimental
groups. The assessment consisted of gait analysis (footprint
test) and open field test according to the Basso, Beattie, and
Bresnahan (BBB) locomotor scale method (Basso et al., 1996).

Footprint test

Footprint test was carried out at 1, 4, 7, and 12 weeks after
SCI. Animals were examined on a 100-cm long and 7-cm
wide u-shaped track with transparent floor. Footprints ob-
tained in ink tracking tunnels were recorded with digital
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camera and automatically analyzed frame by frame (Catwalk
XT 8.1, Noldus, The Netherlands). One session consisted of
3 consecutive tests per animal. Analysis covered foot rota-
tion angle (the angle made by two lines connecting the third
toe and the stride line at the center of the paw) of the right
hindpaw (ipsilateral to the injury site), and interlimb coor-
dination (smallest distance between the middle point of the
hind paw and forepaw on the same side).

Open field test

This test was carried out on the plexiglas plate. Stepping
ability of each rat was assessed by analyzing the motor func-
tion of joints. In addition, general coordination and stability
of the body were evaluated. The obtained BBB locomotor
rating scale scores ranged from 0 to 22, where 0 meant total
lack of motor abilities and 22 referred to unimpaired loco-
motion (Basso et al., 1995; Karimi-Abdolrezaee et al., 2006).

Neuroanatomical tracing

To check whether and to what extent supraspinal neurons
have regrown their axons into the spinal cord caudally
beyond the injury site, retrograde labeling was applied at
11 week postoperatively. Four animals in each group were
randomly selected (due to limitation of the Ethics Commit-
tee) for this procedure. Ketamine (100 mg/kg) and xylazine
(10 mg/kg) (POLFA Lodz, Warszawa, Poland) were injected
intraperitoneally to anesthetize the animals. Spinal cord seg-
ments below the injury site were exposed by laminectomy.
Ten mm caudally from the injury site, microcrystal of Fluo-
roGold (FG) (Fluorochrome Inc., Englewood, NJ, USA) was
inserted into the tissue. To compare injured and non-injured
spinal tracts, tracer was applied bilaterally. Week later, deeply
anesthetized rats were rapidly perfused with a bolus of cold
PBS and brains were collected. After dehydration in 15% su-
crose, brains were embedded in TissueTek (Sakura, Tokyo,
Japan) (Equimed, Krakow, Poland) and stored in —80°C. Cor-
onal 10-pm sections were cut by means of microtome (Ther-
moScientific, Waltham, MA, USA) and mounted on slides.
Brain stem (red nucleus) and primary motor cortex were
examined under the fluorescent microscope (365 nm, Labo-
phot 2, Nikon, Tokyo, Japan), in every-sixth section (average
20 sections/brain) and photographed. Digitally stored images
were subjected to double-blinded counting of FG-positive
neurons in five areas: four at the corners and one in the center
of the area with highest density of labeled cells. Total number
of cells was counted and the number of cells per mm?2 for
each brain was calculated, and finally averaged for whole -
control or experimental, respectively — group.

Magnetic resonance imaging determination
Three randomly assigned rats from each SCI group, exclud-
ing rats subjected to FG labeling, were subjected to magnetic
resonance imaging (MRI) in the last week of experiment. At
the end of week 12, the spinal cords of rats were collected as
described in next point.

Twelve weeks after SCI, MR images were obtained at the
Institute of Nuclear Physics Polish Academy of Sciences
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(Cracow, Poland) using research MRI scanner, based on 4.7
T horizontal bore magnet (Bruker, Ettlingen, Germany),
and controlled with MARAN DRX digital console (Reso-
nance Instruments Ltd., Tubney Woods, Abingdon, UK).
Locally built measuring probe-head, with surface RF coil
geometrically optimised for shape and size of rat spinal cord
in vivo was used during experiment. Animals were anesthe-
tized with halothane (2%) mixed with air (60%/1.2 L/min)
and oxygen (40%/0.8 L/min). Physiological conditions of
the animal (temperature, respiratory rate and heart rate)
were continuously monitored during examination using
MR-compatible Small Animal Monitoring & Gating System
(SA Instruments, Inc., Stony Brook, NY, USA).

Spin echo pulse sequence was used for acquiring
T2-weighted and diffusion weighted MR images in sagittal
and axial projections. The following parameters of the spin
echo sequence were applied: echo time (TE = 32 ms), repeti-
tion time (TR = 1.8 seconds), field of view (FOV = 2.5 cm),
image matrix size 128 x 128, slice thickness of 1.5 mm. The
signal was accumulated (NA = 6) in order to improve signal-
to-noise ratio.

Diffusion weighted images were obtained with additional
diffusion sensitive gradients (§ = 5 ms and A = 23 ms) add-
ed to the spin echo sequence in transversal and longitudi-
nal directions to the spinal cord axis. In order to optimize
signal-to-noise ratio and thus minimize the examination
time, different values of b-factor were used to assess effect
of diffusion on echo signal: 750 s/mm’ and 1100 s/mm’ for
longitudinal and transversal directions, respectively (Minati
and Weglarz, 2007). The acquisition was both cardiac- and
respiratory-gated to eliminate motion artifacts.

Histopathological procedures

Twelve weeks after SCI, rats were deeply anesthetized with
pentobarbitone sodium (50 mg/kg) intraperitoneally (Biowet,
Pulawy, Poland) and perfused transcardially with 100 mL of
PBS (pH 7.4) followed by 100 mL of 4% paraformaldehyde
solution in the same buffer. Spinal cords were dissected and
2-cm segments covering the injured area were cut out. After
24 hours, tissue was dehydrated (20% sucrose in PBS) at 4°C,
embedded in TissueTek (Sakura, Japan) and then stored in
-80°C. Sagittal or transverse 10 um sections were cut and
mounted on SuperFrost Plus slides (Menzel Glaser, Braun-
schweig, Germany). Slides were stained with 1% toluidine
blue for routine histopathological examination or labeled
immunohistochemically to visualize astrocytes. Slides were
incubated overnight at 4°C with rabbit anti-rat glial fibrillary
acidic portein primary antibody (dilution 1:500; Molecular
Probes - Thermo Fisher Scientific, Waltham, MA, USA). Af-
ter removal of unbound antibodies by triple rinsing in cold
PBS, they were treated with the secondary antibody goat
anti-rabbit IgG conjugated with Alexa Fluor“488 (dilution
1:1000, Molecular Probes, USA). Sections were cover-slipped
in VectaShield with DAPI (Vector, Burlingame, CA, USA)
and examined under confocal laser scanning microscope
FluoView (Olympus, Tokyo, Japan). Digitally stored images
were analyzed. In longitudinal or transverse sections, respec-
tively, the total average length and the sizes of main lesions

(cavity/scar area) were measured using Image Pro Plus soft-
ware (Media Cybernetic, Rockville, MD, USA) calculating
automatically manually outlined contour (delineated by glial
fibrillary acidic portein primary immunostaining) of cavity/
scar lesions located in injured fragment of the spinal cord.

Statistical analysis

Statistical analysis was carried out with SPSS 23.0 software
(IBM, Armonk, NY, USA). Statistical significance was deter-
mined by the Student’s ¢-test (white/grey matter sparing as
well as number of FG-positive cells) or one-way analysis of
variance followed by Tukey’s test (behavioral/MRI studies).
A value of P < 0.05 was considered statistically significant.
All data are presented as the mean + SD.

Results

Behavioral findings

Injury of spinal cord resulted in immediate monoplegia in
all animals, with no visible hindlimb movements. The foot-
print test revealed deterioration in the angle of rotation in
hindlimb in both groups of animals in the 1st week after
SCI. At the end of experiment we observed continuous dete-
rioration of motor skills in the control group. In the ebselen
group at 12 weeks, this parameter decreased only slightly,
showing no statistical significance (Figure 1).

Interlimb coordination in rats treated with ebselen im-
proved significantly at 4, 7, and 12 weeks and was significant-
ly better than that in the control group (P < 0.05; Figure 2).

Analysis of BBB test revealed comparable dynamics of
recovery of motor skills in both groups. One week after
SCI, rats with BBB score lower than 10 showed no sufficient
motor functional recovery. This value did not improve at 12
week after SCI in both groups (Figure 3).

MRI findings

Examples of the MR images of the injured spinal cord are
presented in Figure 4. There were two major types of patho-
logical changes in injured spinal cord white matter: cysts (a
similar size in both groups) appearing as increased signal
intensity in the T2-weighted images and reduced signal in-
tensity in the diffusion-weighted images as compared to the
surrounding tissues, and much less visible scars producing
reduced signal intensity both in T2-weighted and diffu-
sion-weighted images as presented in Figure 4. Quantitative
diffusion tensor imaging can provide information about the
microstructure of nerve tissue and can quantify the patho-
logical damage of spinal cord white matter and gray matter
(Zhang et al., 2015; Liu et al., 2018).

Average value of the longitudinal diffusion coefhicient in
spinal cord white matter (outside of macroscopic changes)
in ebselen-treated spinal cord was equal to 1.85 + 0.05 x 10
mm?®/s as compared to 1.92 + 0.03 x 10° mm?/s for healthy
spinal cord and 1.57 + 0.04 x 10~ mm?/s for injured and not
treated one (P < 0.05; Figure 5).

Histopathological findings
Typical pathological changes observed in both groups

1257



Slusarczyk W, Olakowska E, Larysz-Brysz M, Woszczycka-Korczyniska I, de Carrillo DG, Weglarz WP, Lewin-Kowalik ], Marcol W (2019) Use of
ebselen as a neuroprotective agent in rat spinal cord subjected to traumatic injury. Neural Regen Res 14(7):1255-1261. doi:10.4103/1673-5374.251334

O Ebselen
10 4 = Control

Angle of rotation (degrees)

1 4 7 12
Week(s)

Figure 1 Angle of rotation of the hind paw in spinal cord injury rats
treated (n = 12; at 12 weeks n = 8) or not (n = 10; at 12 weeks n = 6)
with ebselen.

All data are presented as the mean + SD.
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Figure 2 Inter-limb coordination (cm) in spinal cord injury rats
treated or not with ebselen.

All data are presented as the mean + SD. *P < 0.05 (Student’s -test). n =
12 and 10 in the ebselen and control groups, respectively, at 1-7 weeks,
and n = 8 and 6 in both groups at 12 weeks.

14
12 -

10 4

Ebselen
4 =#= Control

BBB scale scores

0 T T T ]
1 4 7 12
Week(s)

Figure 3 Basso, Beattie, and Bresnahan (BBB) locomotor scale scores
after spinal cord injury in rats treated or not with ebselen.

All data are presented as the mean + SD. n = 12 and 10 in the ebselen
and control groups, respectively, at 1-7 weeks, and n = 8 and 6 in both
groups at 12 weeks.

were cysts resembling post-traumatic syringomyelia. These
changes were randomly dispersed in the white matter and at
the border of white and gray matter of the spinal cord (Figure
6). Their number ranged from one to several. In many cases,
only the formation of cystic cavitations in the spinal cord
white matter was found which was confirmed by the diffu-
sion-weighted image MRI with diffusion gradient applied
along slice direction. Sporadically, the presence of scars in
the injured spinal cord was observed. Microcysts with astro-
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Figure 4 Magnetic resonance images from the representative injured
spinal cord after ebselen treatment at 12 weeks.

(A) T2-weighted image. Diffusion-weighted image with diffusion gra-
dient applied along phase direction (B) and (C) slice direction. Scar/
hemorrhage pathological change present in the white matter (indicted
by arrow) and at the border between the white and gray matter of later-
al funiculus of spinal cord (marked with the circle).
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Figure 5 Magnetic resonance imaging - average value of the
longitudinal diffusion coefficient in spinal cord white matter,
respectively, in healthy, ebselen, and control groups.

All data are presented as the mean + SD from n = 3 per group. *P < 0.05

(one-way analysis of variance followed by Tukey’s test).

Figure 6 Microphotographs obtained 12 weeks after spinal cord
injury in rats treated with ebselen.

(A) Spinal cord, toluidine blue staining; numerous cystic cavitations
(vacuolar structures). Lined area of anterior horn of spinal cord; ASA:
anterior spinal artery; arrows: axon spheroids (swollen axons). (B) For-
mation of glial fibrillary acidic portein primary-labeled cavity in the
injured spinal cord ventral white column. Asterisk: microcyst with as-
trogliosis. (C) FluoroGold retrograde labeling of regenerating neurons.
Neuronal cytoplasm is labeled by fluorogold in transverse sections of
the raphe nuclei in the brain stem.

gliosis were observed (Takazawa et al., 2018). The average
areas of cavities in spinal cord were similar in both groups.
This value only slightly decreased in the ebselen group com-
pared with the control group (Figure 7). The total length of
lesion in the spinal cord in the control group was significant-
ly higher than the ebselen group (P < 0.05; Figure 8).

Neuronal tracing findings
Number of FG-positive cells in the brain stem and primary
motor cortex, proving survival of long-tract neurons, was
significantly higher in the ebselen group than the control
group (P < 0.05) (Figure 9).
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Figure 7 Area of lesion cavity 12 weeks after spinal cord injury in
rats treated or not with ebselen.

All data are presented as the mean + SD. n = 8 and 6 in the ebselen and
control groups, respectively.
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Figure 8 Measurement of the length of the spinal cord lesion in rats
treated or not with ebselen.

All data are presented as the mean + SD. *P < 0.05 (Student’s t-test). n
= 8 and 6 in the ebselen and control groups, respectively.
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Figure 9 Number of FluoroGold (FG)-positive brain stem and motor
cortex neurons 12 weeks after spinal cord injury in rats treated or
not with ebselen.

All data are presented as the mean + SD from 4 rats per group. *P < 0.05
(Student’s ¢-test).

Discussion

Our study aimed to investigate the long-term effects of eb-
selen on experimental injury of spinal cord in rats. We ob-
served some improvements in morphological parameters of
lesions in the spinal cord white matter as limiting the length
of lesions without affecting the size. Such damage charac-
terization suggests the occurrence of lesions limited to one
segment but with a larger volume, which would explain the
lack of functional recovery effect expected in the ebselen
group. The explanation may be that the interruption of long
projection tract (e.g. rubrospinal tract) from the brain to the
spinal cord and vice versa at just one spinal cord segment

may result in complete lack of motor recovery. Maintaining
long projection tracts functioning, especially in humans,
is fundamental to a correct gait pattern. It is important to
consider the major differences between the sensorimotor
pathways of rats and humans (Filipp et al.,, 2019). In addi-
tion, what is surprising, in our study we have demonstrated
an increased survival the brain stem as well as motor cortex
neurons, however without restoration of motor function,
which is in opposition to a previous report (Marcol et al.,
2017). It might indicate that motor defects following spinal
cord injury do not involve axons of supraspinal neurons but
are rather the effect of damage of other, more local, nerve
circuits. The location of microcysts in our study was acci-
dental and concerned very different nerve pathways. Based
on our study, we can only speculate about neuroprotective
effects of ebselen on oligodendrocyte whose increased sur-
vival could have some impact on the limitation of secondary
destruction of axons as well as spinal cord cavitation. The
only clearly visible improvement seen in neurobehavioral
tests referred to interlimb coordination which is very com-
plex parameter and may be rather related to the increase in
neuronal plasticity of spinal cord or/and cerebral neurons.
These unsatisfactory results of functional recovery may be
also caused by a relatively weak permeability of ebselen and
a time of the drug administration with respect to the long-
term observation. Additionally, application of this unique
experimental method does not allow us to precisely compare
our findings with results of other experiments in SCL

Ebselen is the radical scavenger with strong antioxidant
and anti-inflammatory properties (Satoh et al., 2004). Be-
cause of these effects, ebselen may be protective against sec-
ondary injury to the nervous system and not only neurons
but also oligodendrocyte cells (Gilgun-Sherki et al., 2002;
Santofimia-Castafio et al., 2016). The concept that a delayed
wave of oligodendrocyte apoptosis occurs in the spinal cord
white matter after traumatic insults suggests that poor my-
elination of axons can persist after spinal cord injury. Such
axons can be functionally impaired for a very long time.
Therefore, further intensive studies are needed to identify
the mechanisms responsible for delayed oligodendrocyte
death and to find a way for effective prevention of them (Liu
et al, 1997). Only a limited number of studies on the appli-
cation of ebselen in spinal cord injury have been published.
The first article evaluating the influence of ebselen on regen-
eration of spinal cord was published in 2002 by Unlu et al.
However, authors have not performed behavioral studies;
they have only assessed the biochemical and morphological
parameters. They demonstrated that application of a single
dose of ebselen 1 or 12 hours after trauma increased the
level of superoxide dismutase, but did not limit the lipid
peroxidation which was essential for the preservation of cell
membrane integrity (Unlu et al., 2002).

In another study, Kalayci et al. (2005) investigated the
possible beneficial effects of ebselen in comparison with
methylprednisolone in experimental rat models of SCI. SCI
was performed by placement of an aneurysm clip, extradu-
rally at the level of T11-12, and then rats received methyl-
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prednisolone (30 mg/kg) or ebselen (10 mg/kg) intraperito-
neally. After 24 hours, all rats were neurologically examined
and spinal cord tissue samples have been harvested for both
biochemical and histopathological evaluation. The results
showed that methylprednisolone and ebselen treatment
decreased tissue levels of malondialdehyde and protein
carbonyl, and prevented inhibition of the superoxide dis-
mutase, glutathione peroxidase and catalase. The authors
concluded that treatment with ebselen might have potential
benefits in spinal cord damage.

The influence of ebselen on mitochondrial function 3 days
after acute SCI was examined by Jia et al. (2018). They found
that mitochondrial apoptosis was reduced, probably via an-
tioxidant action of the drug, delivered in the same dose as in
our experiment, daily three times after weight-drop induced
SCI. Authors also have examined motor function using BBB
scale and found significant improvement in the ebselen
group 14 days after the injury. Our results showed no signif-
icant differences between groups, however the final maximal
value in ebselen group is very similar to these reported by Jia
et al. This may indicate that protective effects of ebselen are
not persistent long time after its administration.

In our study, we used a quite different model of SCI.
This novel method is less invasive than clip compression or
weight-drop and does not require laminectomy. Addition-
ally, a precise stream of air under pressure allows for graded
white matter spinal cord injury (Marcol et al., 2012).

Ebselen was also administered in various experimental
models of brain injury. Dawson et al. (1995) showed that
oral or intravenosus ebselen administration before occlu-
sion of middle cerebral artery in rats reduced the volume of
ischemic damage in the cerebral hemisphere and cerebral
cortex (Imai et al., 2001, 2003). Wei et al. (2014) investigated
the neuroprotective effects of ebselen on traumatic brain
injury in rats using a modified weight-drop model. Authors
revealed that ebselen application significantly ameliorated
the neurological deficit in rats after traumatic brain injury in
dose-dependent manner, and might be effective in treatment
of traumatic brain injuries. Takasago et al. (1997) showed
that intragastric administration of ebselen at lower dose (10
mg/kg) significantly reduced the area of infarction in the
hemisphere and cerebral cortex. The neuroprotective effica-
cy of the higher dose of ebselen (40 mg/kg), however, was
less than that of the lower dose.

Watanabe et al. (1997) evaluated the efficacy of ebselen
in protection of vasospasm after subarachnoid hemorrhage
(SAH). Ebselen at high dose (50 mg/ kg) was administered
twice a day for 7 days in dogs subjected to SAH. The authors
showed that treatment with ebselen ameliorated delayed
cerebral vasospasm detected angiographically. Similarly,
Gul et al. (2010) investigated the neuroprotective effects of
ebselen in comparison with nimodipine in rats after SAH.
One hour after trauma, one group of animals received ni-
modipine at 6-hour intervals and the second group received
ebselen twice a day for 48 hours. The results showed that
ebselen in comparison with nimodipine diminished malo-
nyldialdehyde concentration and superoxide dismutase ac-
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tivity and prevented the vasospasm of the basilar artery. The
authors concluded that treatment with ebselen might have
neuroprotective effects by preventing the occurrence of va-
sospasm. Also Aras et al. (2014) and Imai et al. (2001) inves-
tigated the effects of ebselen treatment on ischemia/reperfu-
sion injury in rat brain. They revealed, by histopathological
examination, that ebselen had a neuron-protective effect due
to its antioxidant properties in brain tissue.

Similarly, Ozyigit et al. (2015) investigated the neuropro-
tective effects of pre-treatment with two doses of ebselen in
rats subjected to experimental sciatic nerve ischemia/reper-
fusion injury. The authors revealed that a 15 mg/kg dose
of ebselen administrated intraperitoneally 24 hours before
the ischemia/reperfusion had remarkable protective effects
against sciatic nerve injury proved by histopathologic and
immunohistochemical examinations, while administration
of ebselen at dose of 30 mg/kg had no effect in protecting
the sciatic nerve against ischemia/reperfusion injury.

Based on encouraging evidence of the neuroprotective
effects of ebselen in animal models, Saito et al. (1998) per-
formed a randomized clinical study in 286 patients with
SAH. The authors showed that oral administration of eb-
selen (150 mg, twice a day) did not affect the incidence of
vasospasm but significantly ameliorated delayed ischemic
neurological deficits, reduced volume of subsequent cerebral
infarction, and improved clinical outcomes.

We conclude that neuroprotective activity of ebselen had
limited positive impact on regeneration of the injury in the
spinal cord white matter in rats in our study. We applied
the same dose of ebselen like other experimenters (Takasago
et al., 1997; Kalayci et al., 2005; Gul et al., 2010; Aras et al.,
2014; Jia et al., 2018), but further investigations should be
performed to identify an optimal dose of ebselen as well as
the time of administration that may provide the best neuro-
protective effects on SCI.
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