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a b s t r a c t

Reactive oxygen species (ROS) have been implicated in the pathogenesis of spinal cord injury after both
ischemia–reperfusion (I/R) and trauma. This experimental study was designed to investigate the poten-
tial effects of infliximab, an anti-tumor necrosis factor-a agent, on I/R injury of the rabbit spinal cord.
Eighteen New Zealand white rabbits were divided into three groups, each consisting of six rabbits: sham
(no I/R), I/R, and infliximab (I/R + infliximab). Spinal cord ischemia was induced by applying an infrarenal
aortic cross clamp for 30 minutes. At 48 hours after ischemia, animals were functionally evaluated using
the Tarlov score. Changes in the spinal cord were observed by measuring tissue levels of malondialde-
hyde (MDA), glutathione (GSH), advanced oxidation protein products (AOPP), and superoxide dismutase
(SOD) and by evaluating hematoxylin–eosin-stained sections. At 48 hours after ischemia, the Tarlov
scores in the infliximab group were higher than those of the I/R group, MDA and AOPP levels in the I/R
group were significantly higher than those in the sham and infliximab groups (p < 0.05), and SOD levels
in the infliximab group were significantly higher than those in the I/R and sham groups (p < 0.05). The
sham group had higher GSH levels than the infliximab group; however, the difference was not statisti-
cally significant (p > 0.05). Histological examination revealed that the infliximab group had significantly
less vascular proliferation, edema, and neuron loss than the I/R group. These results indicate that inflix-
imab may protect the spinal cord against injury in a rabbit I/R model.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

After repair of thoracoabdominal aortic aneurysms or dissec-
tion, paraplegia can develop as a result of delayed neuronal cell
death after ischemia–reperfusion (I/R) injury to the spinal cord.1

Neuronal injury following reperfusion is caused by production of
free radicals during the reperfusion phase. Various treatments
including drug administration and cerebrebro spinal fluid drainage
have been used to increase distal aortic perfusion and to reduce
spinal cord injury (SCI) after aortic surgery, although no method
has been completely successful in preventing SCI and neurological
complications.2

Infliximab is a chimeric human immunoglobulin G1 (IgG1) with
a mouse variable fragment (Fv) and a high affinity for tumor necro-
sis factor (TNF)-a.3 Infliximab has been shown to inhibit functional
TNF-a activity in a variety of in vitro bioassays using human fibro-
blasts, endothelial cells, neutrophils, lymphocytes, and epithelial
cells.4 In vivo, infliximab is indicated for the treatment of rheuma-
ll rights reserved.
tologic, gastrointestinal, dermatologic, and chronic ocular diseases.
Moreover, recent studies have described its efficacy in the treat-
ment of SCI.5 Thus, we investigated whether infliximab has func-
tional, biochemical, and/or histological protective effects in an
experimental model of SCI.
2. Materials and methods

2.1. Rabbit model

All experimental procedures and protocols used in this investi-
gation were reviewed and approved by the Animal Research Com-
mittee of Gazi University. Eighteen adult male New Zealand albino
rabbits weighing between 2.0 and 2.5 kg were used. All animals
were neurologically intact before the experiment began.

2.2. Experimental groups

The 18 animals were randomly divided into three groups. The
animals in the sham group (n = 6) underwent a surgical procedure,
but the aorta was not occluded. In the I/R group, the animals (n = 6)

http://dx.doi.org/10.1016/j.jocn.2010.04.027
mailto:berker5@yahoo.com
http://dx.doi.org/10.1016/j.jocn.2010.04.027
http://www.sciencedirect.com/science/journal/09675868
http://www.elsevier.com/locate/jocn


1564 C. Guven et al. / Journal of Clinical Neuroscience 17 (2010) 1563–1567
received normal saline intraperitoneally immediately after the aor-
tic occlusion was released. Animals in the infliximab group (n = 6)
received infliximab (Remicade; Schering Plough Co., Innihannon,
County Cork, Ireland) administered intraperitoneally at a dose of
5 mg/kg immediately after the onset of reperfusion.

2.3. Anesthesia and surgical procedure

Anesthesia was induced by intramuscular administration of
50 mg/kg ketamine hydrochloride (Ketalar; Pfizer, Istanbul, Tur-
key) and 10 mg/kg xylazine (Rompun; Bayer, Istanbul, Turkey).
Using a transperitoneal approach, the aorta was isolated from the
beginning of the left renal artery down to the aortic bifurcation.
Each animal received 150 U/kg heparin intravenously 5 minutes
before occlusion. The aorta was then cross-clamped at two sites
using two aneurysm clips with a closing force of 70 g (Yasargil FE
721; Aesculap, Tuttlingen, Germany). The proximal clipping site
was just below the left renal artery exit, and the distal clipping site
was just above the aortic bifurcation. The clips were removed after
30 minutes and return of the aortic pulse was verified. The wound
was closed in layers after the operation.

2.4. Neurological evaluation

The rabbits were assessed blindly for hindlimb motor function
48 hours after trauma. Modified Tarlov criteria were used to score
neurological function as follows: 0, no movement in hindlimbs; 1,
perceptible movements of joints; 2, good movement of joints but
inability to stand; 3, active support with uncoordinated gait; 4,
coordination of the forelimbs and hindlimbs during gait with lack
of control of the ankle or foot and alterations in the base of sup-
port; 5, complete recovery.6

2.5. Histological assessment

The rabbits were killed 48 hours post-ischemia, using an over-
dose of pentobarbital. Spinal cord segments were excised between
L2 and S1, and divided into two equal parts. The caudal portions
were stored immediately at �40 �C for homogenization. The cra-
nial portions of the spinal cord specimens were fixed in 10% buf-
fered formalin for approximately 10 days before being set in
paraffin blocks for sectioning. Five-micrometer sections were cut
axially using a microtome (RM 2245; Leica, Wetzlar, Germany)
for hematoxylin–eosin (H&E) staining. Slides were evaluated under
a light microscope (DMI 4000 B; Leica) by a pathologist blinded to
the groups. Histological changes were graded using Naslund’s stan-
dard: grade I, neurons normal, or vacuole and granule denaturation
of cytoplasm in neurons observed incidentally; grade II, normal
neurons and ischemic neurons co-existing in very similar numbers,
ischemic neurons identified by cytoplasmic eosinophilia with loss
of Nissl substance and by the presence of pyknotic homogenous
nuclei; grade III, many ischemic neurons, crimpled massive neu-
rons, with nuclear dissolution and myelin swelling.7

2.6. Biochemical procedures

2.6.1. Determination of malondialdehyde and glutathione levels
For each spinal cord sample, 100–200 mg was weighed and the

spinal cord was diluted to a final concentration of 20% weight/vol-
ume in 10% ice-cold trichloroacetic acid, and homogenized (Virtis-
Virtishear, The Virtis Company, INC. USA). The homogenate was
centrifuged at 3.000 rpm for 10 minutes, and determination was
performed using the supernatant fraction.

Lipid peroxidation was estimated as an index of malondialde-
hyde (MDA) concentration using the thiobarbituric acid reactive
substances test as described previously.8 The values are expressed
as nmole/g in spinal cord tissue. Tissue glutathione (GSH) levels
were determined using a modified Ellman method.9 The values
are expressed as lmole/g in spinal cord tissue.

2.6.2. Determination of advanced oxidation protein product levels
After homogenization, the homogenate was centrifuged at

5000�g for 10 minutes, and analyte determination was performed
for the supernatant fraction. Advanced oxidation protein product
(AOPP) levels were measured using a spectrophotometric method
(UV1601 Spectrophotometer; Shimadzu, Tokyo, Japan).10 The val-
ues are expressed as nmole/mg of protein in spinal cord tissue.

2.6.3. Determination of superoxide dismutase activity
Samples were homogenized then centrifuged at 5000�g for 30

minutes at 4 �C, and analyte determination was performed for the
supernatant fraction. Superoxide dismutase the (SOD) activity mea-
surements were carried out by inhibiting SOD activity using nitro
blue tetrazolium reduction. Xanthine–xanthine oxidase was used
as a superoxide generator, and 1 IU was defined as the quantity of
SOD required to produce 50% inhibition. The values are expressed
as U/mg of protein in spinal cord tissue.11 Protein levels were deter-
mined using a spectrophotometric method (UV1601 Spectropho-
tometer) using bovine serum albumin as the standard.12

2.7. Statistical analysis

Analyses were performed using Statistical Package for the Social
Sciences software 15.0 for Windows (SPSS; Chicago, IL, USA). All
values are presented as mean ± standard deviation. Comparisons
were made using the Mann–Whitney U-test. Differences among
the groups were assessed using the Kruskal–Wallis test. p < 0.05
was considered statistically significant. The significance of differ-
ences between histological grades was assessed using the v2 test.

3. Results

3.1. Neurological function

The Tarlov scores of the groups at 48 hours after ischemia are
shown in Fig. 1a. Animals in the sham group had significantly bet-
ter postoperative neurological outcomes than animals in the other
groups. The I/R group had the worst mean score, but the difference
between the I/R group and the infliximab group was not statisti-
cally significant (p > 0.05).

3.2. Histological results

Spinal cord sections from the sham group at 48 hours after
operation had normal histological structure (Fig. 2a). In the I/R
group at the same time point, there was edema, vascular prolifer-
ation, areas of severe ischemia, and a decline in the number of neu-
rons (Fig. 2b). In the infliximab group, edema and areas of mild
ischemia were observed (Fig. 2c). Table 1 lists the histological
grades assigned for each group. There was a statistically significant
difference between all groups (p < 0.05). In addition, cross-compar-
isons of the groups revealed statistically significant differences be-
tween the sham group and the other groups (p < 0.05).

3.3. Malondialdehyde levels

At 48 hours after ischemia, there was a statistically significant
difference in the mean MDA level of all groups (p < 0.05). There
were significantly higher spinal cord MDA levels in the I/R group
relative to the other groups (p < 0.05; Fig. 1b), and in the sham
group relative to the infliximab group (p < 0.05).



Fig. 1. Box and whisker plots showing: (a) neurological function as assessed using the Tarlov score is higher in the infliximab group than in the ischemia–reperfusion (I/R)
group; (b) malondialdehyde (MDA) level is increased in the I/R group, (c) glutathione (GSH) level is increased in the I/R group, (d) advanced oxidation protein product (AOPP)
level increased in the I/R group, and (e) superoxide dismustase (SOD) activity in spinal cord tissue for rabbits is increased in the infliximab group 48 hours after ischemic
insult. Animals in the sham group underwent sham surgery, those in the I/R group underwent ischemic/reperfusion insult, and those in the infliximab group were
administered infliximab after ischemic/reperfusion insult; n = 6 for each group; the central line for each group indicates the median, with the box showing the upper and
lower quartiles and the whiskers showing the range. Any outliers are marked with a circle and extreme cases with an asterisk. They are marked by their row number. (This
figure is available in colour at www.sciencedirect.com.)
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3.4. Glutathione levels

At 48 hours after ischemia, spinal cord GSH levels were signifi-
cantly higher in the I/R group than in the sham and infliximab
groups (p < 0.05; Fig. 1c). The sham group had higher GSH levels
than the infliximab group; however, the difference was not statis-
tically significant (p > 0.05).

3.5. Advanced oxidation protein product levels

At 48 hours after ischemia, spinal cord levels of AOPP were sig-
nificantly higher in the I/R group compared with the sham and inf-
liximab groups (p < 0.05; Fig. 1d). In paired comparisons analysis,
there was a statistically significant difference between the sham,
I/R, and infliximab groups (p < 0.05). There was no significant dif-
ference between the sham and infliximab groups (p > 0.05).

3.6. Superoxide dismutase activity

At 48 hours after ischemia, spinal cord SOD activity was signif-
icantly lower in the I/R group than in the sham and infliximab
groups (p < 0.05; Fig. 1e). SOD activity was significantly higher in
the infliximab group than in the sham group (p < 0.05).
4. Discussion

After thoracoabdominal aorta surgery, ischemic injury may re-
sult from interruption of spinal arterial circulation.13 Even if the
patient has normal neurological function immediately after sur-
gery, neurological deficits may develop in the days following. This
may be explained by the fact that development of clinically path-
ological SCI is not only associated with ischemia but also with
reperfusion.14

Primary damage resulting from SCI is not amenable to neuropro-
tective therapy. However, secondary pathological changes occur in
part in response to the deleterious substances produced after the pri-
mary insult.15 Among these substances, reactive oxygen species
(ROS) are produced at high levels and contribute to neuronal death
after SCI.15 ROS initiate chain reactions and damage cellular macro-
molecules, including proteins, DNA, and membrane phospholipids,
thereby causing cell death.16 Extracellular ROS generation occurs
in a biphasic pattern after reperfusion following ischemia, with
peaks <1 hour and >24 hours after ischemia.17 MDA is the most abun-
dant aldehyde resulting from lipid peroxidation,18 and AOPP level
reflects free radical generation and the degree of protein oxidation.10

Several endogenous antioxidant enzymes, including SOD, glutathi-
one peroxidase and catalase, can detoxify ROS.19

http://www.sciencedirect.com


Fig. 2. Representative hematoxylin and eosin-stained spinal cord sections from
rabbits: (a) sham group (grade 1) (WM = white matter, GM = gray matter; * =
central canal, arrows = normal neuron cells, bar represents 10 lm); (b) ischemia–
reperfusion group (grade 3) (* = myelin swelling; arrow = eosinophilic neuron that
has lost its nucleus and Nissl substance, bar represents 5 lm); and (c) infliximab
group (grade 2) (* = central canal; arrow = neuron cells, bar represents 10 lm). (This
figure is available in colour at www.sciencedirect.com.)

Table 1
Histological grading of rabbit spinal cord at 48 hours after ischemic insult

Grade I Grade II Grade III

Sham group 6 – –
I/R group – 1 5
Infliximab group 3 3 –

I/R = ischemia–reperfusion; n = 6 for all groups. Histological changes were graded
using Naslund’s standard (Grade I: neurons normal, or vacuoles and granules in
neurons observed incidentally; Grade II: normal neurons and ischemic neurons co-
existed with almost the same numbers – the ischemic neuron was identified by
cytoplasmic eosinophilia with loss of Nissl substance and by pyknotic homogenous
nuclei; Grade III: crimpled massive neurons displayed nucleus dissolution and
myelin swelling, and many ischemic neurons were observed).
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An increase in MDA levels and a decrease in SOD activity and
GSH levels have been observed after SCI in animals.20 However,
in another study SOD activity was found to be unchanged at 24
hours following SCI, while catalase activity and GSH level were sig-
nificantly increased.21 In our study, I/R injury of the spinal cord was
found to increase tissue levels of MDA and AOPP, which is consis-
tent with results reported in the literature. In the present study, I/R
injury decreased SOD activity and increased GSH levels in the
spinal cord tissue. Our observations for SOD activity are consistent
with those of Vural et al., but not with those of Azbill et al.20,21 Con-
versely, our findings for GSH levels are consistent with those of Az-
bill et al., but not with those of Vural et al.20,21

Increased production of TNF-a plays a role in the pathophysiol-
ogy of SCI. Harrington et al. found that at 6 hours post acute SCI,
there was increased neuronal expression of TNF-a and its recep-
tors.22 TNF-a binds to two receptors: type 1 TNF receptor (TNFR;
p55) and type 2 TNFR (p75), which are expressed in many types
of cells. Although most cell lines and primary tissues express both
isoforms,23 most of the biological activity of TNF-a is mediated via
TNFR1.24

Infliximab, a humanized mouse monoclonal antibody to TNF-a,
is a novel immunomodulatory agent that is used in a number of
autoimmune diseases, including rheumatoid arthritis, Crohn’s dis-
ease and psoriasis.25 SCI reportedly increases MDA levels and treat-
ment with infliximab decreases MDA levels in the spinal cord
tissue of rats with SCI.5 In our study, infliximab tended to increase
SOD activity; however, infliximab treatment resulted in low spinal
cord levels of GSH. In addition, infliximab significantly decreased
MDA and AOPP levels in the spinal cord. Our observations for
MDA level are consistent those of Kurt et al.5 Histologically, sec-
tions from the infliximab group showed a marked reduction in
ischemic histological features, including more focal and mild
necrosis, nuclear dissolution, myelin swelling, edema, and neutro-
phil infiltration. The infliximab group also had significantly better
histological grades than the I/R group. Functionally, the mean Tar-
lov score of the infliximab group was better than that of the I/R
group.

In the literature, there is only one study of infliximab as a neu-
roprotective agent in an experimental SCI model; in that study inf-
liximab was found to decrease MDA levels.5 In the present study,
we demonstrated the functional, biochemical, and histological
neuroprotective effects of infliximab for the first time in an exper-
imental model of SCI. The histological and functional findings sup-
port the results of our biochemical analysis.
5. Conclusion

In conclusion, the results of the present study indicate that inf-
liximab reduces the damage caused by ischemia–reperfusion in-
jury and improves the biochemical, histological, and neurological
outcome at 48 hours after ischemic insult. Further studies are
needed to determine the full potential of modulating the TNF-a
pathway for therapeutic purposes and the correct dose of inflix-
imab necessary for maximal benefit.
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