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      Abstract
 The standard iron-chelator deferoxamine is known to reduce neurological defi cits. The aim of the present study was to evalu-
ate the contribution of deferoxamine in the secondary damage in experimental spinal cord injury (SCI) in mice, induced by 
the application of vascular clips to the dura via a four-level T5 – T8 laminectomy. SCI resulted in production of infl ammatory 
mediators, tissue damage and apoptosis. Deferoxamine treatment 30 min before and 1 and 6 h after the SCI signifi cantly 
reduced: (1) GFAP immunoreactivity, (2) neutrophil infi ltration, (3) NF- κ B activation, (4) iNOS expression, (5) nitrotyro-
sine and MDA formation, (6) DNA damage (methyl green pyronin staining and PAR formation and (7) apoptosis (TUNEL 
staining, FasL, Bax and Bcl-2 expression, S-100 expression). Moreover, deferoxamine signifi cantly ameliorated the recovery 
of limb function (evaluated by motor recovery score). Taken together, the results clearly demonstrate that deferoxamine 
treatment reduces the development of infl ammation and tissue injury associated with spinal cord trauma.  

  Keywords:   SCI  ,   infl ammatory mediators  ,   tissue damage  ,   apoptosis.   
  Introduction 

 Spinal cord injury (SCI) usually leads to devastating 
neurological defi cits and disabilities. Complete spinal 
cord injury is irreversible. Muscle power and sensa-
tion is lost, leading to spasticity, pressure ulcers, neu-
rogenic pain and restricted activities of daily living 
and mobility. 

 Recently, the National Spinal Cord Injury Statisti-
cal Center reported that the annual incidence of SCI 
in the US is estimated to be 40 cases per million 
people [1]. People with traumatic SCI are at greater 
risk than the general population throughout their life-
time for medical complications that may necessitate 
re-hospitalization. 

 The contemporary management of SCI consists 
of supportive care and stabilization of the spine [2]. 
 Several mechanisms are involved in injury after trauma, 
including microvascular dysfunction at the site of injury 
[3], free radicals formation and lipid  peroxidation and 
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accumulation of excitatory  neurotransmitters, e.g. 
glutamate (acting on N-methyl-D-aspartate [NMDA] 
and non-NMDA receptors), leading to neural dam-
age due to excessive excitation (excitotoxicity), deple-
tion of high energy metabolites, leading to anaerobic 
metabolism at the site of injury, provocation of an 
infl ammatory response and recruitment and activa-
tion of infl ammatory cells associated with secretion of 
cytokines, which contribute to further tissue damage 
[4], and activation of calpains and caspases, leading 
to cellular apoptosis [5]. 

 It ’ s known that, after SCI, the levels of free iron are 
also increased quickly [6]. Iron plays an important 
role in glutamate excitotoxicity in spinal cord motor 
neurons which suggests that lowering tissue iron level 
alone may be an effective and suffi cient strategy for 
protection against glutamate excitotoxicity [7]. Yu 
et al. [7] have clearly showed that iron chelator 
 Deferoxamine (DFO) mesylate completely prevented 
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the neurotoxic effects of threohydroxyaspartate, which 
is an inhibitor of glutamate transport and causes glu-
tamate excitotoxicity. The major sources of iron accu-
mulation in the brain are iron in the plasma and 
haemoglobin after erythrocyte lysis. 

 DFO is the current standard for iron chelation 
therapy. DFO was the fi rst commercially-available 
Fe chelator to be assessed in cancer therapy, where, for 
example, it was shown to reduce bone marrow infi ltra-
tion of tumour cells in seven of nine neuroblastoma 
patients [8]. 

 Although DFO has some anti-proliferative activity, it 
suffers serious limitations [9]. It is highly hydrophilic, 
orally inactive, has poor membrane permeability and is 
expensive to produce [9]. It also possesses a very short 
half-life in plasma (5 – 10 min) due to rapid metabolism 
[9]. Otherwise the purpose of this drug is as a thera-
peutic for Fe overload. It has been demonstrated that 
DFO can attenuate acute brain oedema and oxidative 
stress following intracerebral haemorrhage, although 
the time course of free iron accumulation after intrac-
erebral haemorrhage is unknown [10]. 

 We have, therefore, carried out investigations to 
determine the possible benefi cial effects of iron chela-
tor DFO on an experimental model of spinal cord 
trauma in mice. 

 In particular to gain a better insight into the 
mechanism(s) of action of DFO, we evaluated the 
following end-points of the infl ammatory response: 
(1) histological damage, (2) motor recovery, (3) neu-
trophil infi ltration, (4) NF- κ B activation, (5) nitroty-
rosine and poly-ADP-ribose (PAR) formation, (6) 
 pro-infl ammatory cytokine production, (7) induc-
ible nitric oxide synthase (iNOS) expression, (8) 
apoptosis as TUNEL staining and (9) Bax and Bcl-2 
expression.   

 Materials and methods  

 Animals 

 Male Adult CD1 mice (25 – 30 g, Harlan Nossan, 
Milan, Italy) were housed in a controlled environ-
ment and provided with standard rodent chow and 
water. Animal care was in compliance with Italian 
regulations on protection of animals used for experi-
mental and other scientifi c purposes (D.M. 116192) 
as well as with the EEC regulations (O.J. of E.C. L 
358/1 12/18/1986).   

 SCI 

 Mice were anaesthetized using chloral hydrate (400 
mg/kg body weight). A longitudinal incision was made 
on the mid-line of the back, exposing the paraverte-
bral muscles. These muscles were dissected away 
exposing T5 – T8 vertebrae. The spinal cord was 
exposed via a four-level T5 – T8 laminectomy and SCI 
was produced by extradural compression of the spinal 
cord using an aneurysm clip with a closing force of 
24 g. Following surgery, 1.0 cc of saline was admin-
istered subcutaneously in order to replace the blood 
volume lost during the surgery. During recovery from 
anaesthesia, mice were placed on a warm heating pad 
and covered with a warm towel. Mice were singly 
housed in a temperature-controlled room at 27 ° C for 
a survival period of 10 days. Food and water were 
provided to the mice  ad libitum . During this time 
period, the animals ’  bladders were manually voided 
twice a day until the mice were able to regain normal 
bladder function. In all injured groups, the spinal 
cord was compressed for 1 min. Sham animals were 
only subjected to laminectomy.   

 Experimental design 

 Mice were randomly allocated into the following 
groups:

    i)  SCI  �  vehicle group . Mice were subjected to 
SCI plus administration of saline (adminis-
tered i.p., 30 min before and 1 h and 6 h after 
SCI) ( n  � 40);

    ii)  DFO group . Same as the  SCI  �  vehicle group  
but in which DFO (30 mg/kg) was  administered 
i.p., 30 min before and 1 h and 6 h after SCI 
( n  � 40);    

iii)  Sham  �  vehicle group . Mice were subjected to 
the surgical procedures as the above groups 
except that the aneurysm clip was not applied 
and to these mice was administered saline 
(administered i.p., 30 min before and 1 h and 
6 h, after SCI) ( n  � 40);

    iv)  Sham  �  DFO group . Identical to  Sham  �  vehicle 
group  except for the administration of DFO 
(30 mg/kg administered i.p., 30 min before 
and 1 h and 6 h after SCI) ( n  � 40).   

 As described below mice ( n  � 10 from each group 
for each parameters) were sacrifi ced at 24 h after SCI 
in order to evaluate the various parameter. In a sepa-
rate set of experiments another 10 animals for each 
group were observed until 10 days after SCI in order 
to evaluate the motor score. The doses of DFO (30 
mg/kg) used here were based on previous  in vivo  
study [11].   

 Light microscopy 

 Spinal cord biopsies were taken at 24 h following 
trauma. Tissue segments containing the lesion (1 cm 
on each side of the lesion) were paraffi n embedded 
and cut into 5- μ m-thick sections. Tissue longitudinal 
sections (thickness 5  μ m) were deparaffi nized with 
xylene, stained with Haematoxylin/Eosin (H&E), 
with methyl green pyronin staining (used to simulta-
neously DNA and RNA), with silver impregnation for 
reticulum and studied using light microscopy (Dialux 
22 Leitz, Milan, Italy). 
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 The segments of each spinal cord were evaluated 
in the rostral/caudal perilesional area by an experi-
enced histopathologist (RO). Damaged neurons were 
counted and the histopathologic changes of the gray 
matter were scored on a six-point scale [12]: 0, no 
lesion observed, 1, gray matter contained 1 – 5 
 eosinophilic neurons; 2, gray matter contained 5 – 10 
eosinophilic neurons; 3, gray matter contained more 
than 10 eosinophilic neurons; 4, small infarction (less 
than one third of the gray matter area); 5, moderate 
infarction (one third to one half of the gray matter 
area); and 6, large infarction (more than half of the 
gray matter area). The scores from all the sections 
from each spinal cord were averaged to give a fi nal 
score for individual mice. All the histological studies 
were performed in a blinded fashion.   

 Myeloperoxidase activity 

 Myeloperoxidase (MPO) activity, an indicator of 
polymorphonuclear leukocyte (PMN) accumulation, 
was determined in the spinal cord tissues as previ-
ously described [13] at 24 h after SCI. MPO activity 
was defi ned as the quantity of enzyme degrading 1 
 μ mol of peroxide min -  1  at 37 ° C and was expressed in 
units/g of wet tissue.   

 MDA measurement 

 The levels of MDA in the intestinal tissues were 
determined as an indicator of lipid peroxidation [14]. 
After 120 min of reperfusion, intestinal tissues were 
removed, weighed and homogenized in 1.15% (w/v) 
KCl solution. An aliquot (100  μ l) of the homogenate 
was added to a reaction mixture containing 200  μ l of 
8.1% (w/v) sodium dodecyl sulphate, 1500  μ l of 20% 
(w/v) acetic acid (pH 3.5), 1500  μ l of 0.8% (w/v) 
thiobarbituric acid and 700  μ l distilled water. 

 Samples were then boiled for 1 h at 95 ° C and cen-
trifuged at 3000xg for 10 min. The absorbance of the 
supernatant was measured by spectrophotometry at 
515 – 553 nm.   

 Immunohistochemical localization of GFAP, 
nitrotyrosine, PAR , FasL, Bax and Bcl-2, S-100 

 At 24 h after SCI, the tissues were fi xed in 10% (w/v) 
PBS-buffered formaldehyde and 8  μ m sections were 
prepared from paraffi n embedded tissues. After depar-
affi nization, endogenous peroxidase was quenched 
with 0.3% (v/v) hydrogen peroxide in 60% (v/v) meth-
anol for 30 min. The sections were permeablized with 
0.1% (w/v) Triton X-100 in PBS for 20 min. Non-
specifi c adsorption was minimized by incubating the 
section in 2% (v/v) normal goat serum in PBS for 20 
min. Endogenous biotin or avidin binding sites were 
blocked by sequential incubation for 15 min with 
 biotin and avidin, respectively. Sections were incubated 
overnight with anti-nitrotyrosine rabbit polyclonal 
antibody (Upstate, 1:500 in PBS, v/v; Upstate, Milli-
pore, Milan, Italy), anti-PAR antibody (BioMol, 1:200 
in PBS, v/v; BioMol,  Milan, Italy), anti-FasL antibody 
(Santa Cruz Biotechnology, Santa Cruz, CA, 1:500 in 
PBS, v/v), anti-Bax antibody (Santa Cruz Biotechnol-
ogy, 1:500 in PBS, v/v), anti-Bcl-2 polyclonal antibody 
(Santa Cruz Biotechnology, 1:500 in PBS, v/v), anti-
S100 polyclonal antibody (Santa Cruz Biotechnology, 
1:500 in PBS, v/v) or with anti-GFAP polyclonal anti-
body (Santa Cruz Biotechnology, 1:500 in PBS, v/v). 
Sections were washed with PBS and incubated with 
secondary antibody. Specifi c labelling was detected 
with a biotin-conjugated goat anti-rabbit IgG and avi-
din-biotin peroxidase complex (Vector Laboratories, 
DBA, Milan, Italy). To verify the binding specifi city for 
nitrotyrosine, PAR, FasL, S-100, Bax and Bcl-2, GFAP, 
some sections were also incubated with only the pri-
mary antibody (no secondary) or with only the second-
ary antibody (no primary). In these situations no 
positive staining was found in the sections indicating 
that the immunoreactions were positive in all the 
experiments carried out. Immunocytochemistry pho-
tographs ( n  � 5 photos from each samples collected 
from all mice in each experimental group) were assessed 
by densitometry using Optilab Graftek software (Milan, 
Italy) on a Macintosh personal computer.   

 Western blot analysis for I κ B- α , NF- κ B p65, 
Bax, Bcl-2 and iNOS 

 Cytosolic and nuclear extracts were prepared as previ-
ously described [15] with slight modifi cations. Briefl y, 
spinal cord tissues from each mouse were suspended in 
extraction Buffer A containing 0.2 mM phenylmeth-
ylsulphonyl fl uoride (PMSF), 0.15  μ M pepstatin A, 
20  μ M leupeptin, 1 mM sodium orthovanadate, 
homogenized at the highest setting for 2 min and 
centrifuged at 1000 x g for 10 min at 4 ° C. Super-
natants represented the cytosolic fraction. The pellets, 
containing enriched nuclei, were re-suspended in Buf-
fer B containing 1% Triton X-100, 150 mM NaCl, 
10 mM TRIS-HCl pH 7.4, 1 mM ethylene glycol-
bis(beta-aminoethyl ether)-N,N,N ’ ,N ’ -tetraacetic acid 
(EGTA), 1 mM ethylene diamine-tetra-acetic acid 
(EDTA), 0.2 mM PMSF, 20  μ M leupeptin and 0.2 
mM sodium orthovanadate. After centrifugation for 
30 min at 15 000 � g at 4 ° C, the supernatants con-
taining the nuclear protein were stored at  - 80 ° C for 
further analysis. The levels of I κ B- α , iNOS, Bax and 
Bcl-2 were quantifi ed in cytosolic fractions from spi-
nal cord tissue collected 24 h after SCI, while NF- κ B 
p65 levels were quantifi ed in nuclear fractions. The 
fi lters were blocked with 1� PBS, 5% (w/v) non-fat 
dried milk (PM) for 40 min at room temperature and 
subsequently probed with specifi c Abs I κ B- α  (1:1000 
Santa Cruz  Biotechnology; DBA, Milan, Italy) or 
phospho-NF- κ B p65 (serine 536) (1:1000, Cell Sig-
naling; DBA, Milan, Italy), anti-Bax (1:500; Santa 
Cruz Biotechnology; DBA, Milan, Italy), anti-Bcl-2 
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(1:500; Santa Cruz Biotechnology; DBA, Milan, Italy), 
 anti-iNOS, (1:1000 Signal Trasduction) or anti-NF- κ B 
p65 (1:1000; Santa Cruz Biotechnology) in 1x PBS, 
5 % w/v non-fat dried milk, 0.1% Tween-20 (PMT) 
at 4 ° C, overnight. Membranes were incubated with 
peroxidase-conjugated bovine anti-mouse IgG second-
ary antibody or peroxidase-conjugated goat anti-rabbit 
IgG (1:2000, Jackson ImmunoResearch, West Grove, 
PA) for 1 h at room temperature. 

 To ascertain that blots were loaded with equal 
amounts of proteic lysates, they were also incubated in 
the presence of the antibody against  β -actin (1:10 000 
Sigma-Aldrich Corp; Milan, Italy) and laminin B-1 
(1:5,000, Sigma Aldrich Corp). The relative expression 
of the protein bands of I κ B- α  ( ∼  37 kDa), iNOS ( ∼  130 
kDa), NF- κ B p65 (65 kDa), Bax ( ∼  23 kDa) and Bcl-2 
( ∼  29 kDa) was quantifi ed by densitometric scanning 
of the X-ray fi lms with GS-700 Imaging Densitome-
ter (GS-700, Bio-Rad Laboratories, Milan, Italy) and 
a computer program (Molecular Analyst, IBM).   

 Terminal deoxynucleotidyltransferase-mediated 
UTP end labelling (TUNEL) assay 

 TUNEL assay was conducted by using a TUNEL 
detection kit according to the manufacturer ’ s instruc-
tion (Apotag, HRP kit DBA, Milan, Italy). Briefl y, 
tissue segments containing the lesion (1 cm on each 
side of the lesion, rostrally/caudally to the perilesional 
area) were cut into longitudinal 5- μ m-thick sections. 
Tissue were incubated with 15  μ g/ml proteinase K for 
15 min at room temperature and then washed with 
PBS. Endogenous peroxidase was inactivated by 3% 
H 2 O 2  for 5 min at room temperature and then washed 
with PBS. Sections were immersed in terminal deoxy-
nucleotidyltransferase (TdT) buffer containing deoxy-
nucleotidyl transferase and biotinylated dUTP in TdT 
buffer, incubated in a humid atmosphere at 37 ° C for 
90 min and then washed with PBS. The sections were 
incubated at room temperature for 30 min with anti-
horseradish peroxidase-conjugated antibody and the 
signals were visualized with diaminobenzidine. The 
number of TUNEL positive cells/high-power fi eld was 
counted in fi ve-to-10 fi elds for each coded slide.   

 Grading of motor disturbance 

 The motor function of mice subjected to compression 
trauma was assessed once a day for 10 days after injury. 
Recovery from motor disturbance was graded using 
the modifi ed murine Basso, Beattie, and Bresnahan 
(BBB) [16] hind limb locomotor rating scale [17,18].   

 Materials 

 The primary antibodies directed at FasL, Bax and 
Bcl-2 was obtained from Santa Cruz Biotechnology, 
Inc.. The secondary antibody was obtained from 
 Jackson Immuno Research, Laboratories, Inc. Unless 
otherwise stated, all compounds were obtained from 
Sigma-Aldrich Company Ltd. (Milan, Italy). All other 
chemicals were of the highest commercial grade avail-
able. All stock solutions were prepared in non-pyro-
genic saline (0.9% NaCl; Baxter, Italy, UK).   

 Statistical evaluation 

 All values in the fi gures and text are expressed as 
mean � standard error of the mean (SEM) of  n  obser-
vations. For the  in vivo  studies  n  represents the num-
ber of animals studied. In the experiments involving 
histology or immunohistochemistry, the fi gures shown 
are representative of at least three experiments per-
formed on different experimental days. The results 
were analysed by one-way ANOVA followed by a Bon-
ferroni  post-hoc  test for multiple comparisons. A  p -value 
of less than 0.05 was considered signifi cant. BBB scale 
data were analysed by the Mann-Whitney test and 
considered signifi cant when  p -value was  �  0.05.    

 Results  

 Effects of DFO on the severity of spinal cord trauma 

 The severity of the trauma at the level of the perile-
sional area, assessed by the presence of oedema as well 
as alteration of the white matter and infi ltration of leu-
kocytes (Figure 1B, see histological score D), was 
evaluated at 24 h after injury. Signifi cant damage to 
the spinal cord was observed in the spinal cord tissue 
from SCI mice when compared with sham-operated 
mice (Figure 1A, see histological score D). Notably, 
signifi cant protection against the SCI was observed in 
DFO -treated mice (Figure 1C, see histological score 
D). Reticular and nervous fi bres tissue structures were 
observed by silver impregnation. In sham-treated mice 
a normal presence of reticular and nervous fi bres was 
observed (Figure 1E). On the contrary a signifi cant 
alteration of reticular and nervous fi bres was observed 
in the spinal cord tissues collected at 24 h after SCI 
(Figure 1F). DFO treatment signifi cantly reduced the 
alteration of reticular and nervous fi bres associated 
with SCI (Figure 1G). 

 In order to evaluate if histological damage to the 
spinal cord was associated with a loss of motor func-
tion, the modifi ed BBB hind limb locomotor rating 
scale score was evaluated. While motor function was 
only slightly impaired in sham mice, mice subjected 
to SCI had signifi cant defi cits in hind limb movement 
(Figure 1H). DFO reduced the ameliorated func-
tional defi cits induced by SCI (Figure 1H).   

 Effects of DFO on the severity of astrocytic 
reaction to SCI 

 GFAP immunohistochemistry in the sham groups 
revealed astrocytic cell bodies evenly dispersed 
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Figure 1.     Effect of DFO treatment on histological alterations of the spinal cord tissue 24 h after injury and motor function. Signifi cant 
damage to the spinal cord in mice subjected to SCI, at the perilesional area, was apparent, as evidenced by the presence of oedema as 
well as alteration of the white matter 24 h after injury (B). Notably, a signifi cant protection from SCI-associated damage was observed in 
the tissue samples collected from DFO treated mice (C). No signifi cant damage was observed in the spinal cord tissue from sham-operated 
mice (A). The histological score (D) was made by an independent observer. In sham-treated mice a normal presence of reticular and 
nervous fi bres was observed (E). On the contrary in the spinal cord tissues collected at 24 h after SCI (F), was observed a signifi cant 
alteration of reticular and nervous fi bres. DFO treatment signifi cantly reduced the alteration of reticular and nervous fi bres associated 
with SCI (G). The degree of motor disturbance was assessed every day until 10 days after SCI by Basso, Beattie, and Bresnahan criteria 
(H). Treatments with DFO enhanced the recovery after SCI. This fi gure is representative of at least three experiments performed on 
different experimental days. Data are means � SE of 10 mice for each group.  ∗  p   �  0.01 vs Sham.  °  p   �  0.01 vs SCI � vehicle.  
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throughout spinal cord gray and white matter, scat-
tered between the networks of astrocytic processes 
(data not shown). At 24 h after trauma, the sections 
of spinal cord obtained by SCI � vehicle group mice 
showed perilesional, highly GFAP-positive, acti-
vated astrocytes. These cells were distributed homo-
geneously over white and gray matter in particles 
proximal and distal to the lesion site (Figure 2A). 
Spinal cord tissue by mice with DFO treatment, 
instead demonstrated a massive reduction of GFAP 
 immunoreactivity  (Figure 2B).   

 Effects of DFO on neutrophil infi ltration after SCI 

 The above-mentioned histological pattern of spinal 
cord injury appeared to be correlated with the infl ux 
of leukocytes into the spinal cord. Therefore, we inves-
tigated the effect of DFO on neutrophil infi ltration by 
measuring tissue MPO activity. MPO activity was sig-
nifi cantly elevated in the spinal cord at 24 h after 
injury in mice subjected to SCI when compared with 
sham-operated mice (Figure 3). Treatment with DFO 
attenuated neutrophil infi ltration into the spinal cord 
at 24 h after injury (Figure 3).   

 Effect of DFO on I κ B- α  degradation and 
NF- κ B p65 activation after SCI 

 We evaluated I κ B- α  degradation and nuclear NF-
 κ B p65 expression by Western blot analysis to 
investigate the cellular mechanisms whereby treat-
ment with DFO attenuates the development of 
SCI. Basal expression of I κ B- α  was detected in 
spinal cord samples from sham-operated animals, 
whereas I κ B- α  levels were substantially reduced in 
SCI mice (Figures 4A and A1). DFO treatment pre-
vented SCI-induced I κ B- α  degradation (Figures 4A 
and A1). In addition, NF- κ B p65 levels in the spinal 
cord nuclear fractions were also signifi cantly increased 
at 24 h after SCI compared to the sham-operated mice 
(Figures 4B and B1). DFO treatment signifi cantly 
reduced the levels of NF- κ B p65, as shown in 
Figures 4B and B1.   

 Effects of DFO on modulation of iNOS 
expression after SCI 

 To determine the role of nitric oxide (NO) produced 
during SCI, iNOS expression was evaluated by West-
ern blot. A signifi cant increase of iNOS (Figures 5A 
and A1) levels were observed in the spinal cord from 
mice subjected to SCI. On the contrary, DFO treat-
ment prevented the SCI-induced iNOS expression 
(Figures 5A and A1).   

 Effects of DFO on nitrotyrosine formation and lipid 
peroxidation, after SCI 

 Twenty-four hours after SCI, nitrotyrosine, a specifi c 
marker of nitrosative stress, was measured by immuno-
histochemical analysis in the spinal cord sections to 
determine the localization of various reactive nitrogen 
species produced during SCI. Spinal cord sections from 
  Figure 3.     Effects of DFO on MPO activity. Following the injury, 
MPO activity in spinal cord from SCI mice was signifi cantly increased 
at 24 h after the damage in comparison to sham mice. Treatment 
with DFO attenuated neutrophil infi ltration into the spinal cord in a 
dose-dependent fashion. Data are means � SE of 10 mice for each 
group.  ∗  p   �  0.01 vs Sham.  °  p   �  0.01 vs SCI � vehicle.  
  Figure 2.     Effects of DFO on astrocytic reaction. Tissue sections obtained from vehicle-treated animals after SCI demonstrate positive staining 
for GFAP mainly localized in perilesional activated astrocytes (A). DFO treatment reduced the degree of positive staining for GFAP (B) 
in the spinal cord. The assay was carried out by using Optilab Graftek software on a Macintosh personal computer (CPU G3-266).  
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sham-operated mice did not stain for nitrotyrosine 
(data not shown), whereas spinal cord sections obtained 
from SCI mice exhibited positive staining for nitroty-
rosine (Figure 6A, see densitometry analysis C). The 
positive staining was mainly localized in infl ammatory 
cells as well as in nuclei of Schwann cells in the white 
and gray matter of the spinal cord tissues. DFO reduced 
the degree of positive staining for nitrotyrosine (Figure 
6B, see densitometry analysis C) in the spinal cord. In 
addition, at 24 h after SCI, levels of MDA were also 
measured in the spinal cord tissue as an indicator of 
lipid peroxidation. As shown in Figure 6D, MDA levels 
were present at signifi cantly higher levels in spinal cord 
tissue collected from mice subjected to SCI when com-
pared with sham-operated mice. Lipid peroxidation 
was signifi cantly attenuated by treatment with DFO 
(Figure 6D).   

 Effects of DFO on DNA/RNA alteration and PAR 
formation in spinal cord after injury 

 The simultaneous presence of DNA and RNA was 
detected by methyl green pyronin staining. In sham 
animals (Figure 7A), the simultaneous presence of 
  Figure 4.     Effects of DFO treatment on I κ B- α  degradation, phosphorylation and total NF- κ B p65. By Western Blot analysis, a basal level 
of I κ B- α  was detected in the spinal cord from sham-operated animals, whereas in SCI mice I κ B- α  levels were substantially reduced. DFO 
treatment prevented the SCI-induced I κ B- α  degradation (A, A 1 ). In addition, SCI caused a signifi cant increase in nuclear NF- κ B p65 
compared to the sham-operated mice (B, B 1 ). DFO treatment signifi cantly reduced the NF- κ B p65 levels (B, B 1 ). Immunoblotting in (A) 
and (B) is representative of one spinal cord tissues out of 5 – 6 analysed. The results in (A 1 ) and (B 1 ) are expressed as mean � SEM from 
5 – 6 spinal cord tissues.  ∗  p   �  0.01 vs Sham;  °  p   �  0.01 vs SCI.  
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DNA and RNA clearly stained by methyl green pyronin 
staining in both lateral and dorsal funiculi of the spinal 
cord. At 24 h after the injury, a signifi cant loss of DNA 
and RNA presence in lateral and dorsal funiculi was 
observed in control mice subjected to SCI (Figure 7B). 
In contrast, in DFO-treated mice, the DNA and RNA 
degradation was attenuated in the central part of lateral 
and dorsal funiculi (Figure 7C). In addition, in our 
study, immunohistochemistry for PAR, as an indicator 
of  in vivo  PARP activation, revealed the occurrence of 
positive staining for PAR localized in nuclei of Schwann 
cells in the white and gray matter of the spinal cord 
tissues from mice subjected to SCI (Figure 7D, see 
densitometry analysis F). DFO treatment reduced the 
degree of positive staining for PAR (Figure 7E, see 
densitometry analysis F) in the spinal cord.   

 Effects of DFO on expression of FasL after SCI 

 Immunohistological staining for FasL in the spinal 
cord was also determined 24 h after injury. Spinal cord 
sections from sham-operated mice did not stain for 
FasL (data not shown), whereas spinal cord sections 
obtained from SCI mice exhibited positive staining for 
FasL (Figure 8A, and see densitometry analysis C) 
mainly localized in various cells in the gray matter 
(Figure 8A) . DFO reduced the degree of positive 
staining for FasL in the spinal cord (Figure 8B and 
see densitometry analysis C).   

 Effects of DFO on apoptosis in spinal cord after injury 

 To test whether the tissue damage was associated with 
the induction of apoptosis, we evaluated TUNEL-like 
staining in the perilesional spinal cord tissue at 24 h 
after injury. No apoptotic cells were detected in the 
spinal cord from sham-operated mice (data not shown). 
At 24 h after the trauma, tissues from SCI mice dem-
onstrated a marked appearance of dark brown apop-
totic cells and intercellular apoptotic fragments 
(Figure 9A). In contrast, tissues obtained from mice 
treated with DFO demonstrated no apoptotic cells or 
fragments (Figure 9B).   

 Effects of DFO on expression of Bax and 
Bcl-2 after injury 

 The appearance of Bax in homogenates of spinal cord 
was investigated by Western blot at 24 h after SCI. A 
basal level of Bax was detected in the spinal cord from 
sham-operated animals (Figures 10A and A1). Bax 
levels were substantially increased in the spinal cord 
from saline-treated mice subjected to SCI (Figures 10A 
and A1). The treatment with DFO decreased the 
SCI-induced Bax expression (Figures 10A and A1). 

 To detect Bcl-2 expression, whole extracts from 
spinal cord of each mouse were also analysed by West-
ern blot analysis. A low basal level of Bcl-2 expression 
was detected in spinal cord from sham-operated mice 
(Figures 10B and B 1 ). Twenty-four hours after SCI, 
the Bcl-2 expression was signifi cantly reduced in 
whole extracts obtained from spinal cord of SCI � saline 
mice group (Figures 10B and B 1 ). Treatment with 
DFO decreased signifi cantly the SCI-induced inhibi-
tion of Bcl-2 expression (Figures 10B and B 1 ). 

 Moreover, samples of spinal cord tissue were taken 
at 24 h after SCI also to determine the immunohis-
tological staining for Bax and Bcl-2. Spinal cord sec-
tions from sham-operated mice did not stain for Bax 
(data not shown), whereas spinal cord sections 
obtained from SCI mice exhibited a positive staining 
for Bax (Figure 10C, and see densitometry analysis 
G). DFO reduced the degree of positive staining for 
Bax in the spinal cord of mice subjected to SCI 
 (Figure 10D, and see densitometry analysis G). In 
addition, spinal cord sections from sham-operated 
mice demonstrated Bcl-2 positive staining (data not 
shown) while in SCI mice the staining signifi cantly 
reduced (Figure 10D, and see densitometry analysis 
G). DFO attenuated the loss of positive staining for 
Bcl-2 in the spinal cord from SCI- subjected mice 
(Figure 10E, and see densitometry analysis G).   

 Effects of DFO S100 b  immunoreactivity after injury 

 S100 β  immunoreactive quiescent astrocytes with a 
small size and thin processes were seen distributed 
throughout the white and gray matters of the studied 
levels of the sham-operated mice (data not shown). 
The SCI in the saline mice group increased the num-
ber of S100 β  immunoreactive astrocytes with a large 
cytoplasm and thick processes, in the white and gray 
  Figure 5.     Effects of DFO on iNOS expression in spinal cord tissue. 
iNOS levels by Western blot analysis were signifi cantly increased 
in the spinal cord from SCI mice (A). On the contrary, DFO 
treatment signifi cantly reduced the SCI-induced expression of 
iNOS (A). The relative expression of the protein band was 
standardized for densitometric analysis to  β -actin levels (A1) and 
expressed as mean � SEM from  n  � 5/6 spinal cord for each group. 
 ∗  p   �  0.01 vs Sham.  °  p   �  0.01 vs SCI � vehicle.  
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matters of the spinal cord at cranial and caudal levels 
adjacent to the injury (Figure 11A, see densitometric 
analysis C). This number of S100 β  immunoreactive 
astrocytes is decreased in the spinal cord obtained 
from SCI � DFO-treated mice (Figure 11B, see 
 densitometric analysis C).    

 Discussion 

 The condition often occurs following spinal cord injury 
and causes greater damage after SCI, is the subsequent 
secondary neurodegeneration that takes place in the 
surrounding injured tissue. Even so, today, there is not 
enough information regarding the cellular and molec-
ular mechanisms which occur and govern the infl am-
mation after SCI; excessive infl ammation damages 
surrounding healthy tissue. In fact, microglia releases 
pro-infl ammatory and cytotoxic factors, nitric oxide 
(NO), reactive oxygen species (ROS), etc. Much of the 
damage that occurs in the spinal cord following trau-
matic injury is due to the secondary effects of gluta-
mate excitotoxicity, Ca 2  �  overload and free iron [6], 
mechanisms that take part in a spiralling interactive 
cascade ending in neuronal dysfunction and death. 
In these conditions several therapies targeting various 
factors involved in the secondary degeneration cascade 
lead to tissue sparing and improved behavioural out-
comes in spinal cord-injured animals. Several authors 
have demonstrated that free iron can cause free radical 
formation and oxidative brain damage [19]. Iron is 
known to potentiate the toxic effects of ROS by 
catalysing the formation of highly reactive hydroxyl 
radicals from hydrogen peroxide through the so-called 
Fenton chemistry. Thus, while iron is essential for nor-
mal physiology [20], it is also implicated in many path-
ological processes, including neuron degenerative 
disorders [21]. DFO has been widely used clinically 
for removal of excess iron from the body, such as in 
acute iron poisoning and haemochromatosis [7]. More-
over, data presents by Yu et al. [7] suggest that DFO 
may also be useful for protection against motor neuron 
degeneration by measuring its protective activity of 
iron chelating. These results are in agreement with our 
study, which shows that DFO ameliorates lesion in the 
spinal cord after injury, suggesting that it reduced iron-
mediated oxidative DNA damage. These and other 
results were reported in the literature [19,22] and indi-
cate that iron may contribute to oxidative spinal cord 
  Figure 6.     Effects of DFO on nitrotyrosine formation and lipid peroxidation. Tissue sections obtained from vehicle-treated animals after 
SCI demonstrate positive staining for nitrotyrosine mainly localized in infl ammatory, in nuclei of Schwann cells in the white and gray 
matter (A). DFO treatment reduced the degree of positive staining for nitrotyrosine (B) in the spinal cord. Densitometry analysis of 
immunocytochemistry photographs ( n  � 5 photos from each sample collected from all mice in each experimental group) for nitrotyrosine 
(C) from spinal cord tissues was assessed. In addition, MDA levels in the spinal cord from SCI mice (D) were signifi cantly increased in 
SCI operated mice in comparison to sham. DFO-treated mice show a signifi cant reduction of MDA levels (D). Values are mean � SEM 
of 10 rats for each group. The assay was carried out by using Optilab Graftek software on a Macintosh personal computer (CPU G3-266). 
Data are expressed as a percentage of total tissue area. This fi gure is representative of at least three experiments performed on different 
experimental days. Data are means � SE of 10 mice for each group.  ∗  p   �  0.01 vs Sham.  °  p   �  0.01 vs SCI � vehicle.  
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damage after trauma and that iron is a target in SCI 
treatment. In this regard, it has been demonstrated that 
DFO can penetrate the blood – brain barrier and accu-
mulate in the brain tissue at a signifi cant concentration 
quickly after subcutaneous injection [23,24]. The ini-
tial half-life of DFO after intravenous infusion is 0.28 h 
and the terminal half-life is 3.05 h [25]. 

 In this report we demonstrate that DFO exerts ben-
efi cial effects in a mice model of spinal cord injury. 
Since it has been demonstrated that SCI leads to tis-
sue oedema and loss of myelin in lateral and dorsal 
funiculi and that this histological pattern is associated 
to the loss of motor function, here we demonstrated 
that treatment with DFO exerts an evident protec-
tion, ameliorating the morphology of tissue as dem-
onstrated by H&E, silver impregnation and as well as 
preventing activation of astrocytes as indicated by 
decreases in the atrocity reactive marker GFAP. 

 GFAP is an intermediate fi lament that is expressed 
at highest levels in astrocytes of the CNS, but is also 
found in several other isolated cell types such as enteric 
glia and non-myelinating Schwann cells [26]. 

 In a very short time after traumatic SCI, ischemia, 
oxidative damage, oedema and glutamate excitotoxicity 
all contribute to substantial secondary damage events. 
The infi ltration of infl ammatory cells that immediately 
follow trauma then may play a major role in expansion 
of the lesion size. We found a correlation between the 
areas of necrosis and presence of  infl ammatory cells 
which often extended into tissue adjacent to the lesion 
centre. In agreement with previous studies [27], we 
have observed in this experimental setting that the infi l-
tration of neutrophils at the injury site 24 h following 
SCI is signifi cantly increased in all animals. Treatment 
with DFO markedly reduced the neutrophils infi ltra-
tion, suggesting that iron chelation therapy and the 
antioxidant effects of DFO may play an important role 
in the regulation of infl ammatory cells infi ltration. 

 Another potential mechanism by which DFO could 
improve secondary damage in our experimental model 
of SCI is by regulating the activation of NF- κ B that 
occurs at the transcriptional level. 

 It ’ s a known fact that one consequence of increased 
oxidative stress is the activation and inactivation of 
redox-sensitive proteins like NF- κ B. NF- κ B is nor-
mally sequestered in the cytoplasm, bound to regula-
tory proteins I κ Bs. In response to a wide range of 
stimuli including oxidative stress, infection, hypoxia, 
extracellular signals and infl ammation, I κ B is phos-
phorylated by the enzyme I κ B kinase. The net result 
is the release of the NF- κ B dimer, which is then free 
to translocate into the nucleus. 

 In this study we also demonstrate that the DFO 
inhibiting the I κ B- α  degradation prevent NF- κ B 
translocation into the nucleus and subsequent activa-
tion of many pro-infl ammatory genes. In fact NF- κ B 
  Figure 7.     Effects of DFO on the presence of DNA and RNA (assessed by methyl green pyronin staining). In sham animals, the simultaneous 
presence of DNA and RNA was clearly evidenced by methyl green pyronin staining in both lateral and dorsal funiculi of the spinal cord 
(A). At 24 h after the injury, a signifi cant loss of DNA and RNA presence was observed in SCI mice (B). In contrast, the DNA and RNA 
degradation was attenuated in the central part of lateral and dorsal funiculi after DFO treatment (C). In addition, immunohistochemistry 
for PAR, an indicator of  in vivo  PARP activation, revealed the occurrence of positive staining for PAR localized in nuclei of Schwann cells 
in wm and gm of the spinal cord tissues from SCI mice (D). DFO treatment reduced the degree of positive staining for PAR (E) in the 
spinal cord. Densitometry analysis of immunocytochemistry photographs ( n  � 5 photos from each sample collected from all mice in each 
experimental group) for PAR (F) from spinal cord tissues was assessed. The assay was carried out by using Optilab Graftek software on 
a Macintosh personal computer (CPU G3-266). Data are expressed as a percentage of total tissue area. This fi gure is representative of at 
least three experiments performed on different experimental days. Data are means � SE of 10 mice for each group.  ∗  p   �  0.01 vs Sham.  
°  p   �  0.01 vs SCI � vehicle.  
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plays a central role in the regulation of many genes 
responsible for the generation of mediators or proteins 
in infl ammation, these include the genes for TNF- α , 
IL-1 β , iNOS and COX-2, to name but a few. 

 In this study we demonstrate that DFO attenuates 
the expression of iNOS in the tissue from SCI-treated 
mice when compared with untreated injured mice. It 
has been reported that NO directly controls intracel-
lular iron metabolism by activating iron regulatory 
protein (IRP), a cytoplasmic protein that control fer-
ritin translation [28]. Other authors investigated the 
neurotoxic role of NO after intracerebroventricular 
injection of iron on the cerebellar Purkinje cells in the 
rat, showing that inhibition of the neuronal NOS pre-
vented some of the deleterious effects of iron on cer-
ebellar Purkinje cells [29]. 

 It has also been demonstrated that enhanced for-
mation of NO by iNOS contributes to SCI. In the 
present study we clearly demonstrate that DFO 
treatment fully inhibited the appearance of nitroty-
rosine staining in the infl amed tissue. This effect is 
likely related to a well-known antioxidant property of 
DFO on peroxynitrite, as demonstrated by other 
authors [30]. 
 The antioxidant activities of DFO were also assessed 
in an  in vitro  system, reducing protein nitration, 
restoring enzyme activities and maintaining erythro-
cyte membrane integrity. 

 Nitrotyrosine formation was initially proposed as 
a relatively specifi c marker for the detection of the 
endogenous formation  ‘ footprint ’  of peroxynitrite. 
There is, however, recent evidence that other reac-
tions can also induce tyrosine nitration; e.g. the reac-
tion of nitrite with hypochlorous acid and the 
reaction of myeloperoxidase with hydrogen peroxide 
can lead to the formation of nitrotyrosine [31]. 
Increased nitrotyrosine staining is considered, there-
fore, as an indication of  ‘ increased nitrosative stress ’  
rather than a specifi c marker of the peroxynitrite 
generation. 

 Malondialdehyde (MDA) levels, as an indicator of 
lipid peroxidation, were determined in the spinal cord 
tissue at 24 h after SCI. In this study, in agreement 
with previous reports [32], we demonstrated that 
DFO treatment reduced MDA levels injured tissue. 
In fact, it ’ s known that DFO is able to improve injury 
by chelating iron, thereby inhibiting lipid peroxida-
tion and free radical formation. 
  Figure 8.     Effect of DFO on immunohistochemical localization and expression of FasL. Spinal cord sections were processed at 24 h after 
SCI to determine the immunohistological staining for FasL. A substantial increase in FasL (A) expression was found in infl ammatory 
cells, in nuclei of Schwann cells in the spinal cord tissues from SCI mice. Spinal cord levels of FasL (B) were signifi cantly attenuated in 
DFO-SCI treated mice in comparison to SCI animals. Densitometry analysis of immunocytochemistry photographs ( n  � 5 photos from 
each sample collected from all mice in each experimental group) for FasL (C) from spinal cord tissues was assessed. The assay was carried 
out by using Optilab Graftek software on a Macintosh personal computer (CPU G3-266). This fi gure is representative of at least three 
experiments performed on different experimental days.  ∗  p   �  0.01 vs Sham.  °  p   �  0.01 vs SCI � vehicle.  
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 The postulated pathophysiological mechanisms 
suggest that iron-catalysed lipid peroxidation plays an 
important role in the auto-destruction of the injured 
spinal cord [33]. 

 ROS and peroxynitrite also cause DNA damage, 
which results in the alteration of mitochondrial respi-
ration as well as activation of the nuclear enzyme 
poly(ADP-ribose) polymerase (PARP), depletion of 
NAD �  and ATP and ultimately cell death [34]. This 
pathway plays an important role in various forms of 
infl ammation and neurodegenerative disease. It is 
conceivable that by scavenging hydroxyl radical and 
peroxynitrite, DFO would prevent the DNA single 
strand breakage and thus prevent the activation of 
PARS in infl ammation. We demonstrate here that 
DFO reduced the increase in PARP activation in the 
spinal cord from SCI-operated mice. Thus, we pro-
pose that the anti-infl ammatory effects of DFO may 
be due to the prevention of the activation of PARP. 
These data are in agreement with other authors that 
demonstrated DFO reduced haemoglobin-induced 
brain oedema and activation of PARP [35] . To fur-
ther confi rm the data about the prevention of damage 
to DNA, we have used Methyl-green-pyronin stain-
ing, a differential nucleic acid staining, which distin-
guishes the double and single stranded states of the 
nucleic acids and we obtained that DFO prevented 
the alteration of nucleic acid. 
 Lesions and trauma to the brain of spinal cord 
cause an infl ammatory response of the white matter 
tracts resulting in wallerian degeneration of the distal 
axonal segment, which has been separated from its 
parent cell body [36]. Wallerian degeneration may be 
associated with apoptosis after injuries in the CNS. 
Iron chelators can induce both cell cycle arrest and 
programmed cell death or apoptosis. 

 Apoptosis is an important mediator of secondary 
damage after SCI. It incurs its affects through at 
least two phases: an initial phase, in which apoptosis 
accompanies necrosis in the degeneration of multiple 
cell types, and a later phase, which is predominantly 
confi ned to white matter and involves oligodendro-
cytes and microglia. In an effort to prevent or dimin-
ish levels of apoptosis, we have demonstrated that 
the treatment with DFO attenuates the degree of 
 apoptosis, measured by TUNEL detection kit, in the 
spinal cord after the damage. 

 Thus, iron chelation has been shown to induce 
apoptosis in Kaposi ’ s sarcoma cells [37] and neuro-
blastoma cells. The human leukaemic cell line CCRF-
CEM treated with DFO exhibited morphological 
features of apoptosis after 48 h. 

 Mechanisms of apoptosis mediated by iron chela-
tors are poorly understood. The data obtained here 
were realized to determine the molecular pathway 
utilized by iron chelators to prevent apoptosis. 
  Figure 9.     Effects of DFO on TUNEL-like staining in the perilesional spinal cord tissue. At 24 h after the trauma, SCI mice demonstrated 
a marked appearance of dark brown apoptotic cells and intercellular apoptotic fragments (A). In contrast, tissues obtained from mice 
treated with DFO had no apoptotic cells or fragments (B). The number of TUNEL positive cells/high-power fi eld was counted in fi ve-
to-10 fi elds for each coded slide (C). Figure is representative of at least three experiments performed on different experimental days.  
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  Figure 10. Western blot and immunohistochemical analysis for Bax and Bcl-2 expression. By Western blot analysis, Bax levels were 
appreciably increased in the spinal cord from SCI mice (A and A1). On the contrary, DFO treatment prevented SCI-induced Bax expression 
(A and A1). Moreover, a basal level of Bcl-2 expression was detected in spinal cord samples from sham-operated mice. Bcl-2 expression 
was signifi cantly reduced in spinal cord samples from SCI mice (B and B1). DFO treatment signifi cantly reduced the SCI-induced 
inhibition of Bcl-2 expression (B and B1). The results in (A1) and (B1) are expressed as mean � SEM from  n  � 5/6 spinal cord for each 
group.  ∗  p   �  0.01 vs sham,  °  p   �  0.01 vs SCI � vehicle. Sections of spinal cord from SCI mice exhibited positive staining for Bax ©. DFO 
treatment reduced the degree of positive staining for Bax in the spinal cord of mice subjected to SCI (D). In addition, in the spinal cord 
sections from SCI control mice, the staining for Bcl-2 signifi cantly reduced (E). DFO treatment attenuated the loss of positive staining 
for Bcl-2 in the spinal cord from SCI-subjected mice (F). Densitometry analysis of immunocytochemistry photographs ( n  � 5 photos from 
each sample collected from all mice in each experimental group) for Bax and for Bcl-2 (G) from spinal cord tissues was assessed. The 
assay was carried out by using Optilab Graftek software on a Macintosh personal computer (CPU G3-266). Data are expressed as a 
percentage of total tissue area. This fi gure is representative of at least three experiments performed on different experimental days. 
 ∗  p   �  0.01 vs Sham.  °  p   �  0.01 vs SCI � vehicle.  
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 It ’ s well known that two different apoptotic pathways 
can be activated after SCI. One of these is the death 
receptor pathway, characterized following binding of 
ligands to extracellular death receptors such as TNF 
receptor, CD95/Fas [38]. These receptors, after activa-
tion, recruit and activate in turn other proteins (like 
caspase 8, caspase 3 and others), leading at least to 
cleavage of several substrates, like cytoskeleton-associ-
ated proteins, transcription factors and proteins involved 
in DNA repair (PARP) and chromatin structure. 

 With the second pathway, the activation of caspases 
occurs through a mitochondrial mechanism [38]. 
Cytochrome  c  released from mitochondria into the 
cytosol binds with procaspase 9 and Apaf-1. This bind-
ing activates executioner caspases and initiates several 
events that overlap with those of the fi rst pathway by 
death receptors. This way is modulated by members of 
the Bcl-2 family, proteins that localize to membranes, 
including mitochondrial membranes. Inside of this 
family group there is anti-apoptotic proteins Bcl-2 and 
Bcl-XL as well as the pro-apoptotic protein Bax. 

 Moreover various studies have postulated that Bax, 
a pro-apoptotic gene, plays an important role in 
developmental cell death and CNS injury [39]. 
 Similarly, it has been shown that the administration 
of Bcl-xL fusion protein (Bcl-xL FP) (Bcl-2 is the 
most expressed anti-apoptotic molecule in adult 
central nervous system) into injured spinal cords sig-
nifi cantly increased neuronal survival, suggesting 
that SCI-induced changes in Bcl-xL contribute con-
siderably to neuronal death . Based on these evi-
dences, we have identifi ed in SCI pro-apoptotic 
transcriptional changes, including up-regulation of 
pro-apoptotic Bax and down-regulation of anti-
apoptotic Bcl-2, by immunohistochemical staining. 
We report in the present study that the treatment 
with DFO in SCI experimental model documents 
features of apoptotic cell death after SCI, suggesting 
that protection from apoptosis may be a pre-requisite 
for regenerative approaches to SCI. In particular, 
we demonstrated that the treatment with DFO 
reduced Bax expression, while, on the contrary, Bcl-2 
expressed much more in mice treated with DFO. 
Therefore, FasL plays a central role in apoptosis 
induced by a variety of chemical and physical insults. 
Recently, it has been pointed out that FasL signalling 
plays a central role in SCI [40]. We confi rm here that 
SCI leads to a substantial activation of FasL in the 
spinal cord tissues, which likely contributes in differ-
ent capacities to the evolution of tissues injury. In the 
present study, we found that DFO treatment led to 
a substantial reduction of FasL activation. However, 
  Figure 11. Effect of DFO on S-100 expression. Spinal cord sections were processed at 24 h after SCI to determine the immunohistological 
staining for S-100. A substantial increase in S-100 (A) expression was found in infl ammatory cells, in nuclei of Schwann cells in the spinal 
cord tissues from SCI mice. Spinal cord levels of S-100 (B) were signifi cantly attenuated in DFO-SCI treated mice in comparison to SCI 
animals. Densitometry analysis of immunocytochemistry photographs ( n  � 5 photos from each sample collected from all mice in each 
experimental group) for S-100 (C) from spinal cord tissues was assessed. The assay was carried out by using Optilab Graftek software on 
a Macintosh personal computer (CPU G3-266). This fi gure is representative of at least three experiments performed on different 
experimental days.  ∗  p   �  0.01 vs Sham.  °  p   �  0.01 vs SCI � vehicle.  
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it is not possible to exclude that the anti-apoptotic 
effect observed after DFO it may be partially depen-
dent on the attenuation of the infl ammatory-induced 
damage. Further studies are needed in order to clar-
ify these mechanisms. 

 Several publications have all shown an increased 
interest in the mechanisms of glial neurotrophic fac-
tors, such as basic fi broblast growth factor (bFGF, 
FGF-2) and S100 β , in the injury-related events in the 
forebrain [41]. 

 S100 β  is a Ca �  2 -binding protein and it is widely dis-
tributed in the central nervous system (CNS), including 
the spinal cord [42], being found mainly in astrocytes. 
A possible involvement is known in post-injury events 
of S100 β , because it promotes gliogenesis and angiogen-
esis and may also stimulate secretion of glial extracel-
lular matrix molecules. What is the mechanism that 
regulates S100 β  expression in reactive astrocytes after 
injury is not known. The present study, using immuno-
histochemistry and densitometry analysis, characterized 
the changes in S100 β  in reactive astrocytes and micro-
glia in the spinal cord after contusion lesion induced by 
the application of the vascular clip. We observed that in 
DFO treated mice the staining is more and signifi cantly 
evident when compared with SCI-operated mice, while 
we observed no signifi cant evidence of the presence of 
S100 β  in the sham group mice. 

 Finally, in this study we demonstrated that DFO 
treatment signifi cantly reduced the SCI-induced spi-
nal cord infl ammatory reactions. The results of the 
present study enhance our understanding on the role 
of chelators to prevent the participation of iron in 
oxygen radical formation, to mitigate the oxidative 
stress damage resulting from ischemia/reperfusion, 
neurodegenerative disease, infl ammation or chemo-
therapeutic drugs . In conclusion, DFO, for its pro-
tective effects, may be useful in the therapy of spinal 
cord injury, trauma and infl ammation.   
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