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Abstract Spinal cord injury (SCI) is a traumatic event that
causes a secondary and extended inflammation characterized
by infiltration of immune cells, including T lymphocytes,
release of pro-inflammatory mediators in the lesion site, and
tissue degeneration. Current therapeutic approaches for SCI
are limited to glucocorticoids (GC) due to their potent anti-
inflammatory activity. GC efficacy resides, in part, in the
capability to inhibit NF-κB, T lymphocyte activation, and the
consequent cytokine production. In this study, we performed
experiments aimed to test the susceptibility of glucocorticoid-
induced leucine zipper (GILZ) transgenic (GILZTG) mice, in
which GILZ is selectively over-expressed in T lymphocytes,
to SCI induction. Consistent with a decreased inflammatory
response, GILZTG were less susceptible to SCI as compared
to wild-type littermates. Notably, inhibition of NF-κB
activation and nuclear translocation, diminished T lympho-
cytes activation and tissue infiltration, as well as decreased
release of cytokines were evident in GILZTG as compared to
wild-type mice. Moreover, GILZTG showed a reduced tumor

necrosis factor-α, IL-1β, Inductible nitric oxide synthase
(iNOS) and nytrotyrosine production, apoptosis, and neuro-
nal tissue damage. Together these results indicate that GILZ
mimics the anti-inflammatory effect of GC and represents a
potential pharmacological target for modulation of T
lymphocyte-mediated immune response in inflammatory
disorders, such as SCI.
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Introduction

Inflammation is involved in a large array of pathological
conditions as a homeostatic response aimed at tissue repair
and to defend organ functional integrity. Many signals and
stimuli (including traumatic events) are responsible for the
inflammatory process activation and development [1]. A
post-traumatic inflammatory reaction plays an important
role in the secondary injury process that develops after
spinal cord injury (SCI) [2]. The primary traumatic
mechanical injury to the spinal cord causes the death of a
number of neurons that can neither be recovered nor
regenerated. However, neurons continue to die for hours
after SCI and this represents a potentially avoidable event
[3]. In particular, this secondary neuronal death is deter-
mined by a large number of cellular and molecular events
(characteristic of local inflammatory response) that have
been proposed to contribute significantly to secondary
damage in the injured spinal cord. Recent evidence
suggests that leukocytes, especially T lymphocytes and
neutrophils, infiltrate into the injured spinal cord and are
directly involved in the pathogenesis and extension of SCI
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[4–6]. Moreover, relevant features of inflammation, such as
inflammatory cells infiltration, inflammatory mediators re-
lease, edema formation, neuronal apoptosis, and tissue
damage have been characterized in SCI animal models [7, 8].

Despite progress, SCI still remains a very complex
medical and psychological challenge, and the only phar-
macological compound that has been recognized as
therapeutically useful is the synthetic glucocorticoid (GC)
methylprednisolone (MP), when administered at high doses
within 3 to 8 hours from the onset of the trauma [9]. The
use of GC in the treatment of SCI has been proposed on the
basis of the ability of high-dose MP to attenuate posttrau-
matic free radical-induced lipid peroxidation [10] or
attenuation of oligodendrocyte apoptosis after injury [11].
However, the mechanisms by which GC protect the central
nervous system are not completely understood. Some
studies suggest that GC-mediated neuroprotetion in central
nervous system diseases, such as the Parkinson’s disease is
due to the anti-inflammatory properties of GC [12]. Among
the most used drugs for treatment of SCI patients, GC
exerts the anti-inflammatory action through inhibition of T-
lymphocyte activation and migration, entering into the
lesion of the tissue and production of pro-inflammatory
cytokines. These effects are mediated by GC interaction
with cytoplasm receptors, which is followed by the
inhibition of NF-κB activation and nuclear translocation
[13, 14]. However, although GC is a potent anti-
inflammatory drug, its clinical effects are often transitory,
and the disease recurs when tapering the drug and when
chronic use of GC is accompanied by serious side effects.
Therefore, different strategies aimed to inhibit the NF-κB-
mediated inflammation are needed.

We have previously identified a gene known as
glucocorticoid-induced leucine zipper (GILZ), which is
rapidly activated by dexamethasone (DEX), a synthetic GC
specific for GR, and inhibits T-lymphocyte activation [15,
16]. The GILZ gene encodes various isoforms among
which GILZ is the isoform expressed in normal T
lymphocytes that mediates some of the immunomodulatory
effects of GC, including inhibition of NF-κB activation and
nuclear translocation [15–21]. Notably, GILZ directly
interacts with NF-κB in a homodimeric conformation
through specific amino acids at the COOH terminal domain
[21]. Moreover, GILZ can interact with Ras-dependent
mitogen activated protein kinase pathway, in a monomeric
conformation and through its NH2 terminal domain, with
consequent inhibition of the downstream pathways, includ-
ing NF-κB activation [22]. Thus, GILZ inhibits NF-κB by
multiple mechanisms and acts as an anti-inflammatory
molecule [15, 20–24].

Using GILZ transgenic (GILZTG) mice, in which GILZ is
selectively over-expressed in the T-cell lineage at levels
comparable to that induced by pharmacological GC treat-

ment [20, 25], we show that GILZ inhibits the inflammatory
process and the development of SCI. These results indicate
that GILZ is an anti-inflammatory molecule representing a
potential pharmacological target for modulation of T-cell-
mediated immune/inflammatory response in SCI.

Methods

Animals

Six- to 10-week-old GILZTG and wild-type (WT) mice
were used and analyzed for genotype and GILZ expression,
as previously described [24]. In each experiment, GILZTG

mice were compared with WT littermates. Two independent
transgenic lines were produced. Animal care was in
compliance with regulations in Italy (D.M. 116192),
Europe (O.J. of E.C.L. 358/1 12/18/c1986), and the United
States (Animal Welfare Assurance No. A5594-01, Depart-
ment of Health and Human Services, Washington, DC).

SCI

SCI was induced, as previously described [26]. Briefly, mice
were anesthetized using chloral hydrate (400 mg/kg body
weight). A longitudinal incision was made on the midline of
the back, exposing the paravertebral muscles. These muscles
were dissected away exposing T5-T8 vertebrae. The spinal
cord was exposed via a 4-level T5-T8 laminectomy, and SCI
was produced by extradural compression at T6-T7 level
using an aneurysm clip with a closing force of 24 g. In all
injured groups, the spinal cord was compressed for 1 minute.
Sham animals were only subjected to laminectomy. Follow-
ing surgery, 1.0 cc of saline was administered subcutaneously
to replace the blood volume lost during the surgery. During
recovery from anesthesia, the mice were placed on a warm
heating pad and covered with a warm towel. The mice were
individually 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.

Experimental Groups

Mice were randomly allocated into the following groups: 1)
SCI WT group, mice were subjected to SCI; 2) SCI
GILZTG group: mice were subjected to SCI; 3) control
WT group (sham): WT mice were subjected to the surgical
procedures, as with the previous groups, except that the
aneurysm clip was not applied; and 4) control GILZTG

group (sham): GITRTG mice were subjected to the surgical
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procedures, as with the previous groups, except that the
aneurysm clip was not applied. In each experiment, we
used 5 animals per group, unless otherwise indicated. Mice
from each group were sacrificed at 24 h after SCI to collect
samples for the evaluation of the parameters described as
follows.

Myeloperoxidase Activity

Myeloperoxidase (MPO) activity, an indicator of polymor-
phonuclear leukocyte accumulation, was determined in the
spinal cord tissues, as previously described [26] at 24 h
after SCI. At the specified time, following SCI, spinal cord
tissues were obtained and weighed, and each piece was
homogenized in a solution containing 0.5% (w/v)
hexadecyltrimethyl-ammonium bromide dissolved in
10 mM potassium phosphate buffer (pH 7) and centrifuged
for 30 minutes at 20,000 × g at 4°C. An aliquot of the
supernatant was then allowed to react with a solution of
1.6 mM tetramethylbenzidine and 0.1 mM H2O2. The rate
of change in absorbance was measured spectrophotometrical-
ly at 650 nm. MPO activity was defined as the quantity of
enzyme degrading 1 μmol of peroxide per minute at 37°C,
and it was expressed as units of MPO/mg protein.

Preparation of Cytosolic and Nuclear Extracts from Spinal
Cord and Western Blot Analysis

Cytosolic and nuclear extracts were prepared as previously
described [27], with slight modifications. Briefly, tissue
segments containing the lesion (1 cm on each side of the
lesion) from each mouse were suspended in extraction
buffer A containing 0.2 mM phenylmethylsulfonyl fluoride
(PMSF), 0.15 mM pepstatin A, 20 mM leupeptin, 1 mM
sodium orthovanadate, homogenized at the highest setting
for 2 minutes, and centrifuged at 1,000 × g for 10 minutes
at 4°C. Supernatants represented the cytosolic fraction. The
pellets (containing enriched nuclei) were re-suspended in
buffer B containing 1% Triton X-100, 150 mM NaCl,
10 mM tris-HCl pH 7.4, 1 mM ethylene glycol tetraacetric
acid (EGTA), 1 mM ethylenediaminetetraacetric acid
(EDTA), 0.2 mM PMSF, 20 μm leupeptin, 0.2 mM sodium
orthovanadate. After centrifugation 30 minutes at 15,000 ×
g at 4°C, the supernatants containing the nuclear protein
were stored at −80°C for further analysis. The levels of
inhabitor of kappaB-α (IκB-α), glial fibrillary acidic
protein (GFAP), Bax, and Bcl-2 were quantified in
cytosolic fraction from spinal cord tissue collected after
24 h after SCI, whereas NF-κB p65 levels were quantified
in nuclear fraction. Protein (40 μg) was dissolved in
Laemmli Sample Buffer, boiled for 5 minutes, and
subjected to sodium dodecyl Sulphate - polyAcrylamide
gel electrophoresis (SDS PAGE) (8% or 15% polyacryl-

amide). The Western blot was performed by transferring
proteins from a slab gel to nitrocellulose membrane at
240 mA for 40 minutes at room temperature using Trans-
Blot SD Semi-Dry Transfer Cell (Bio-Rad, Milan, Italy).
The filters were blocked with 1× phosphate buffered saline
(PBS), 5 % (w/v) nonfat dried milk PBS and 5% mild (PM)
for 40 minutes at room temperature and subsequently
probed with specific Abs anti-IκB-α (1:1,000; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), or anti-Bax (1:500;
Santa Cruz Biotechnology), or anti-Bcl-2 (1:500; Santa
Cruz Biotechnology), or anti-GFAP (1:500; Santa Cruz
Biotechnology), or anti-NF-κB p65 (1:1,000; Santa Cruz
Biotechnology) in 1× PBS, 5% w/v nonfat dried milk, and
0.1% Tween-20 (PMT) at 4°C overnight. Membranes were
incubated with peroxidase-conjugated bovine anti-mouse
immunoglobulin G (IgG) secondary antibody or
peroxidase-conjugated goat anti-rabbit IgG (1:2,000, Jack-
son ImmunoResearch, West Grove, PA) for 1 h at room
temperature.

To ascertain that Western blots were loaded with equal
amounts of protein lysates, they were also incubated in the
presence of the antibody against β-actin (for cytosolic
extract) or lamin A/C (for nuclear extract) proteins
(1:10,000; Sigma-Aldrich Co., Milan, Italy).

Signals were detected with the enhanced chemilumines-
cence detection system reagent, according to manufacturer’s
instructions (SuperSignal West Pico Chemiluminescent Sub-
strate, Pierce, Thermo Fisher Scientific Inc., Rockford, IL,
USA). The relative expression of the protein bands of IκB-α
(~37 kDa), GFAP (~50 kDa), NF-κB p65 (65 kDa), Bax
(~23 kDa), and Bcl-2 (~26 kDa) were quantified by
densitometry with ImageQuant TL software (GE Healthcare,
Milan, Italy) and standardized for densitometric analysis to
housekeeping gene levels. Images of Western blot signals
were imported to analysis software (ImageQuant TL, v.
2003). A preparation of commercially available molecular
weight markers (Precision Plus Protein Kaleidoscope stand-
ards, Bio-Rad) consisting of proteins of molecular weight 10
to 250 kDa, which was used to define molecular weight
positions and as reference concentrations for each molecular
weight.

Immunohistochemical Localization of Nitrotyrosine, iNOS,
Bax and Bcl-2, CD4, CD8, Fas ligand, Tumor Necrosis
Factor-α, Interleukin-2Rα, and Interleukin-1β

At the 24 h after SCI induction, the tissues were fixed in
10% (w/v) PBS-buffered formaldehyde, and 8-μm sections
were prepared from paraffin-embedded tissues. After
deparaffinization, endogenous peroxidase was quenched
with 0.3% (v/v) hydrogen peroxide in 60% (v/v) methanol
for 30 minutes. The sections were permeabilized with 0.1%
(w/v) Triton X-100 in PBS for 20 minutes. Nonspecific
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adsorption was minimized by incubating the section in 2%
(v/v) normal goat serum in PBS for 20 minutes. Endoge-
nous biotin or avidin binding sites were blocked by
sequential incubation for 15 minutes with biotin and avidin
(Vector Laboratories, Burlingame, CA, USA), respectively.
Sections were incubated overnight with anti-nitrotyrosine
rabbit polyclonal antibody (1:500 in PBS, v/v), with anti-
iNOS polyclonal antibody rat (1:500 in PBS, v/v), anti-Bax
rabbit polyclonal antibody (1:500 in PBS, v/v), or with anti-
Bcl-2 polyclonal antibody rat, anti-CD4 rabbit polyclonal
antibody (1:500 in PBS, v/v), anti-CD8α rabbit polyclonal
antibody (1:500 in PBS, v/v), anti-Fas ligand (FasL) rabbit
polyclonal antibody (1:500 in PBS, v/v), anti-TNFα rabbit
polyclonal antibody (1:500 in PBS, v/v), anti-IL-2Rα rabbit
polyclonal antibody (1:500 in PBS, v/v), and anti-IL-1β
rabbit polyclonal antibody (1:500 in PBS, v/v). Sections
were washed with PBS and incubated with a secondary
antibody. Specific labeling was detected with a biotin-
conjugated goat anti-rabbit IgG and avidin-biotin peroxi-
dase complex (Vector Laboratories, Burlingame, CA,
USA). To verify the binding specificity for nitrotyrosine,
iNOS, Bax, and Bcl-2, CD4, CD8α, FasL, tumor necrosis
factor (TNF)-α, interleukin (IL)-2Rα, and interleukin-1β,
some sections were also incubated with only the primary
antibody (no secondary) or with only the secondary
antibody (no primary). In these situations, no positive
staining was found in the sections indicating that the
immunoreaction was positive in all the experiments carried
out. Immunohistochemical photographs (n=5 photos from
each sample collected from each mice in each experimental
group) were assessed by densitometry, as previously
described [28] by using Optilab Graftek software on a
Macintosh personal computer, Optilab Graftek, Austin, TX;
Macintoch personal computer (CPU G3-266).

Assessment of Apoptosis

Detection of cells with DNA strand breaks was performed in
paraffin-embedded spinal cord section by the terminal deoxy-
nucleotidyl transferase dUTP nick end labeling (TUNEL)
technique using an Apop Tag-peroxidase kit (ApopTag®
Peroxidase, Millipore, Billerica, MA, USA), as previously
described [20]. Briefly, sections were incubated with 15 μg/ml
proteinase K for 15 minutes at room temperature and then
washed with PBS. Endogenous peroxidase was inactivated by
3% H2O2 for 5 minutes at room temperature and was then
washed with PBS. Sections were immersed in terminal
deoxynucleotidyl transferase (TdT) buffer containing TdT
and biotinylated 2'-Deoxyuridine, 5'-Triphosphate (dUTP) in
TdT buffer, incubated in a humid atmosphere at 37°C for 90
minutes, and then washed with PBS. The sections were
incubated at room temperature for 30 minutes with anti-
horseradish peroxidase-conjugated antibody, and the signals

were visualized with diaminobenzidine. Negative and positive
controls were performed in every assay. As negative controls,
tissue sections were processed in an identical manner, except
that the terminal TdT enzyme was substituted with the same
volume of PBS. In each tissue section, the number of positive
cells was determined via stereological counting methods,
which were counted in 20 optical fields in the area of 1.0-mm
rostral and caudal to the epicenter (2-mm long total) following
the scheme reported in Supplementary Figure 1.

Light Microscopy

Spinal cord tissues were taken at 24 h following trauma,
and were fixed for 24 h in paraformaldehyde solution (4%
in PBS 0.1 M) at room temperature, dehydrated by graded
ethanol, and embedded in Paraplast (Sherwood Medical,
Mahwah, NJ). Tissue sections (thickness, 5 μm) were
deparaffinized with xylene, stained with hematoxylin &
eosin, and studied using light microscopy (Dialux 22, Leitz,
Germany). All the histological studies were performed in a
blinded fashion. Segments of each spinal cord were
evaluated by an experienced histopathologist. Damaged
neurons were counted and the histopathologic changes of
the gray matter were scored on a 6-point scale [26]: 0 = no
lesion observed; 1 = gray matter contained 1 to 5
eosinophilic neurons; 2 = gray matter contained 5 to 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); 6 = large
infarction (more than one half of the gray matter area). The
scores from all the sections from each spinal cord were
averaged to give a final score for an individual mouse. All
the histological studies were performed in a blinded
fashion.

Enzyme-Linked Immunosorbent Assay Measurement
of TNF-α, IL-1β, and IL-10

For the measurement of cytokines levels, a 1 cm sample
containing the lesion site (or comparable region of sham-
operated animals) was rapidly dissected and homogenized
in 1 ml PBS containing protease inhibitors (Complete
protease inhibitor tablets, Roche). TNF-α, IL-1β, and IL-10
levels were assayed using DuoSet ELISA Development
System (R&D Systems, Minneapolis, MN, USA). All
assays were carried out in duplicate using recommended
buffers, diluents, and substrates. Absorbency was deter-
mined using a microplate reader at 450 nm (Multiskan FC
Microplate Photometer, Thermo Fisher Scientific Inc.,
Rockford, IL, USA). The intra-assay coefficient of varia-
tions for both assays was less than 10%. The concentration of
the cytokines in the tissue was mentioned as protein in pg/mg.
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Determination of Prostaglandin E2 (PGE2) in Mouse
Spinal Cords

The spinal cords were collected at 24 h after SCI from the
animals (2 to 6 spinal cords were pooled together) and
immediately homogenized in methanol. The mediators in
the tissues were extracted in 5 ml methanol for 3 to 5 days
at −80°C. To remove the tissue residues, the extracts were
centrifuged at 1,800 g for 20 minutes at 4°C. Then the
sample solutions were dried to remove methanol. The dried
samples were suspended in an assay buffer that was
supplied with each ELISA kit (Assay Designs, Ann Arbor,
MI, USA). To determine the levels of prostaglandin E2
(PGE2) within the sensitive (i.e., linear) ranges of the
standard curves, the samples were diluted further 1- to 20-
fold and assayed at multiple dilutions [26].

Materials

Unless otherwise stated, all compounds were obtained from
Sigma-Aldrich Company Ltd. (Milan, Italy). (All stock
solutions were prepared in nonpyrogenic saline (0.9%
NaCl; Baxter, Italy) or 10% dimethyl sulfoxide.

Statistical Evaluation

All values in the figures and the text are expressed as mean
± SEM. Results shown in the figures are representative of at
least 3 experiments performed on different experimental
days. In each experiment, we used 5 animals per group,
unless otherwise indicated. The results were analyzed by
one-way analysis of variance followed by a Bonferroni
post-hoc test for multiple comparisons. A p value of less
than 0.05 was considered significant.

Results

GILZ Over-Expression Reduces iNOS, Nitrotyrosine, and
the Damage of the Spinal Cord Tissue

To evaluate the possible role of GILZ over-expression on
degree of SCI induction, the severity of the trauma was
measured at 24 h after injury (Fig. 1). Results show an
increased damage of the spinal cord in tissue of WT mice
subjected to SCI (Fig. 1C) as compared to GILZTG with
SCI (Fig. 1D). Notably, the extent and severity of the
histological signs of SCI in GILZTG mice (Fig. 1D) was
significantly reduced as compared to WT (Fig. 1C), as also
indicated by the histological score (Fig. 1E). The histolog-
ical pattern of SCI previously described appeared to be

correlated with cellular changes into the spinal cord. The
cellular changes occurring in the perilesioned zone (namely,
at the boundary between the core necrotic area and the
penumbra zone) were evaluated by the expression of
specific glial/precursor cell markers. In line with previous
literature data [29], a significant increase in the expression
of GFAP was found in the perilesioned area of WT mice
subjected to SCI with respect to sham-operated animals
(Fig. 1F). On the contrary, significant less GFAP expression
was found in the spinal cord tissues after SCI collected
from GILZTG mice (Fig. 1F).

iNOS is known to catalyze the oxidation of the
guanidine group of L-arginine to nitric oxide (NO), whereas
nitrotyrosine indicates the site of peroxynitrite production
and oxidative stress, providing evidence of the toxicity of
NO in a number of diseases [30]. Thus, iNOS and
nitrotyrosine over-expression account for NO production
and the consequent neurodegenerative changes [31, 32].
Twenty-four hours after SCI induction, iNOS and nitro-
tyrosine were measured by immunohistochemical analysis
in the spinal cord sections to determine the localization of
peroxynitrite formation and/or other nitrogen derivatives
produced during SCI. Sections of spinal cord from sham-
operated mice did not stain for iNOS or nitrotyrosine
(Fig. 1G, M, H, and N, respectively), whereas spinal cord
sections obtained from WT mice with SCI exhibited
positive staining for iNOS (Fig. 1I) and nitrotyrosine
(Fig. 1O). The positive staining was mainly localized in
infiltrating inflammatory cells, as well as in nuclei of
Schwann cells. After SCI induction the staining for
iNOS and nitrotyrosine were visibly and significantly
reduced in GILZTG (Fig. 1L and P, respectively) as
compared to WT mice. These results indicate that GILZ
over-expression in T lymphocytes inhibits SCI-induced
iNOS and nitrotyrosine induction and neuronal tissue
damage.

Effect of GILZ Over-Expression on IκB-α Degradation
and NF-κBp65 Nuclear Translocation

NF-κB has an important role in T-cell activation and in
inflammation. To analyze the molecular mechanisms
responsible for GILZ anti-inflammatory activity, we eval-
uated the classical NF-κB pathway [33, 34] measured by
Western blot IκB-α levels and nuclear translocation of NF-
κB (NF-κB p65) twenty-four hours after SCI induction. A
basal level of IκB-α was detected in the spinal cord from
both WT and GILZTG sham-operated animals (Fig. 2A);
SCI substantially reduced IκB-α levels in WT mice. SCI-
induced IκB-α reduction was significantly inhibited in
GILZTG mice (Fig. 2A) as also indicated by densitometric
analysis (Fig. 2A1).
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In addition, we readily detected an increase of nuclear
translocation of p65, the main transactivating NF-κB
subunit in WT spinal cord 24 hours after trauma (Fig. 2B,
B1). GILZ over-expression in GILZTG significantly de-
creased the nuclear content of NF-κB p65 (Fig. 2B, B1).
These results indicate that GILZ over-expression counters
NF-κB activation in SCI.

GILZ Over-Expression Inhibits the SCI-Induced Increase
of MPO, TNF-α, IL-1β, and IL-10

MPO activity is a measure of inflammatory cells migration
into the tissue. MPO levels were increased in WT, at 24 h
after SCI induction, as compared with tissues obtained from
sham-operated animals. A significantly decreased MPO
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activity was observed in tissue taken from GILZTG, as
compared to WT mice (Fig. 3A).

Tissue IL-10 levels in injured WT mice were signifi-
cantly elevated. GILZTG mice had significantly higher
tissue IL-10 levels than WT mice. At 24 h after SCI,
increased levels of TNF-α (Fig. 3C) and IL-1β (Fig. 3D),
as evaluated by ELISA, were observed in spinal cord tissue
extracts from WT animals. In GILZTG mice, production of
TNF-α (Fig. 3C) and IL-1β (Fig. 3D) was significantly
reduced. Low expression of TNF-α (Fig. 3C) and IL-1β
(Fig. 3D) was detected in sham-operated mice.

Moreover, the levels of PGE2 in spinal cord were
markedly elevated in injured WT mice, as compared to
GILZTG mice (Fig. 4).

In addition, tissue sections obtained from SCI in WT
animals showed positive staining for TNF-α (Fig. 5C) and
IL-1β (Fig. 5G), whereas in GILZTG mice the staining for
TNF-α (Fig. 5D) and IL-1β (Fig. 5H) was visibly and
significantly reduced. In the spinal cord tissue sections of
sham animals, no positive staining was observed for TNF-α
(Fig. 5A, B) or IL-1β (Fig. 5E, F).

Activated T cells over-express a number of membrane
molecules, including IL-2Rα. Therefore, we examined the
expression of IL-2Rα subunits in spinal cord tissue
sections. Immunohistological staining for IL-2Rα in the
spinal cord was determined 24 h after SCI induction. Spinal
cord sections from sham-operated mice (both WT and

GILZTG) did not stain for IL-2Rα (Fig. 5I, L), whereas
spinal cord sections obtained from WT mice exhibited
positive staining for IL-2Rα (Fig. 5M). GILZ over-
expression in GILZTG mice reduced the degree of positive
staining for IL-2Rα (Fig. 5N).

These results demonstrate that GILZ over-expression
reduces T-lymphocyte activation, cell infiltration in
spinal cord tissue, and production of proinflammatory
cytokines.

Effects of GILZ on Apoptosis in the Injured Spinal Cord

To test whether spinal cord damage was associated to
apoptosis, we measured TUNEL-like staining in the perile-
sional spinal cord tissue. Almost no apoptotic cells were
detected in the spinal cord from sham-operated mice
(Fig. 6A, B). At 24 h after the trauma induction, tissues
from SCI in WT mice demonstrated a marked appearance
of dark brown apoptotic cells and intercellular apoptotic
fragments (Fig. 6C, see particle C1). In contrast, tissues
obtained from GILZTG mice (Fig. 6D) demonstrated a
reduced number of apoptotic cells or fragments.

As Bax and Bcl-2 are important apoptosis regulators, at
24 h after SCI we investigated the changes in Bax and Bcl-
2 expression in spinal cord homogenates by Western blot.
Bax levels were appreciably increased in the spinal cord
from WT mice subjected to SCI as compared to sham. A
significant reduction was evident in injured GILZTG mice
(Fig. 7A, see also densitometry analysis A1). Furthermore,
we also analyzed Bcl-2 expression. A basal level of Bcl-2
expression was detected in spinal cord from sham-operated
mice (Fig. 7B, see densitometry analysis B1). Twenty-four
hours after SCI, the Bcl-2 expression was significantly
reduced in spinal cord from WT mice with SCI (Fig. 7B,
see densitometry analysis B1). GILZ over-expression in
GILZTG mice significantly countered the SCI-induced
inhibition of Bcl-2 expression (Fig. 7B, see densitometry
analysis B1).

Moreover, samples of spinal cord tissue were taken at 24 h
after SCI to determine levels of Bax and Bcl-2 expression by
immunohistological staining. Sections of spinal cord from
sham-operated mice did not stain for Bax (Fig. 7C, D),
whereas spinal cord sections obtained from WT mice with
SCI exhibited a positive staining for Bax (Fig. 7E). GILZ
over-expression in GILZTG mice reduced the degree of
positive staining for Bax in the spinal cord of mice subjected
to SCI (Fig. 7F). In addition, spinal cord sections from sham-
operated mice demonstrated Bcl-2 positive staining (Fig. 7G,
H), whereas the staining was significantly reduced after SCI
induction in the WT mice (Fig. 7I). The loss of positive
staining for Bcl-2 was attenuated in GILZTG mice (Fig. 7L).
These results indicate GILZ over-expression in T lympho-
cytes inhibits neural cell apoptosis.

Fig. 1 Effect of GILZ on histological alterations of the spinal cord
tissue and immunohistochemical localization of iNOS and nitro-
tyrosine. No histological alteration was observed in the spinal cord
tissues from sham-operated mice (A,B). Twenty-four h after SCI a
significant damage was evident in spinal cord from WT mice, as also
indicated by the presence of edema as well as alteration of the white
matter (C). Notably, a significant protection from the SCI was
observed in the tissue from GILZTG mice (D). The histological
scoring of injury severity showed that the degree of injury is higher in
mice SCI-operated mice, when compared with SCI GILZTG mice and
sham-operated mice (E). Moreover, the cellular changes occurring in
the perilesioned zone (namely, at the boundary between the core
necrotic area and the penumbra zone) were evaluated by the
expression of GFAP, a specific glial/precursor cell markers. The
increased levels of GFAP protein were significantly reduced in the
spinal cord tissues from GILZTG as compared to WT mice (F,F1).
Immunoblottings in panel F is representative of one spinal cord out of
5 analyzed. The densitometry results in panel F1 are expressed as
mean±s.e.m. of 3 blots. Histological score data are expressed as mean
± s.e.m. of 6 mice each group. *p<0.01 vs. sham; °p<0.01 vs. SCI-
operated mice. GILZ over-expression in SCI operated mice produced
a marked reduction in the immunostaining for iNOS (L) and
nitrotyrosine (P) in spinal cord tissue, when compared to positive
iNOS (I) and nitrotyrosine (O) staining obtained from the spinal cord
tissue from WT mice 24 h after the injury. No positive staining was
detected in sham-operated mice for iNOS or nitrotyrosine (G, H and
M,N respectively). This figure is representative of 3 experiments
performed on different experimental days

�
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Fig. 2 Effect of GILZ over-
expression on IκB-a degrada-
tion and NF-κB p65 nuclear
translocation. A basal level of
IκB-a was detected in the spinal
cord from sham-operated ani-
mals (A, A1) that was substan-
tially reduced 24 h after SCI
induction in WT mice (A, A1).
GILZ over-expression, in
GILZTG mice, prevented the
SCI-induced IκB-a reduction
(A, A1). In addition, the levels
of NF-κB p65 protein were
significantly reduced in the nu-
clear fractions of the spinal cord
tissues animals from GILZTG as
compared to WT mice (B,B1).
Immunoblottings in panel A and
B are representative of one
spinal cord out of 5 analyzed.
The densitometry results in
panel A1 and B1 were obtained
by phosphoimager analysis and
are expressed as mean±s.e.m. of
2 blots *p<0.05 versus sham,
°p<0.05 versus SCI-operated
mice
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Effect of GILZ Over-Expression on FasL Expression,
CD8α+, and CD4+ T Cells Infiltration after SCI

FasL expression is up-regulated during inflammation in
many cells, including activated T lymphocytes. More-
over, we evaluated FasL expression at 24 h after SCI
induction, as it has been reported that apoptosis
triggered by Fas-Fas ligand binding plays a fundamental
role in the regulation of the immune system. Spinal
cord sections from sham-operated mice did not stain for
FasL (Fig. 8A, B), whereas spinal cord sections from WT
with SCI mice exhibited positive staining for FasL
(Fig. 8C), mainly localized in infiltrating inflammatory
cells and in the nuclei of Schwann cells. Consistent with
apoptosis inhibition, GILZTG mice showed a reduced FasL
staining (Fig. 8D).

Reduction of FasL positive (FasL+) cells is consistent
with inhibition of inflammation and tissue damage. This
could be related to decreased tissue infiltration of activated
T lymphocytes. In fact, it has been shown that in the early
time of inflammation T lymphocytes infiltrated into the

inflammatory area [35]. The infiltrating lymphocyte popu-
lation was further characterized to determine the contribu-
tions by T-cell subsets. Spinal cords obtained from WT
mice, 24 h after SCI induction, showed an increased
infiltration of CD8α + (Fig. 8G) and of CD4+ (Fig. 8M,
M1) T cells when compared with sham-operated animals
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Fig. 3 Effect of GILZ over-expression on MPO activity, production
of TNF-a, IL-1b, and IL-10. Myeloperoxidase (MPO) levels were
increased by spinal cord injury in WT mice as compared with tissues
obtained from sham animals. In contrast, a decrease MPO activity was
observed in tissue taken from GILZTG mice 24 h after injury (A). The
evaluation of the production of inflammatory cytokines IL-10, TNF-a
and IL-1b, by ELISA, showed that in spinal cord samples, taken after

24 h after injury, there was a substantial increase in IL-10 (B), TNF-a
(C) and IL-1b (D) formation when compared with sham-operated
animals. In contrast, in GILZTG mice there were a significant increase
of IL-10 (B), and inhibition of TNF-a (C) and IL-1b (D) as compared
to WT. Data are mean±s.e.m. of 6 mice for each group. *p<0.01 vs
sham, °p<0.01 vs SCI-operated mice
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Fig. 4 Effect of GILZ over-expression on PGE2 levels PGE2 levels
were increased by SCI in WT mice as compared with tissues obtained
from sham animals. Mice with GILZ over-expression showed a
reduction of PGE2 levels
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Fig. 5 Effects of GILZ on
tissue expression of TNF-a,
IL-1b and IL-2Ra, after SCI,
as evaluated by immuno-
histochemistry Positive staining
for TNF-a (C) and IL-1b (G)
was observed in spinal cord
tissue sections obtained from
SCI GILZWT animals. The
staining for TNF-a (D) and IL-
1b (H) in SCI GILZTG mice was
reduced significantly in the
tissues collected at 24 h. Spinal
cord sections from sham-operat-
ed mice not shown stain for
TNF-a (A,B) and IL-1b (E,F)
Moreover, spinal cord sections
from sham-operated mice did
not stain for IL-2Ra (I and L).
Spinal cord sections obtained
from WT mice exhibited posi-
tive staining for IL-2Ra (M)
after SCI induction. GILZ over-
expression in GILZTG mice
reduced the degree of positive
staining for IL-2Ra in the spinal
cord (N)
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(Fig. 8E, F and I, L, respectively). GILZ over-expression in
GILZTG mice reduced the degree of staining for CD8α +
(Fig. 8H) and CD4+ (Fig. 8N) cells.

These results indicate that selective GILZ over-
expression in T lymphocytes significantly reduces the
number of infiltrating CD8α + and CD4+ T lymphocytes.

Discussion

The results presented here clearly indicate that levels of
inflammation and tissue damage in a mouse SCI model are
significantly lower in GILZTG mice, in which GILZ is
selectively over-expressed in T lymphocytes than in WT
littermates. Moreover, we show that GILZ over-expression

inhibits SCI-induced NF-κB activation and nuclear trans-
location, as well as T cell migration, into the inflammatory
tissue.

Inflammation is a well-regulated physiological process
aimed to maintain the homeostatic control of tissues and
organs integrity. A number of cellular and molecular events,
such as those responsible for cell activation and production
of soluble factors, are responsible for this complex process.
In particular, activated T lymphocytes have been described
to be involved in the inflammatory process development
and maintenance.

SCI usually begins with a traumatic blow of the spine
followed by various pathological changes in neural tissue, such
as reduced activity and survival of neurons. The primary tissue
damage is followed by infiltration of immune cells, including T
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Fig. 6 Effects of GILZ on apo-
ptosis as evaluated by TUNEL
coloration in spinal cord tissue
sections. The number of apo-
ptotic fragments and cells in-
creased at 24 h after SCI
induction (C), associated with a
specific apoptotic morphology
characterized by the compaction
of chromatin into uniformly
dense masses in perinuclear
membrane, the formation of ap-
optotic bodies as well as the
membrane blebbing (see particle
C1). In contrast, tissues obtained
from GILZTG mice (D) demon-
strated a small number of apo-
ptotic cells or fragments. No
staining was found in shamop-
erated mice (A-B). In SHAM-
operated animals, the central
area of each tissue section was
taken as a reference point and an
identical number of optical
fields was counted (see Supple-
mentary Figure 1 for details).
Data are reported as mean±
standard error. For each staining,
at least 20 optical fields from
sections taken from 3 different
animals were counted. *p<0.01
vs. sham; °p<0.01 vs. SCI-op-
erated mice
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lymphocytes, and the release of proinflammatory mediators
that cause a secondary and extended inflammation with tissue
degeneration [35, 36]. The current therapeutic approach for
SCI is limited to MP administration. The neuroproctective
effects of MP has been proposed on the basis of inhibition of
reactive nitrogen species peroxynitrite and its highly reactive
free radicals [10, 11]. The potent anti-inflammatory activity of
MP suggest that neuroprotective effects and improvement of
motor recovery in human SCI after of high-dose MP
treatment is also due to its immunosuppressive properties

[11, 12]. However, although clinical results are promising,
there is a growing concern that the therapeutic MP treatment
is not worth of the associated risk of infection, pneumonia and
septic shock, diabetic complications, gastrointestinal bleeding,
and delayed wound healing. Therefore, as the case of other
inflammatory and autoimmune diseases is important to
monitor the efficacy of treatment and to develop new
pharmacological approaches for therapy of SCI, our present
study indicates a role of GILZ in controlling SCI-induced
inflammation. In particular, using transgenic mice, in which
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Fig. 7 Effects of GILZ on Bax and Bcl-2 levels, as evaluated by
western blot and by immunohistochemical staining. Western blot
analysis was realized in spinal cord tissue collected at 24 h after injury.
(A) Sham: basal level of Bax was present in the tissue from-sham-
operated mice. SCI WT: Bax band is more evident in the tissue from
spinal cord injured mice. SCI GILZTG: Bax band is reduced in the
tissue from spinal cord injured mice. (B) Sham: basal level of Bcl-2
was present in the tissue from-sham-operated mice. SCI WT: Bcl-2
band is reduced in the tissue from spinal cord injured mice. SCI
GILZTG: Bcl-2 band is more evident in the tissue from spinal cord
injured mice. Immunoblottings in panel A and B are representative of
one spinal cord tissues out of 3 analyzed. The results in panel A1 and

B1 (densitometry measured by Phosphoimage analysis, GE Health-
care, Milan, Italy) are expressed as mean±s.e.m.. *p<0.01 vs. Sham;
°p<0.01 vs. SCI GILZWT. No positive staining for Bax was observed
in the tissue section from sham-operated mice (C,D). SCI caused, at
24 h, an increase in the release of Bax expression (E). GILZ over-
expression significantly inhibited the SCI-induced increase in Bax
expression (F). On the contrary positive staining for Bcl-2 was
observed in the spinal cord tissues of sham-operated mice (G,H). At
24h after SCI significantly less staining for Bcl-2 was observed (I).
GILZ over-expression significantly prevented the loss of Bcl-2
expression induced by SCI (L). Figure is representative of at least 3
experiments performed on different experimental days
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Fig. 8 Effects of GILZ on ex-
pression of FasL, CD4+ and
CD8a+ T cells, after SCI.
Immunohistological staining for
FasL in the spinal cord was also
determined 24 h after injury. No
positive staining for sham-oper-
ated mice (A, B). Spinal cord
sections obtained from SCI WT
mice exhibited positive staining
(C) mainly localized in inflam-
matory cells as well as in nuclei
of Schwann cells. Inhibition of
expression of GILZ reduced the
degree of positive staining for
FasL in the spinal cord (D).
Spinal cords obtained from SCI
WT mice showed significant
accumulation of CD8a+ (G) and
CD4+ (M, particle M1) T cells,
when compared with sham op-
erated animals (E,F and I,L,
respectively). GILZ over-ex-
pression reduced the degree of
positive staining for CD8a+ (H)
and CD4+ (N) T cells in the
spinal cord.

222 Esposito et al.



GILZ is selectively over-expressed in T lymphocytes at levels
comparable to that obtained with dexamethasone treatment
[20, 24, 25], we demonstrate that T lymphocytes play an
important role in SCI.

To react against an antigen and engage tissue inflamma-
tion, activated T lymphocytes must leave the bloodstream
and enter into the tissue. This is an important mechanism
because it has been shown that in the early stages of
inflammation, activated T lymphocytes participate to
constitute the cell population that infiltrates into the
inflammatory area in SCI [6, 35]. Herein, we show that
FasL + and CD25+ (two markers of T cells activation) T
lymphocytes (both CD4+ and CD8α+) infiltrate the
damaged tissue during SCI. However, GILZ over-
expression significantly decreases their numbers further
demonstrating that activated T lymphocytes are important
in the disease and showing that GILZ inhibits the T
lymphocyte capability to induce an inflammatory process
in vivo. These results are in accordance with observations
suggesting GILZ can inhibit T-lymphocyte activation,
cytokine production, and the inflammatory processes in
vitro and in vivo [15–18, 20, 24, 37, 38]. Moreover, results
described herein are also in accordance with the GILZ
capability to counter NF-κB activation [16, 17, 21, 39], and
in fact a significant inhibition of SCI-induced NF-κB
activation and nuclear translocation is evident in GILZTG

mice. Notably, this NF-κB inhibition may well explain the
lower inflammation that develops in GILZTG, in compari-
son to WT mice, after SCI induction. This observation may
be of interest because it has been described, in SCI, as a
strain-dependent difference in T-cell infiltration and inflam-
mation, as related to differences in endogenous GC
production [7]. Herein, we show a role of GILZ (a GC
mediator) in regulating T-cell migration and inflammation
development into the spinal lesion.

It is known that neutrophils also infiltrate and participate in
the inflammatory process, thus contributing to tissue degen-
eration. Degeneration begins 24 h after trauma and increases
during the next few days, with death of oligodendrocytes and
cyst formation within the gray matter and the white matter.
The building of a scar (mainly constituted of astrocytes and
fibroblasts) [3] represents the final stage of SCI evolution
[40]. Clearly all these events are inhibited in GILZTG mice as
a consequence of the inhibition of T-cell activation and
migration into the lesion, a prerequisite for the entry of
neutrophils into the inflammatory tissue. Thus, GILZ-
mediated inhibition of T-cell activity is enough to counter
the inflammatory cell infiltration process in SCI.

Previously, it has been shown that between 12 h and
72 h after experimental SCI induction, gene expression of
proinflammatory cytokines and their receptors, including
IL-1β, TNF-α, and IL-10, is significantly increased [41–
44]. This indicates the importance of the role of soluble

factors in mediating the inflammatory process, including
the recruitment of inflammatory cells into the injury site
[45]. Moreover, the proinflammatory cytokines induce
other biochemical signals leading to the degeneration of
myelin and apoptosis of neurons that cause the neurological
deficit [46, 47]. Herein, we show that inhibition of
proinflammatory cytokines is detected in GILZTG, includ-
ing the production of TNF-α and IL-1β, which are crucial
factors for inflammation development [4, 7, 35]. These
results correlate with the decrease in NF-κB activation and
nuclear translocation, an event important for the production
of cytokines, and with the reduction of T cells infiltrating
the spinal cord of GILZTG mice, as compared to WT.

Results from previous studies show an increased iNOS
and peroxynitrite in the injured spinal cord [31]. Moreover,
high PGE2 concentrations reflecting an increased activity of
cyclooxygenase (COX)-2 are observed in the injured spinal
cord, and we show reduced levels of PGE2 in the spinal
cord from GILZTG mice. In addition, it has been demon-
strated that consequent to cell infiltration and cytokine
production, NO is produced and accounts (at least in part)
for the neurodegenerative changes [32]. In fact, NO produc-
tion can contribute to cell death, tissue damage, and
degeneration observed in SCI. iNOS and nitrotyrosine are
reduced in GILZTG mice, thus indicating for a diminished NO
production, and this reduction correlates with reduced tissue
damage. In particular, apoptosis is diminished in GILZTG and
this protective effect correlates with inhibition of Bax (a pro-
apoptotic molecule) and with an increase of Bcl-2 (an anti-
apoptotic molecule). Thus, GILZ over-expression contributes
to reduce NO production and apoptosis.

Therefore, our results indicate that GILZ prevents SCI
by 5 main mechanisms, such as: 1) inhibition of NF-κB
activation, 2) prevention of T-cell activation, 3) decrease of
Th2 cytokines production, 4) inhibition of T cells/neutro-
phils infiltration into the target tissue, and 5) inhibition of
cytotoxic factors and tissue cell apoptosis.

Our observations, beyond the GILZ effect, indicate T
lymphocytes are important cells in regulating the inflamma-
tory process in SCI, and this may be a general phenomenon
characteristic of most inflammatory/autoimmune diseases. In
fact, T cells have a high regulatory capability in terms of
stimulation and/or inhibition of soluble factors production,
inflammatory cells recruitment, and permanence in the
inflammatory lesion. Furthermore, T lymphocytes are impor-
tant not only for disease development but also for immuno-
logical memory and disease maintenance. As is the case of
most autoimmune/inflammatory disorders, T lymphocyte
inhibition may well be of therapeutic value in the attempt to
eradicate chronic inflammatory diseases.

In conclusion, results described herein demonstrate that
GILZ (a mediator of GC anti-inflammatory activity) has a
critical role in regulation of SCI development. Moreover,
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these observations further indicate CD4+ and CD8α + T
cells are important in SCI development and should
represent an appropriate target for new therapeutic
approaches. Evaluation of GILZ expression in T lympho-
cytes (during pharmacological therapy with GC) could be a
mean to monitor the drug response and therapy outcome of
autoimmune/inflammatory diseases.
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