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ABSTRACT

AIM: To evaluate the protective effects of azathioprine, a macrophage-inhibiting agent, on secondary injury in spinal cord trauma.

MATERIAL and METHODS: A total of 40 Wistar rats were randomly divided into 4 groups. All the animals had undergone T8-10
laminectomy. Except in group | (control), all the animals were exposed to spinal cord trauma at the T9 level. Animals in group I
(trauma) received no treatment following trauma. Animals in group 3 (treatment) and group IV (vehicle) were given intraperitoneal
azathioprine 4 mg/kg and saline 2 ml, respectively, 30 minutes after the trauma. Half of the animals in each group were sacrificed
24 hours after injury and specimens were used for biochemical and immunohistochemical evaluations. The rest of the animals were
followed-up for 4 weeks in terms of neurological functions and were also sacrificed to perform the histopathological analysis.

RESULTS: Significant decrease in apoptotic cells and improved neurological function were observed in the animals treated with
azathioprine. Biological and immunohistochemical analysis also showed less oxidative stress in this group compared to those
without treatment.

CONCLUSION: Azathioprine, a potent macrophage-inhibiting agent, has been shown to decrease the extent of secondary injury
following spinal cord trauma.

KEYWORDS: Trauma, Spinal cord injury, Secondary injury, Azathioprine, Rat

ABBREVIATIONS: APAF-1: Apoptotic peptidase activating factor 1, DNA: Deoxyribonucleic acid, eNOS: Endothelial nitric oxide
synthase, iINOS: Inducible nitric oxide synthase, IPS: Inclined plane score, MDA: Malondialdehyde, MFS: Motor function score,
NOS: Nitrix oxide synthase, PC: Protein carbonyl, rGSH: Reduced glutathione, SCI: Spinal cord injury, SD: Standard deviation,
TNF-a: Tumor necrosis factor a

B INTRODUCTION . - . . . .
Following trauma, the initial primary mechanical injury is

cute traumatic spinal cord injury (SCI) is a serious followed by progressive secondary injury events involving
Agroblem that diversely affects not only the individual, ischemia, edema, excitotoxicity, and inflammation (2,13,23).
ut also their family and the whole society diversely. Generally, it is the secondary injury that defines the outcome,
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since the amount of spared neural tissue is directly related
to the functional recovery (22). In the early stages of injury,
proinflammatory mediators such as cytokines and chemokines
are released rapidly and in response, macrophages and
neutrophils infiltrate the tissue, thus becoming major
contributors in the later stages of the inflammatory process
(4,22).

Azathioprine is a purine antimetabolite that inhibits pro-
tein synthesis and cell proliferation through the inhibition
of deoxyribonucleic acid (DNA) synthesis. It is used for its
immunosuppressive effects after organ transplantations and
anti-inflammatory effects in inflammatory bowel diseases. It
is slowly metabolized into 6-mercaptopurine after adminis-
tration. Although it affects mainly T cells, several important
effects on macrophages have also been documented (5). It
has been shown to decrease macrophage infiltration into the
peritoneal cavity following inflammation (9). Additionally, it
was shown to inhibit inducible nitric oxide synthase (INOS)
production in macrophages (18). Furthermore, azathioprine
has neuroprotective effects by decreasing the apoptosis fol-
lowing spinal cord ischemia-reperfusion injury (1). To the best
of our knowledge, the effect of azathioprine has not yet been
studied in a spinal cord trauma model.

We hypothesize that due to its immunosuppressive and
anti-inflammatory effects, azathioprine will decrease the
effects of secondary injury in a spinal cord trauma setting.
In this experimental study, we aimed to investigate the
neuroprotective, neurobehavioral, and anti-apoptotic effects
of azathioprine in an experimental spinal cord trauma model.

B MATERIAL and METHODS

A total of forty 6-8-week-old male Wistar rats weighing 120-
150 g were used in this study. Approval for our study was
obtained from the Hacettepe University Animal Research
Committee (Date: 06.06.2006, Decision number: 2006/48-7).
Animals were housed in separate cages and had ad libitum
access to food and water throughout the study.

The rats were assigned to the following groups, with each
group comprising of 10 rats. Rats in group 1 (Control group)
underwent laminectomy, but were not exposed to trauma.
Rats in group 2 (Trauma group) were exposed to spinal cord
trauma but did not receive any medication. Rats in group 3
(Treatment group) were given azathioprine (Imuran, Glaxo
Smith Kline, Istanbul, Turkey) 4 mg/kg (2 mL, dissolved in
saline) intraperitoneally, 30 minutes after the surgery and via
oral gavage (2 mL, dissolved in saline) at 12, 24, 36, and 48
hours after the procedure. Rats in group 4 (Vehicle group)
received 2 mL of standard saline solution intraperitoneally, 30
min after the injury and via oral gavage at 12, 24, 36, and 48
hours after the injury.

Later, half of the animals in each group were sacrificed 24
hours after the surgery and spinal cord samples were collected
for biochemical and immunohistochemical evaluations. The
remaining rats were followed-up for 4 weeks, in order to
perform neurobehavioral assessments. These rats were also
sacrificed at the end of the observation period and spinal
cord samples were collected to evaluate the histopathological
changes.
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Injury Procedure

Anesthesia was performed by an intraperitoneal injection of
ketamine 60 mg/kg (Ketalar 5% solution, Eczacibasillac Sanayi
under Parke-Davis license, Istanbul, Turkey) and xylazine
8 mg/kg (Rompun 2% solution, Bayer, Istanbul, Turkey).
Following a dorsal midline incision approximately between
the T5-T12 levels, the paravertebral muscles were dissected
and the thoracic vertebrae from T7-T11 were exposed. Then,
T8-10 laminectomies were performed under microscopy to
expose the spinal cord, but the dura was left intact. Spinal
cord injury was induced using a weight-dropping technique
that was modified from Allen’s method (12). The animals were
exposed to an impact of 50 g/cm on the dorsal surface of the
spinal cord by dropping a 5 g weight of lead through a 10-cm
guide tube that was positioned perpendicular to the center of
spinal cord. Afterwards, the muscles and skin were sutured
and the animals recovered in temperature and humidity-
controlled chambers.

Biochemical Examination

To assess oxidative damage, we evaluated the lipid
peroxidation, protein carbonyl, and glutathione peroxidase
levels.

Lipid peroxidation was assessed by measuring the thiobarbi-
turic acid-malondialdehyde (MDA) complexes. Results were
obtained as nanomole per gram of wet tissue (nmol/g).

Protein carbonyl (PC) levels were also measured to determine
oxidative protein damage. Results were expressed as
nanomole per milligram of tissue (nmol/mg).

Reduced glutathione (rGSH) contents of the tissues were
assessed using assay kits from Cayman Chemical Company
(Ann Arbor. MI, USA). Results were expressed as nanomole
per gram of tissue (nmol/g).

Detailed descriptions of the measurement techniques for
these markers can be found elsewhere (7,15,24).

Immunohistochemical Examination

For immunohistochemical evaluation, paraffin-embedded
blocks were cut into 5 pm sections and applied to xylene,
washed in ethanol and water, treated with 3% hydrogen
peroxide, and washed with phosphate-buffered saline.
Sections incubated at 4°C with an iNOS rabbit polyclonal
antibody (Lab Vision Corp., Fremont, CA, USA), endothelial
NOS (eNOS) rabbit polyclonal antibody (Lab Vision Corp.,
Fremont, CA, USA), and apoptotic peptidase-activating factor
1 (APAF-1) epitope-specific rabbit antibody (Lab Vision Corp.,
Fremont, CA, USA).

Slides were examined under light microscope by a blinded
histopathologist. For each animal, three sections around the
lesion epicenter were examined and five regions per section
were inspected for the percentage of positively immunolabeled
cells over the total number of cells in each region. First, an
average value per section was calculated and then, a single
value was determined by averaging the results of the three
sections from each animal.



Neurobehavioral Examination

Motor function score (MFS) was determined using the motor
function scale as described by Farooque et al., where each rat
was observed for at least 1 minute as they moved freely on
a horizontal plane (8). Hip, knee, and ankle joint movements
were recorded.

Inclined plane score (IPS) was obtained using the Rivlin and
Tator’s angle board test (21). The highest angle at which each
rat could maintain its position for 5 seconds on an inclined
plane was recorded weekly for each rat.

Both MFS and IPS were determined prior to the spinal cord
injury and at the end of the 4th week following the spinal cord
injury.

Histopathological Examination

After 4 weeks, the observed rats were sacrificed and spinal
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Figure 1: Representative microscopic images of spinal cord sections. A) Hematoxylin-eosin (H&E) stained section taken 4 weeks after
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cord segments below the T9 level were removed under
microscopy. These tissue samples were fixed in 10%
formaldehyde and embedded in paraffin. Then, 5 pm sections
were cut from paraffin blocks and stained with hematoxylin
and eosin. These slides were evaluated under light microscope
to study histopathological changes (Figure 1A-D). Lesion size
and spinal cord cross-sectional area at the lesion epicenter
level were measured. The percentage of lesion size to the
spinal cord area was calculated. Three sections with the
largest lesion area were selected and the percentage of the
lesion area was evaluated. A single average value per animal
was obtained by averaging the measurements.

Statistical Analysis

Data were analyzed using SPSS 15.0 for Windows (SPSS
Inc., Chicago, IL, USA). The results were expressed as
mean =+ standard deviation (SD). Statistical analysis between

L

injury (400x). B-D) Immunohistochemal staining of cells by APAF-1, iNOS, and eNOS 24 hours after injury (400x). iINOS, eNOS, and
APAF-1 immunoreactive cells are shown by arrows. iINOS: Inducible nitric oxide synthase; eNOS: endothelial nitric oxide synthase;

APAF-1: apoptotic peptidase activating factor 1.
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groups was performed with the Kruskal-Wallis test. For dual
comparison, the Mann-Whitney U test was used. Differences
were considered statistically significant at the p<0.05 level.

B RESULTS
Biochemical Examination

MDA levels in the trauma, treatment, and vehicle groups were
significantly higher compared to the control group (all p<0.01).
The treatment group had significantly lower MDA levels than
both the trauma and vehicle groups (all p<0.01).

Similarly, PC levels in the control group were significantly
lower compared to all other groups (all p<0.01). Additionally,
the treatment group had significantly reduced PC levels when
compared to the trauma and vehicle groups, where the latter
two did not differ significantly (p<0.01, p<0.01, and p>0.05,
respectively).

rGSH levels were significantly decreased in the trauma,
treatment, and vehicle groups when compared to those in the
control group (all p<0.01). In the treatment group, rGSH levels
were significantly higher than those in trauma and vehicle
groups (all p<0.01).

Comparison of the biochemical parameters among groups is
summarized in Table I.

Immunohistochemical Examination

iINOS, eNOS, and APAF-1 immunoreactivities significantly
varied between the groups (p<0.01). The treatment group
had significantly lower iINOS and APAF-1 levels compared to

the trauma and vehicle groups (all p<0.01). eNOS was also
significantly lower in the treatment group compared to the
trauma and vehicle groups (p<0.05 and p < 0.01 respectively).
iINOS, eNOS, and APAF-1 levels in the control group were
significantly lower than those in the treatment group (p<0.01,
p<0.05 and p<0.01 respectively) (Table II).

Neurobehavioral Examination

Pretrauma MFS and IPS scores did not differ among the
groups (p>0.05). At the 4™ week, mean MFS scores were 6.0 +
0.0,2.2 +1.3,4.2 + 0.8, and 2.0 + 1.4, while IPS scores were
58.8 + 3.11,28.8 + 6.3, 48.2 + 1.9, and 28.4 + 5.3 for groups
1, 2, 3 and 4 respectively.

The trauma, treatment, and vehicle groups had significantly
lower MFS and IPS values compared to the control group (all
p<0.01). Animals in the treatment group scored significantly
higher than those in trauma and vehicle groups in MFS (all
p<0.05). Similarly, treatment group scores for IPS were higher
than those of the trauma and treatment groups (all p<0.01)
(Figure 2).

Histopathological Examination

Histopathological changes such as necrosis, infiltration of
inflammatory cells, and demyelination were present in all the
groups except the control group (Figure 1A-D). The mean
percentage of lesion area to spinal cord cross-sectional area
was 34.7 + 3.55%, 24.3 + 2.59%, and 36.0 + 2.77% in trauma,
treatment, and vehicle groups, respectively. The lesion area
in the treatment group was significantly lower than those in
trauma and vehicle groups (all p<0.01) (Table II).

Table I: Malondialdehyde, Protein Carbonyl, and Reduced Glutathione Levels Among the Groups

Malondialdehyde (nmol/g) Protein carbonyl Reduced glutathione

(mean = SD) (nmol/g) (mean *= SD) (nmol/g) (mean + SD)
Group 1 (control) 87.0 £ 5.05 442 £ 4.70 11.7£1.16
Group 2 (trauma) 148.8 + 4.26 65.7 + 8.76 55+1.35
Group 3 (treatment) 126.5 + 6,00" 54.9 + 2.52* 8.5 +0.63*
Group 4 (vehicle) 149.3 £ 12.51 72.7 +13.84 5.6 + 1.06

SD: standard deviation. *p<0.01 compared to groups 2 and 4.

Table II: INOS, eNOS, and APAF-1 Percentage and Lesion Areas in Spinal Cord Sections among the Groups

iNOS (%) eNOS (%) APAF-1 (%) Lesion area (%)
(mean = SD) (mean = SD) (mean = SD) (mean + SD)
Group 1 (control) 21.9+2.38 20.7 £1.40 15.9 + 1.69 0.0+ 0.0
Group 2 (trauma) 44.4 + 3.37 36.7 +2.98 28.1 +1.96 34.7 + 3.55
Group 3 (treatment) 32.1 + 2.80* 29.9 + 1.32# 22.1 +1.89* 24.3 £ 2.59*
Group 4 (vehicle) 451 £ 3.94 36.5 + 3.08 29.1 £ 1.50 36.0 £ 2.77

APAF-1: Apoptotic peptidase activating factor 1, eNOS: Endothelial nitric oxide synthase, iNOS: Inducible nitric oxide synthase, SD: standard
deviation. * p<0.01 compared to groups 2 and 4; # p<0.05 compared to group 2, p<0.01 compared to group 4.
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Figure 2: Mean motor function scores (MFS) and inclined plane
scores (IPS) 4 weeks after the spinal cord injury.

B DISCUSSION

In spinal cord injury, the primary injury results from acute
compression or laceration of the spinal cord, which is impos-
sible to treat. On the other hand, secondary injury begins with
petechial hemorrhages in the gray matter and edema in the
white matter, followed by myelin sheath destruction, axonal
degeneration, and ischemic endothelial injury as early as in
the 4" hour. This leads to progressive axonal changes and the
development of necrotic zones in the next few days (22). Mac-
rophages, major inflammatory cells in SCI, secrete high levels
of proinflammatory cytokines such as tumor necrosis factor
a (TNF-a), which is a potent activator of neutrophils, another
major cell in secondary injury, as well as reactive nitrogen and
oxygen intermediates, especially during the initial stages (14).
Furthermore, accumulated macrophages secrete NG2 which
inhibits neuronal regeneration (11). This cascade of events
leads to necrosis and apoptosis of neurons, destruction of the
axonal structure and myelin sheaths, which eventually result in
functional loss. In an experimental SCI study, partial functional
recovery was established by depletion of the macrophages
(20).

Our study demonstrated that azathioprine, a DNA synthesis
inhibitor, which is used primarily for immunosuppression,
protects neural tissues in SCI when delivered within 30
minutes after an injury as shown by biochemical, histological,
and functional measures. To the best of our knowledge, this is
the second study demonstrating the neuroprotective effects
of azathioprine in SCI and first in a traumatic SCI setting. The
previous report studied the effect of azathioprine on spinal
cord ischemia-reperfusion injury. The major difference from
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our study was the administration of azathioprine prior to the
experimental ischemic injury (1). Although this practice may
be feasible in aortic surgery where the spinal cord is under risk
of ischemia, it is not possible to administer a drug in daily life
prior to an injury. Our study showed that early administration
of azathioprine following spinal cord trauma provides
protection against oxidative damage as shown by reduced
lipid peroxidation, protein carbonylation, and increased
rGSH levels. Oxidative stress is one of the leading factors in
secondary spinal cord injury (2,10). Previous studies focusing
on the prevention of the oxidative stress with various agents
resulted in improved recovery (2,3). Azathioprine’s protective
effect against oxidative stress might be directly related to
its antioxidant properties, which are yet to be determined
or indirectly, due to their diminishing effect on macrophages
at the injury site, known to contribute to the production and
mediation of free oxygen radicals (10).

Excessive nitric oxide levels, which is a result of upregulation
of nitric oxide synthase (NOS) subtypes in SCI, is also known
to be neurotoxic (6). Macrophages are known to produce
iINOS which have apoptotic and inflammatory properties,
whereas azathioprine was shown to inhibit iINOS synthesis in
macrophages (18). In our study, iINOS levels were increased
at the injury site when no treatment was given, but were
found to be diminished in those treated with azathioprine. It
has been already demonstrated that azathioprine decreases
iINOS synthesis in molecular studies, but to the best of our
knowledge, it is the first time this is being demonstrated in
an animal model. Also, to a lesser extent, it is possible that
azathioprine’s effect on macrophage migration at the injury
site might have also played a role in low iNOS levels. Similarly,
APAF-1 was found to be lower in the treatment group compared
to the trauma and vehicle groups. This finding is consistent
with the low iINOS levels and supports the protective effects
of azathioprine against apoptosis.

Contusion in spinal the cord damages several ascending
and descending tracks at the same time without any specific
pattern. Therefore, biochemical or pathological measures
remain insufficient to assess functional recovery. Behavioral
tests are useful in these situations, where no specific injury
pattern is present (20). Neurobehavioral evaluation of rats
demonstrated functional recovery, supporting the biochemical,
immunohistochemical, and pathological findings of this study.

We believe the neuroprotective effects of azathioprine is
mostly determined by its effects on macrophages. However,
we did not perform macrophage count on the samples in
our study, which can be regarded as a limitation. Yet, several
studies already demonstrated azathioprine’s inhibitory effect
on macrophage proliferation, activation, and migration
(9,17,19). On the other hand, these studies on the roles of
macrophages in spinal cord injury focused mainly on the
histopathological aspects, while ignoring the biochemical and
immunohistochemical aspects (1,4,14,20).

Methylprednisolone, though some opposing studies exist, has
been shown to improve the functional outcome after SCI in
animals by reducing the secondary damage that is attributed
to reduced inflammation, lipid peroxidation, and apoptosis.
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However, high doses of methylprednisolone are needed to
achieve the desired effects, which may lead to increased
susceptibility to infections (16). Azathioprine is also widely
used as an immunosuppressive and anti-inflammatory agent
in a variety of diseases, although high concentrations are not
needed to achieve therapeutic doses in SCI.

B CONCLUSION

As a consequence, our study demonstrated the protective
effects of azathioprine in SCI from the biochemical,
histopathological, immunohistochemical, and behavioral
aspects. It should be noted that further experimental studies
are needed to investigate its short- and long-term effects
depending on the dosage and optimal dosing schedule should
be established prior to clinical studies.
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