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ABSTRACT
AIM: To evaluate the effect of different remote ischemic preconditioning (RIPC) methods in spinal cord ischemia-reperfusion (IR)
injury.
MATERIAL and METHODS: A total of 36 rats were distributed to the 6 groups: sham surgery, control (only spinal cord IR), unilateral
(hind limb RIPC before spinal cord IR), bilateral (hind limbs RIPC before spinal cord IR), ipsilateral (hind and fore limbs RIPC to
the right before spinal cord IR), contralateral (right hind limb and left fore limb as RIPC before spinal cord IR). Thirty minutes after
RIPC, the spinal cord was subjected to ischemia for 60 minutes. Seventy two hours after IR, all rats were evaluated by neurological
function, histological and biochemical examinations.
RESULTS: The mean Motor Deficit Index (MDI) scores in the ipsilateral, contralateral, and bilateral groups were lower than that of
the unilateral group (p<0.05). The mean malondialdehyde (MDA) in ipsilateral group was lower than were control group (p<0.05). The
mean total antioxidant capacity (TAC) and the mean number of normal motor neurons in the experimental groups were significantly
higher than increased control group (p<0.05). The mean plasma levels of catalase in the contralateral, ipsilateral, and bilateral
groups were significantly increased compared to control group (p<0.05). The mean scores of white matter damage in contralateral,
bilateral, and unilateral groups were lower than control group (p<0.05).
CONCLUSION: The results of this study show that contralateral, ipsilateral, and bilateral limb RIPC may reduce the complications
of spinal cord ischemic injury.
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█

INTRODUCTION

S

urgery on the descending aorta is one of the most common
reasons of paraplegia caused by spinal cord ischemiareperfusion (IR) (20). In recent years, new surgical methods
and pharmacological factors such as lutein (16), and free
radical scavengers (5) reduced the risk of paraplegic in these
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patients (25). However, despite the therapeutic advancement,
sensory and functional complication are observed in these
patients. The critical ischemic duration depends on the tissue
and organ. For example, in the brain tissue, ischemia of more
than 5 minutes causes the death of neuron (19). On the other
hand, reperfusion may cause parenchymal and endothelial
lesion (23).
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Ischemic Preconditioning (IPC) is a method that a short
cycle of ischemia and reperfusion occurs before a long-term
ischemia (1). Unfortunately, the implementation of this idea
is not possible in vital organs such as the brain and spinal
cord (24). Recent studies have shown that IPC may have
a protective effect on distant organs and tissues, such as
kidney and heart (1). This phenomenon was known as remote
ischemic preconditioning (RIPC) (15).
Ren et al. demonstrated that hind limb RIPC decreases brain
injury after ischemia (18). Another study showed that bilateral
femoral arteries RIPC can increase spinal cord tolerance
against ischemia in rabbits (6). This study was done to evaluate
and compare the effect of hind and fore limbs (unilateral,
bilateral, ipsilateral, and contralateral) RIPC as a simple and
non-invasive approach to the spinal cord IR injury in rats.
█

MATERIAL and METHODS

Animals
The total of 36 male rats (Sprague-Dawley, 220- 250 gr on the
day of surgery) were randomly distributed to the 6 groups:
sham surgery (the abdominal aorta was exposed, not limb
RIPC and not spinal cord IR), control (only spinal cord IR),
unilateral (3 cycles of 4 min/4 min IR in right hind limb as RIPC,
30 minutes before spinal cord IR), bilateral (3 cycles of 4 min/4
min IR in right hind limbs as RIPC, 30 minutes before spinal
cord IR), ipsilateral (3 cycles of 4 min/4 min IR in right hind limb
and right fore limb as RIPC, 30 minutes before spinal cord
IR), contralateral (3 cycles of 4 min/4 min IR in right hind limb
and left fore limb as RIPC, 30 minutes before spinal cord IR).
This study was approved by the ethics committee of Urmia
University of Medical Sciences (Approval No: IR.UMSU.
REC.1396.104, date 7 June 2017).
Remote Ischemic Preconditioning (RIPC)
At first, the rats were anesthetized with ketamine and xylazine
(50 mg/kg and 5 mg/kg; i.p., respectively). Then, ischemia
was performed on the limb(s) of each rat by a tourniquet (a
rubber band) with 3 cycles of 4 minutes of ischemia followed
by 4 minutes of reperfusion (26). Circulatory suppression in
the limbs was recognized by monitoring the limb skin color,
using a pulseoxymeter clip on the paw (6).
Surgical Procedure
Thirty minutes after limb RIPC, rats were anesthetized with
ketamine and xylazine. The body temperature of animals was
adjusted to normal (37.5°C ± 0.5°C) by using an overhead
lamp. According to a previous study (9), the abdominal aorta of
rats was exposed. In the sham group, surgery was completed
at this stage. In the other experimental groups, surgery was
performed using abdominal aortic clamping between the
left renal artery and the aortic bifurcation for 60 minutes.
Reperfusion was established after ischemia. At the end of the
surgery, abdominal wall was sutured. In the animals, the Crede
maneuvre was applied to empty the bladder twice a day.
Neurologic Evaluation
Neurologic evaluation was performed in animals prior to
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surgery and 72 hours after spinal cord IR. The motor deficit
index (MDI) score was determined as the sum of scores
from placing/stepping reflex and ambulation. The maximum
functional deficiency was indicated with a score of 6. The rats
with MDI <3 and MDI ≥3 were considered as nonparaplegic,
and paraplegics, respectively (22).
Blood Sampling
After MDI evaluation, the plasma samples were obtained
directly from the heart by collecting blood and centrifuging at
1500 g (15 min at 4 ºC). The samples were stored at -20 ºC
before the analysis of catalase, malondialdehyde (MDA), and
total antioxidative capacity (TAC).
Biochemical Measurements
The plasma analysis of catalase, MDA, TAC were performed in
accordance with the kit guides (Zellbio Veltlingrweg 29, 89075
Ulm, Germany). In brief, plasma level of MDA reacted with the
thiobarbituric (TBA) reagent, and the pink-colored of plasma
was evaluated with spectrophotometrically at 532 nm. Also, the
plasma level of TAC was determined based on the response of
peroxide / peroxidase. After adding the stop solution, changes
the color from pink to yellow and is measured at 450 nm using
spectrophotometrically (28). The plasma level of catalase was
measured by spectrophotometrically at 240 nm (6).
Staining with 2,3,5-Triphenyltetrazolium
After collecting the blood sample, the fourth lumbar segment
was separated, cut thick sections of 1.5-2 mm, and incubated
in TTC (Sigma-Aldrich), and then for fixation the specimens
were transferred to a buffered formalin (10%). The district
of infarction of spinal cord was photographed in each
experimental group.
Histological Evaluation
After cardiac perfusion (10% buffered formalin), the fourth
lumbar segment of spinal cord was dissected, washed with
0.9% NaCl, and fixed in the buffered formalin. Then, transverse
sections were stained with conventional hematoxylin and eosin
(H&E). The number of normal motor neurons was calculated
in the ventral area of the gray matter at 400x (ventral region
of the central canal). The normal motor neurons included
loose chromatin, Nissle substance in the cytoplasm, and
eminent nucleoli (8). Damage caused by white matter in the
anterior and anterolateral funiculi was evaluated based on the
development of microvacuolation: 0 as normal (without the
formation of vacuoles); 1as mild injury (<11% area affected);
2 as moderate injury (10% to 50%); and 3 as severe injury
(>50%) (12).
Statistical Analysis
Data were demonstrated as mean ± SEM. Statistical
analysis and calculations were accomplished by SPSS
16.0. ANOVA followed by Tukey´s post hoc test for multiple
comparisons. Kruskal-Wallis analysis of variance was applied
to detect differences of MDI and white matter damage among
experimental groups and followed by the Mann-Whitney U
test.
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RESULTS

The mean MDI scores significantly decreased in the ipsilateral
(1.5 ± 0.7), contralateral (1 ± 0.0), and bilateral (1.3 ± 0.67)
groups than in the unilateral (2 ± 0.47) group 72 hours after
spinal cord IR (p< 0.05) (Figure 1).
Plasma level of MDA significantly decreased in the ipsilateral
group (13.1 ± 0.25 mmol/L) compared with the control group
(15.5 ± 0.85 mmol/L) (p<0.05). However, in the contralateral,
and bilateral groups, the calculated values were less than
those measured in the control group, but the differences were
not statistically significant (p>0.05) (Figure 2).

The plasma level of catalase was significantly increased in
the contralateral (55.0 ± 3.43 mmol/L), ipsilateral (55.8 ± 0.55
mmol/L), and bilateral (55.4 ± 0.62 mmol/L) groups compared
with control (49.8 ± 2.04 mmol/L) group (p<0.05) (Figure 4).
TTC staining showed the several zones of microinfarction
distinguished by peaking regions were remarked in the
spinal cord tissue from unilateral and control groups. The
microinfarctions were significantly reduced in contralateral,
ipsilateral, and bilateral groups (Figure 5A-F).

The plasma level of TAC was significantly increased in the
contralateral (0.69 ± 0.27 mmol/L), ipsilateral (0.65 ± 0.31
mmol/L), bilateral (0.56 ± 0.2 mmol/L), and unilateral (0.48
± 0.14 mmol/L) group compared with control (0.37 ± 0.07
mmol/L) group (p<0.05) (Figure 3).

The mean number of normal motor neurons in the contralateral
(81.7 ± 3.1), ipsilateral (77.5 ± 2.16), bilateral (68.9 ± 5.4), and
unilateral (58.5 ± 5.4) groups was more than in control group
(40.25 ± 3.97) (p<0.05). Although approximately 56% of motor
neurons in were lost in control group, only about 9.77%,
13.76%, 23.42%, and 35.11% were lost in contralateral,
ipsilateral, bilateral, and unilateral groups, respectively (Figure
6A, B).

Figure 1: The mean neurological scores determined at 72
hours after spinal cord IR. *: A significant difference ipsilateral,
contralateral, and bilateral groups comparison with unilateral
group (p<0.05).

Figure 2: The mean plasma level of Malondialdehyde (MDA)
determined at 72 hours after spinal cord IR. *: A significant
difference ipsilateral group in comparison with control group
(p<0.05).

Figure 3: The mean plasma level of TAC determined at 72 hours
after spinal cord IR. *: A significant difference contralateral,
ipsilateral, bilateral, and unilateral groups in comparison with
control group (p<0.05).

Figure 4: The mean plasma level of catalase determined at 72
hours after spinal cord IR. *: A significant difference contralateral,
ipsilateral, bilateral groups in comparison with control group
(p<0.05).
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Figure 5: Spinal cord ischemia revealed by triphenyltetrazolium chloride (TTC) staining 72 hours after ischemia in the sham surgery
group (A), control group (B), unilateral group (C), bilateral group (D), ipsilateral group (E), and contralateral group (F). TTC reacts with
dehydrogenases in viable cells and results in a “brick-red” color, and the white area indicates the ischemia.
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Figure 6: A) The mean number of normal motor neurons in the anterior
spinal cord at 72 hours after spinal cord IR. *: A significant difference
contralateral, ipsilateral, bilateral, and unilateral groups in comparison
with control group (p<0.05). B) Representative light microphotographs of
the anterior horn of spinal cord at 72 hours after IR in the sham surgery
(a), control (b), unilateral (c), and bilateral (d), (e) ipsilateral, (f) contralateral
groups. Shrunken neurons contained dark hyperchromatic nuclei and
Nissl granules had disappeared, were shown (arrow) (Hematoxylin and
Eosin; Scale bar = 40 µm).
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The mean scores for white matter damage in the contralateral
(1.25 ± 0.50), unilateral (1.50 ± 0.57), and bilateral (1.5.1
± 0.47) groups were less than control group (2.50 ± 0.57)
(p<0.05). There was no difference in mean score for white
matter damage in the ipsilateral (1.75 ± 0.50) compared with
control groups (p>0.05) (Figure 7A, B).
█

DISCUSSION

The results of our study indicated that the rats in contralateral,
bilateral, and ipsilateral limbs RIPC groups had a better hind
limb motor function, and lower spinal cord tissue damage
white 72 hours after spinal cord IR. Based on our information,
this study seems to be the first report to describe the
advantageous effects of contralateral, ipsilateral, and bilateral
limbs RIPC on IR of spinal cord in rats.
This study results are in agreement with those reported in
previous studies that RIPC protects IR injury of the heart (2),
brain (3), and skeletal muscles (17). A previous study has
indicated that kidney RIPC can enforce ischemic tolerance in
the spinal cord in rabbit (10). However, it seems that the use
of the short ischemic cycle on kidney or any other vital organ
before spinal cord IR seems to be harmful and impractical (20).
The results of our study confirm the results of previous study
that 3 cycles of the femoral artery occlusion (RIPC) can
increase spinal cord tolerance over long-term ischemia. It
has been showed that RIPC reduces MDI and increases the
normal motor neurons (20). On other hand, Dong et al. have

shown that 2 RIPC cycles (bilateral femoral arteries; occlusion
10 minutes/ reperfusion 10 minutes) can protect the spinal
cord against ischemia for 20 minutes in the rabbit (6). In
addition, Weinbrenner et al. showed that the effect of a long
time of RIPC cycle on abdominal aorta in the heart ischemia
is more effective than multiple brief cycles of IR (27). However,
obstruction of the femoral and abdominal arteries in RIPC
stage is unsafe and invasive compared to clamp of limbs.
Also, increasing the duration of occlusion /reperfusion in
cycles may cause restlessness and discomfort in the patients.
This is a surprising study that contralateral, bilateral, and
ipsilateral limb RIPC can protect spinal cord ischemia for 60
minutes, while in previous studies the maximum duration of
spinal cord ischemic was 20 minutes (6,20). The duration
of aortic cross-clamping is an effective factor in increasing
the rate of postoperative paraplegia. However, the rate of
paraplegia increases from 0% (when the aortic cross-clamp
time is less than 15 minutes) to 25-100% (when the time
exceeds 60 minutes) (21).
In this study, the reduction in mean MDI scores may indicate
a protective effect of RIPC. A previous study suggested that
biochemical and histological evaluations cannot completely
reflect variations in rat limb functions (7), therefore functional
assessment is main objective index in recovery judgment after
surgery (11).
This study has shown that at least one part of the
neuroporotecive effect of limb RIPC in spinal cord IR is due
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Figure 7: A) The mean scores for white matter damage in the anterior and
lateral funiculi of spinal cord at 72 hours after spinal cord IR.
*: A significant difference contralateral, bilateral, and unilateral groups
in comparison with control group (p<0.05). B) Representative light
microphotographs of the anterior and lateral funiculi of spinal cord at
72 hours after IR in the sham surgery (a), control (b), unilateral (c), and
bilateral (d), (e) ipsilateral, (f) contralateral groups (Hematoxylin and Eosin;
Scale bar = 40 µm).
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to its antioxidant activity. So that, plasma levels of TAC and
catalase were significantly increased in experimental groups
in comparison with the control groups. Obtained confirm
the results of the previous study, that RIPC increases the
amount of antioxidants (catalase and SOD) in the serum (6).
In addition, also it wasfound that plasma level of MDA in limb
RIPC groups was lower than those measured in the unilateral
and control groups.
In this study, catalase and the numbers of normal motor
neurons in the experimental groups were more than unilateral
and control groups. It is indicated that the obtained results are
in agreement with previous study that occlusion of both hind
limbs is more effective than one. Its protective effect may be
conditionally upon the volume of the remote tissue/organ (26).
In confirmation of previous studies (6,20), the results of our
study show that the mean numbers of normal motor neurons
in the limb RIPC groups were more than in the control group.
Also, the white matter damage score in the experimental
groups was decreased compared with the control group. It
seems that limb RIPC prevented histologic changes, such as
microinfarction in the white matter and loss of motor neuron
cells in spinal cord. In this study, neurological assessment
confirmed the histologically findings. The limb RIPC may
stimulate the spinal cord tissue to adjust to a future ischemic
occurrence (18). In addition, the previous study shows that
limb RIPC are associated with the antiapoptotic proteins such
as Bcl-XL and Bcl-2, and they promote cell survival (29).
The previous study emphasized that occlusion of the bilateral
femoral arteries significantly reduces the spinal cord infarction
volume (6). There is a hypothesis that infarct size lonely does
not reflect the protective effect of a neuroprotetive material
(18). Some mechanisms that describe the effect of the RIPC
on the reducing the infarct size including the actions of purine
nucleoside (adenosine), and mitochondrial channel closure
and openness (29).
A previous study suggested that humoral mediator like
oxygen-free radicals induced by limb RIPC are more effective
in increasing spinal cord tolerance against ischemia (6,26).
In this study, neurological, biochemical, and histoligical
assessments show that contralateral, ipsilateral, and bilateral
limb RIPC groups were better than unilateral group. So that
the tolerance of organ or tissue through RIPC (13). Dong et
al. indicated that production of adenosine increases both in
blood circulation and in the spinal cord after RIPC. Increasing
adenosine causes scavenge the reactive oxygen species
(ROS) and protects spinal cord (6). Also, ROS produced by
leukocytes, and muscle cells may have anti-inflammatory
effects (19). In addition, RIPC may change the expression of
the inflammatory gene in the leukocytes (14).
In this study, the mean score for damage from white matter
in experimental groups was decreased than compared to the
control group. One of the reasons for increasing ischemia in
the spinal cord tolerance may be due to an increase in levels
of prostaglandin I2 in the RIPC (20). Furthermore, an increased
in the cellular level of endocannabinoids may also be effective
(20).
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Although, previous studies investigated the effect of RIPC
after 48 hours after reperfusion (6,20), We studied the RIPC
effect in 72 hours after reperfusion. This is a limitation in
our study. So that necrosis and apoptosis of the spinal cord
neurons may occur between 1 and 21 days after surgery (4).
This study has been reviewed in animal sample. Since the limb
RIPC is a safe and non-invasive method and it seems that
damage to spinal cord neurons along the clamp of the aortic
artery is reduced, the use of this method may be useful in the
clinic and in human. However, despite the promising positive
results of the RIPC, it is impossible to reach the mechanism
of noninvasive limb RIPC. In addition, it is not clear that
increasing the number and duration of cycles in the RIPC
may increase spinal cord protection.
█

CONCLUSION

Our study has demonstrated that contralateral, ipsilateral, and
bilateral limb RIPC may reduce spinal cord ischemic injury in
a rat model.
█
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