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Abstract

The present study was undertaken to examine the effects of methylprednisolone on the expres-
sion and activity of calpain in spinal cord tissue following spinal cord ischemia-reperfusion injury
in rats. Adult male Sprague-Dawley rats were subjected to sham operations, ischemia-reperfusion
and vehicle treated, or ischemia-reperfusion with methylprednisolone administration after injury.
The expression of calpain I in the injured segments of the spinal cord as well as the degradation of
the 68 kD neurofilament protein (NFP), a calpain-specific substrate, was determined at 3 h, 24 h,
72 h and 7 days after reperfusion using immunohistochemical labeling and western blot analysis,
respectively. Three hours after spinal cord reperfusion, calpain I-positive cells and NFP degrada-
tion products were evident. The number of positive cells and immunoreactivity increased with
time and peaked at 72 h after reperfusion. In addition, the number of calpain I-positive cells and
the abundance of NFP degradation products were significantly lower in the methylprednisolone
group, compared with vehicle treated animals following ischemia-reperfusion injury. The results
of this study suggest that methylprednisolone can inhibit the expression and degradation activity
of calpain following ischemia-reperfusion injury, providing further insight into the therapeutic
benefits of methylprednisolone treatment for spinal cord injury.
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1. Introduction

Methylprednisolone is a well-established drug for the treatment of spinal cord injury [1] [2], and has been shown
to be capable of reducing secondary lesions, improving secondary functional damage, and exerting a protective
effect on the spinal cord following ischemia-reperfusion injury [3]. The mechanisms underlying the therapeutic
effects of methylprednisolone are generally considered to include promotion of spinal cord impulse generation,
enhancement of signal transmission via monosynaptic or polysynaptic connections, and maintenance of sensory
and motor conduction functions of white matter. In addition, methylprednisolone has been purported to sca-
venge free radicals, reduce lipid peroxidation in the spinal cord, stabilize lysosomal membranes, alleviate tissue
degeneration, and prevent neurofilament degradation. Methylprednisolone may also increase blood flow to the
spinal cord after injury, preventing progressive ischemia after trauma, as well as suppressing inflammatory res-
ponses.

Increases in calpain protein expression are an integral part of the pathological process after spinal cord ische-
mia-reperfusion injury [4]. Upon binding with calcium ions, calpain causes degradation of cytoskeletal proteins,
leading to neuronal necrosis [5] or apoptosis [6]. Calpain inhibitors have been suggested to be capable of pro-
tecting neurons [7] and spinal cord function [8]-[12] following injury.

Methylprednisolone has previously been shown to inhibit calpain activity, and this inhibitory effect was hy-
pothesized to be mediated via either interference with the association of calmodulin or Ca®* with calpain, or by
blocking the active sites of calpain [13]. Using a deep hypothermic cardiopulmonary bypass (DHCPB) model in
newborn piglets, Schwartz et al. [13] found that methylprednisolone administration (30 mg/kg) six hours before
surgery, and at the initiation of surgery, significantly reduced the degradation of the calpain target protein tropo-
nin I and preserved levels of the natural calpain inhibitor calpastatin, suggesting that the protective effect of me-
thylprednisolone on the myocardium is mediated by enhancing the activity or increasing the stability of calpain
inhibitors. However, few studies have examined the effect of methylprednisolone on calpain expression follow-
ing spinal cord ischemia-reperfusion injury. The present study was undertaken to assess the effects of methyl-
prednisolone on calpain expression and activity following spinal cord ischemia-reperfusion injury in the rat.

2. Materials and Methods
2.1. Animals

One hundred and eight adult male Sprague-Dawley rats weighing 190 - 220 g were randomly assigned to three
groups. The control group, Group A (n = 12), received sham operations only; Group B received an ischemia-
reperfusion injury with physiological saline administration (n = 48); and Group C received an ischemia-reper-
fusion injury as well as methylprednisolone administration (n = 48).

2.2. Spinal Cord Injury Model

Animals were anesthetized with an intraperitoneal injection of 2% sodium pentobarbital (40 mg/kg). A longitu-
dinal incision along the median abdomen was made to open the abdominal cavity. The abdominal aorta was then
exposed and the bilateral renal arteries were identified. The abdominal aorta was clipped with an artery clamp
approximately 1 cm above the left renal artery, and below the right renal artery. Thirty minutes later, the artery
clamp was released to initiate reperfusion. In Group C, intravenous methylprednisolone (165 mg/kg; via tail vein)
was immediately administered after the removal of the artery clamp. In Group B, intravenous physiological sa-
line administration (0.9% NaCl, 2 ml; via tail vein) was immediately administered after removal of the artery
clamp. Sham operations were performed upon animals in the control group, in which only the abdominal aorta
was exposed before closure of the abdominal cavity.
None of the animals had complications related to the surgery.

2.3. Immunohistochemical Staining of Calpain-Positive Cells

At four time points (3 h, 24 h, 72 h and 7 d post-reperfusion), six animals from each group were anesthetized,
cannulated in the femoral artery, and perfused with 0.9% saline followed by 4% paraformaldehyde. The L1 - L5
spinal cords were dissected and placed into paraformaldehyde for another 24 h at 4°C, then sectioned to 4 pm
thickness, and processed for immunohistochemistry with goat monoclonal anti-calpain | antibody, developed
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with HRP chromogen (Santa Cruz Biotechnology, Inc., USA) and counterstained with H&E stain. Cells dis-
playing brownish yellow or brown staining with a granular shape and a purple-blue background were considered
to be positive for calpain immunoreactivity. Immunohistochemical images were photographed using an Olym-
pus BH2 microscope and analyzed using the IMS cell image analysis system (Shanghai ShenTeng Information
Technology Co., Ltd., China) by randomly selecting three visual fields from each slice (10x). Calpain immuno-
reactive cells appeared yellowish- or dark brown. The optical density of calpain immunoreactivity was measured
automatically using the IMS cell image analysis system. The control group at 3 hours was used as the control for
all the time points of the experimental groups.

2.4. Western Blot Analysis of NFP Expression

At four time points (3 h, 24 h, 72 h and 7 d post-reperfusion), six animals from each group were anesthetized
and the vertebral lamina below the thoracic segment was removed from the posterior median line. The L1 - L5
spinal cords were resected in an ice bath, with care to avoid mechanical injury of the spinal cords during this
operation. The L1 - L5 spinal cords were immediately stored at —70°C.

For western blot analysis, 100 mg of spinal cord tissue from each animal was lysed in RIPA buffer containing
PMSF on an ice bath. Protein homogenates were then transferred to fresh tubes and centrifuged at 10,000 rpm
for 10 min at 4°C. Supernatant were collected and preserved at —70°C until being subjected to SDS-PAGE. Pro-
teins were separated on a 12% SDS-PAGE gel and transferred to a nitrocellulose membrane. After blocking with
5% nonfat milk in TBST, the membrane was incubated with goat monoclonal anti-68 kD NFP primary antibody
(1:200, Santa Cruz) at 37°C for 2 h. Following repeated washes with 0.1 M PBS-Tween, the membrane was in-
cubated with alkaline phosphatase-labeled secondary antibody (1:400, Boster Biotechnology, Inc., China) at
37°C for 1 h. The signal was developed and photographed (SABC-AP kit, Boster Biotechnology, Inc., China).

2.5. Statistical Analyses

Data are presented as mean + SD. Differences in calpain and NFP expression were evaluated with t-tests using
the SPSS (version 10.0) statistical software. P values less than 0.05 were considered to be statistically signifi-
cant.

3. Results

3.1. Methylprednisolone Administration Downregulates the Expression of Calpain-I
Following Spinal Cord Ischemia-Reperfusion Injury

No obvious immunoreactivity for calpain-1 was found in the control group (Figure 1). In contrast, at different
time points after reperfusion, a significant number of calpain-I-positive cells were observed in Groups B and C,
as evidenced by the presence of quantities of particles with varying intensities of light yellowish or deep brown
staining in neurons and glial cells. Figure 2 demonstrates immunohistochemical labeling of calpain-1 in the in-
jury-only group (Group B) at 72 h following reperfusion. The red arrow indicates calpain immunoreactive neu-
rons and the black arrow indicates calpain-negative neurons. Figure 3 shows immunohistochemical labeling of
calpain-I in the methylprednisolone-treated group (Group C) at 72 h following reperfusion. The red arrow indi-
cates immunoreactive neurons and the black arrow indicates calpain-negative neurons. The number of positive
cells per unit area and the staining intensities in Group C were lower than those in Group B at 72 h post-reperfusion.
With administration of methylprednisolone (Group C), the number and density of calpain-I positive cells in the
spinal cord were significantly lower than those in animals receiving the injury alone (Group B). Quantitative analy-
sis revealed that the intensity of calpain-l immunoreactivity in the two groups was most marked at 72 h
post-reperfusion. In addition, the intensity of calpain-1 immunoreactivity was significantly lower with methylpred-
nisolone administration (Group C) at all time points compared with the injury-alone group (Group B; Table 1).

3.2. Methylprednisolone Administration Inhibited the Degradation of NFP Following
Spinal Cord Ischemia-Reperfusion Injury

The results of the NFP western blotting following spinal cord ischemia-reperfusion injury are presented in
Figure 4. Following ischemia-reperfusion injury alone (Group B), the degradation of the 68 kD NFP species

©,
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Figure 1. Immunohistochemical labeling of calpain-I in a control tissue
section counterstained with H&E. The arrows indicate normal neurons
and glial cells. Magnification = 10x.

Figure 2. Immunohistochemical labeling of calpain-1 in the injury-only
group (Group B) at 72 h following reperfusion. The red arrow indicates
positively-stained neurons and the black arrow indicates negatively-
stained neurons. Magnification = 10x.

could be detected as early as 3 h following ischemia-reperfusion in the spinal cord. The extent of degradation
increased with time, reaching a plateau 7 d following the injury. With the administration of methylprednisolone,
the degradation of NFP was significantly reduced. The relative levels of the intact 68 kD NFP protein in Group
C were 1.4, 1.4, and 2.4 times those of Group B at 3 h, 24 h, and 72 h post reperfusion, respectively (P < 0.01).
At 7 days after reperfusion, the levels of NFP in Group C were slightly higher than those in Group B, but this
difference was not statistically significant (Table 2).

4. Discussion

Previous studies have established the neuroprotective effects of calpain inhibitors following spinal cord injury
[147-120]. In addition to specific calpain inhibitors, other molecules such as melatonin have been found to have a
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Figure 3. Immunohistochemical labeling of calpain-I in the methylpred-
nisolone-treated group (Group C) at 72 h following reperfusion. The red
arrow indicates positively-stained neurons and the black arrow indicates
negatively-stained neurons. The number of positive cells per unit area,
and the staining intensity, in group C are lower than those in Group B at
72 h post reperfusion. Magnification = 10x.
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Figure 4. Western blot for NFP following spinal cord ischemia-reperfu-
sion injury.

Table 1. Expression of calpain-I in the spinal cord after ischemia-reperfusion injury (values are positive area x optical den-
sity) H = hour, D = day.

Group Time point
3H 24 H 72H 7D
A 59293.4 £ 6894.4 - - -
B 249,062 + 19246.9 491564.8 + 61529.7 722387.4 £ 60749.6 317069.9 + 139214
C 290564.6 + 32706.6" 359457.2 + 26416.2" 439159.8 + 27398.1" 168989.2 + 14048.5"
900000 -
800000 |-

=Group A
@Group B
mGroup C
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Note: “Compared with Group B at the same time point, P < 0.01.
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Table 2. Degradation of NFP after ischemia-reperfusion injury of the spinal cord (values are optical density). H = hour, D =

day.
Group Time point
3H 24H 72 H 7D
A 19.43+1.88
9.93+1.2 5.67 £ 0.58 0.73+0.12 0.57+0.1
14.28 +0.67" 7.9+0.37 1.73+0.15" 0.67 +0.08
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20 -

N N

7

NGroup A
ElGroup B
[Group C

7

15

10

L
.

3H 4H 72H 7D

Note: “Compared with Group B at the same time point, P < 0.01.

role in the inhibition of calpain activity [21]. Methylprednisolone is widely acknowledged to have therapeutic
effects on spinal cord injury. Free radical scavenging, inhibition of lipid peroxidation [22] and anti-inflamma-
tory [23] functions have been ascribed to methylprednisolone to explain its neuroprotective effects.

Pathological changes in the penumbra, the region adjacent to the damaged spinal cord, have been thought to
represent a secondary lesion following the spinal cord injury. The ischemia-reperfusion injury model of spinal
cord has been used to study changes in this area of secondary lesion of the damaged spinal cord [24]. This model
is able to induce ischemia and reperfusion damage in the targeted region of the spinal cord without any physical
injury.

In the present study, we demonstrate that calpain inhibition also underlies the neuroprotection conferred by
methylprednisolone following spinal cord injury. The results of the current study showed that, after ischemia-
reperfusion injury in the rat spinal cord, methylprednisolone administration was able to inhibit both the expres-
sion and activity of calpain. Rats with ischemia-reperfusion spinal cord injury showed significantly fewer cal-
pain-positive cells following methylprednisolone administration, compared to saline-treated rats. This suggests
that methylprednisolone can directly inhibit the expression of calpain.

An earlier study demonstrated that only calpain can degrade 68 KD NFP [25]; thus, the degradation of NFP
indirectly reflects calpain activity. In our study, methylprednisolone administration preserved NFP from degra-
dation to a significant degree, this effect being most pronounced at 24 h post-administration. Therefore, we con-
sider that the decline in NFP degradation in the spinal cord from methylprednisolone-administered animals
(Group C), compared with saline-treated animals (Group B) was due to calpain inhibition. This inhibitory effect
may, however, result from several mechanisms, including the inhibition of calpain-calcium binding by methyl-
prednisolone, the direct inhibition of calpain activity, protection of the endogenous calpain inhibitor calpastatin,
or the presence of other indirect regulatory pathways associated with additional roles of methylprednisolone.
Accordingly, studies are needed to gain further mechanistic insight into the neuroprotective role of methylpred-
nisolone.

The usefulness of methylprednisolone in cases of spinal cord injury has been the subject of recent controversy,
largely because of the risk of serious adverse effects and the uncertain efficacy observed in some clinical re-
search [26]. In the current work, we observed the inhibition of calpain activity and the protection of the cytoske-
leton after methylprednisolone in the ischemia-reperfusion spinal cord injury was accompanied by the neuro-
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logical motor function recovery of the animal (data not shown). Whether this effect was from the inhibition of
posttraumatic lipid peroxidation [27] or via the direct inhibition of calpain remains to be studied. Methylpredni-
solone has been shown to depress the activity of calpain in vitro [28], as well as preserve levels of the endogen-
ous calpain inhibitor, calpastatin, in a model of profound hypothermia cardiopulmonary bypass in the immature
pig [13].

Calpain activation lies downstream of common pathological cascades in tissue injury [29] and affords a long
“time window” for therapeutic intervention so that, in the course of the pathological progress, calpain would be
activated and cause tissue damage at a later time point than most of the other factors. Kumar et al. studied cere-
bral ischemia-reperfusion injury and found that massive apoptosis appeared 24 h after injury, peaking at 72 h
[30]. In a rat model of spinal cord impact injury induced by heavy drop, Ray [20] et al. found that calpain levels
increased at 1, 4, 24, and 72 h after injury, peaking at 24 h, and the same pattern of calpain activation also ex-
isted in the ischemic regions surrounding the lesion without direct mechanical injury [31]. The time pattern of
calpain activation in our experiment was different from that reported by Ray et al., peaking at 72 h, instead of at
24 h, after spinal cord injury. This discrepancy may be explained by the following reasons: 1) Impact injury
predominantly causes cellular structural damage, releasing a large number of calcium ions and rapidly activating
a considerable amount of calpain; in our study, the blood supply could be partially compensated and thus the
spinal cord experiences incomplete ischemia, suggesting a lesser degree of injury. Consequently, the intensity of
Ca?" influx in our study would differ from that seen after direct mechanical injury; 2) A second stage of calpain
activation is present following traumatic injury [32], the mechanism of which, however, remains elusive. No
notable second peak was observed in this experiment, which may be related to the short study time and long ob-
servation interval; 3) Calpain is presumed to become rapidly depleted in the impact injury model. In contrast, in
spinal cord ischemia reperfusion, calpain may become depleted more slowly, offering a more extended period
for the actions of calpain. As a result, calpain may maintain a dynamic and relatively stable level over a longer
time period following ischemic injury, thus reaching a peak more gradually than in the impact injury model.

The standard dosing regimen of methylprednisolone for spinal cord injury recommended by the National
Acute Spinal Cord Injury Study Group (NASCIS) [2] is: a dose of 30 mg/kg within 15 min after the injury and,
after resting for 45 min, infusion of 5.4 mg/kg-h for a total of 23 h, with a total methylprednisolone dosage of
154.2 mg/kg. In the present study, we used a single methylprednisolone dose of 165 mg/kg, as used in Ray et al.
[20], which approximates the one-day dose recommended by NASCIS, instead of the single dose of 30 mg/kg
employed in most other animal experiments, which was almost approximated to the one-day dose recommended
by NASCIS. The rationale for this dosing regimen was based on the following considerations: 1) we wished to
allow the blood concentration of methylprednisolone to rapidly achieve an effective concentration. The serum
half-life of methylprednisolone is about 3 hours, and the biological half-life is 12 - 36 hours. A single large dose
of 165 mg/kg of methylprednisolone in a given period of time thus has an effective concentration essentially
equivalent to the dosage given over 24 hours with the standard regimen; 2) in the spinal cord ischemia-reperfu-
sion injury model, there is theoretically a “no-reflow phenomenon” in the ischemic region after reperfusion
meaning that, after the physical obstruction has been removed, blood failed to reperfuse the ischemic area, and
that administration of a single large dose can maximize plasma drug concentrations in the injury region.

The protective effects of methylprednisolone in spinal cord injury manifest in several ways. However, me-
thylprednisolone presents a stringent requirement for the proper timing of treatment, and is only effective when
administered within eight hours after injury [33]. As calpain activation occurs downstream in the pathway of
pathological damage mediated by excitatory toxins and calcium, the targeting of calpain may allow more time
for clinical intervention before irreversible or maximum cellular damage has occurred. Thus, the inhibition of
calpain activity offers a long “therapeutic window” for the treatment of secondary spinal cord injury. The results
from the present study demonstrate that, with the administration of methylprednisolone in the ischemia-reperfu-
sion spinal cord injury rat model, the inhibition of calpain activation and NFP degradation could be observed,
suggesting that the modulation of calpain may be a mechanism underlying methylprednisolone-conferred neu-
roprotection against spinal cord injury.

The combinational use of calpeptin (calpain inhibitor) and methylprednisolone has been examined in a spinal
cord impact injury model [20], in which apoptosis and NFP degradation were substantially suppressed by this
treatment. Furthermore, an additional study demonstrated that methylprednisolone in combination with calpeptin
exhibited better therapeutic effects than either drug alone [19].
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5. Conclusion

The results of this study suggest that methylprednisolone can inhibit the expression and degradation activity of
calpain following ischemia-reperfusion injury, providing further insight into the therapeutic benefits of methyl-
prednisolone treatment for spinal cord injury.
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