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Abstract

New Zealand rabbits were randomly divided into an ischemia group (occlusion of the abdominal aorta
for 60 minutes), an ischemia-reperfusion group (occlusion of the abdominal aorta for 60 minutes
followed by 48 hours of reperfusion) and a sham-surgery group. Two-dimensional gel electrophoresis
detected 49 differentially expressed proteins in spinal cord tissue from the ischemia and ischemia/
reperfusion groups and 23 of them were identified by mass spectrometry. In the ischemia group, the
expression of eight proteins was up regulated, and that of the remaining four proteins was down
regulated. In the ischemia/reperfusion group, the expression of four proteins was up regulated, and
that of two proteins was down regulated. In the sham-surgery group, only one protein was detected. In
the ischemia and ischemia/reperfusion groups, four proteins overlapped between groups with the
same differential expression, including three that were up regulated and one down regulated. These
proteins were related to energy metabolism, cell defense, inflammatory mechanism and cell signaling.
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Research Highlights

Using two-dimensional gel electrophoresis and mass spectrometry, this study analyzed protein ex-
pression in spinal cord tissue of a rabbit model of spinal cord ischemia-reperfusion injury and iden-
tified 23 differentially expressed proteins related to energy metabolism, cellular defense, inflam-

matory reaction and cell signaling.

INTRODUCTION

Ischemia/reperfusion complicated by de-
layed neurological impairment is a dynamic
pathological process, and the underlying
mechanism is complex>. Several studies
have shown that the mechanism may be
related to microcirculation disturbance, in-
flammatory mechanisms, cellular necrosis
and apoptosis, or biochemical
self-destructive factors (such as calcium ion
overloading, free radicals, excitatory amino
acids)®*, however, the precise mechanism
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of ischemia/reperfusion injury is poorly un-
derstood. Therefore, this study used differ-
ential proteomics to analyze the change in
expression of related proteins after spinal
cord ischemia/reperfusion injury.

RESULTS

Quantitative analysis of experimental
animals

Eighteen rabbits were randomly divided into
a sham-surgery group (surgery only without
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occlusion of the abdominal aorta), an ischemia group
(occlusion of the abdominal aorta for 60 minutes) and an
ischemia/reperfusion group (occlusion of the abdominal
aorta for 60 minutes followed by 48 hours of reperfusion),
with six rabbits in each group. All 18 rabbits were in-
cluded in the final analysis.

Fluorescent two-dimensional gel electrophoresis
imaging analysis of differential protein expression
during spinal cord ischemia/reperfusion injury
Spinal cord tissue proteins were separated using CyDye
DIGE Fluor saturation dye-labeled two-dimensional gel
electrophoresis and study of differentially expressed
proteins was achieved by image analysis using DeCyder
software system. Using the spinal cord protein expres-
sion spectrum from the sham-surgery group as a stand-
ard, protein expression spectra at two different time
points, i.e., ischemia for 60 minutes and ischemia for 60
minutes followed by 48 hours of reperfusion were estab-
lished (Figure 1). Protein spots from the ischemia group
and ischemia/reperfusion group with a 2-fold expression
difference compared to the sham surgery group, were
included for further analysis. In total, 49 protein spots
with obvious differential expression were screened.
Compared with the sham-surgery group, 25 proteins
were up regulated and five proteins were down regulated
in the ischemia group, and 16 proteins were up regulated
and three proteins were down regulated in the ische-
mia/reperfusion group.

Mass spectrometry identification of differentially
expressed protein spots in spinal cord ische-
mia/reperfusion injury

The primary and secondary structures of 49 differentially
expressed proteins were analyzed by matrix-assisted
laser desorption/ionization-time of flight mass spectrom-
etry. A Mascot-based retrieval in NCBI was performed to
reject repetitive results, and finally 23 proteins were

identified (22 from the ischemia group and ische-
mia/reperfusion group, and one from the sham-surgery

group).

pH: 4-7 pH: 4-7

pH: 4-7

Figure 1 Fluorescent two-dimensional gel
electrophoretogram of sham-surgery, ischemia, and
ischemia/reperfusion groups.

Compared with sham-surgery group (A, C), there were 49
differentially expressed protein spots in the ischemia (B)
group and ischemia/reperfusion group (D).

Compared to the sham-surgery group, the expression of
eight proteins were significantly upregulated (P < 0.05) in
spinal cord tissue from the ischemia group and included
macrophage migration inhibitory factor, oxygen regulated
protein 1, glyceraldehyde-3-phosphate dehydrogenase,
neurofilament triplet M protein, endopeptidase A related
protein, annexin A1, calgranulin B, and glutathione
S-transferase P. In addition, the expression of carbonic
anhydrase I, calpain inhibitor, alphal-acid glycoprotein,
and Cu/Zn superoxide dismutase tissue was significantly
down regulated (P < 0.05) (Table 1).

Table 1 Differentially expressed proteins in the ischemia and sham-surgery groups

Observed mass Calculated pl Ischemia group protein expression

258 Glyceraldehyde-3-phosphatedehydrogenase
657 Neurofilament triplet M protein

Gi|241191186
Gil143811427

626 Calpain inhibitor
430 alphal-acid glycoprotein
914 Cu/Zn superoxide dismutase

Gi|757907

Spot No. Protein description Accession No.
838 Macrophage migration inhibitory factor Gi|75812914
671 Oxygen regulated protein 1 Gi|33468923

1589 Endooligopeptidase A related protein Gi|20994

374 Annexin A1 Gi|148229927
447 Calgranulin B Gi|6677837
596 Glutathione S_transferase P Gi|2495108
767 Carbonic anhydrase I Gi|19745181

Gi|158937966

Gi|100033855

12 509 7.28 i
150 658 9.50 1
36 090 8.14 0
172 451 4.75 0
55 826 6.38 1
38 579 7.15 0
12 909 6.73 0
23 293 7.30 1
29 033.3 6.49 !
76 965 5.21 !
23512 5.51 !
15 771 5.89 !

Protein expression |: down regulated; protein expression, 1 up regulated; pl: isoelectric point.
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Compared to the sham-surgery group, the expression of
five proteins was significantly up regulated (P < 0.05) in
spinal cord tissue from the ischemia/reperfusion group
and included ATP synthase D chain, mitochondrial mi-
togen-activated protein kinase 1, voltage-dependent
anion channel, phosphoglycerate mutase 1, and hypo-
thetical protein-10. In addition, the expression of tubulin
beta chain and carbonic anhydrase was significantly
down regulated (P < 0.05). Only calpastatin (spot No.
758,764; accession number; Gi|126302556; M,: 76965;
calculated pl: 5.21) was detected in the sham-surgery
group (Table 2).

In the ischemia and ischemia/reperfusion group’s the
expression of triosephosphate isomerase, calpain and
heat shock protein 70 in the spinal cord tissue was sig-
nificantly up regulated (P < 0.05) and the expression of
isocitrate dehydrogenase was significantly down regu-
lated compared to the sham-surgery group (P < 0.05;
Table 3).

DISCUSSION

Results demonstrated 23 differentially expressed pro-
teins in the sham-surgery, ischemia and ische-
mia/reperfusion groups. The functions of these proteins
are described below.

Proteins that regulate energy metabolism

Four proteins that demonstrated a significant and con-
sistent change were detected in the ischemia and is-
chemia/reperfusion groups.

In the ischemia group, during the early stage of spinal

cord ischemia and hypoxia, cells undergo glycolysis,
presenting as lactic acid accumulation, which can in-
hibit the tricarboxylic acid cycle, thus, the expression
of phosphotriose isomerase and lyceralde-
hyde-3-phosphatedehydrogenase, as key enzymes of
glycolysis, was up regulated, while the expression of
isocitrate dehydrogenase, a key enzyme of the tri-
carboxylic acid cycle, was down regulated.

This demonstrates that after spinal cord ischemia, cell
energy metabolism and glycometabolism disorders®®
occur and are maintained throughout the pathological
process of early spinal cord ischemia/reperfusion®”.
The functional changes in these three enzymes sug-
gest they may be important factors in the repair and
regeneration of spinal cord injuries. However, the ex-
pression of glycometabolism-related enzymes was
also altered. For example, the expression of phos-
phoglyceromutase in the ischemia/reperfusion group
was up regulated and the expression of carbonic an-
hydrase | and carbonic anhydrase |l was down regu-
lated. These enzymes patrticipate in cellular glycolysis
energy metabolism and balance and their expression
was down regulated after reperfusion. This suggests
that glucose oxidative and metabolic pathways are
enhanced. Concurrently, expression levels of proteins
related to energy metabolism, such as ATP synthase
and its subunit, were also significantly up regulated.
Severe energy supply disorders may occur in spinal
injuries!”, and therefore cell metabolism may switch
from glycolysis to the tricarboxylic acid cycle. The
late-stage increase in ATP synthase also suggests this
is occurring during spinal cord injury.

Table 2 Differentially expressed proteins in the ischemia/reperfusion and sham-surgery groups

Spot No. Protein description

Accession No. Observed mass Calculated pl Ischemia/reperfusion group protein expression

473 ATP synthase D chain, mitochondrial Gi|226277954

136 Mitogen- activated protein kinase 1 Gi|6754632

887 Voltage_dependent anion channel Gi|4105605

829 Phosphoglycerate mutase 1 Gi|20178035
? Carbonic anhydrase | ?

971 Tubulin beta chain Gi|: 55742495

18 677 6.6 1
41249 6.50 1
130 606 8.6 1
28 683 6.75 1

. % !

49 931 4.79 !

Protein expression |: down regulated; protein expression 1: up regulated; pl: isoelectric point. “?” indicates that data are lost.

Table 3 Differentially expressed proteins in the ischemia and ischemia/reperfusion groups

Spot No. Protein description Accession No. Observed Calculated pl Pro_teln expressmn |n_|schem|a and
mass ischemia/reperfusion groups

142,203 Calpain Gi|148923065 121013 6.80 1

815,821 Triosephosphate isomerase  Gi| 6678413 30000 6.90 1

1164,241 Isocitrate dehydrogenase Gi| 8250284 45000 6.27 l

668;672 Heat shock protein 70 Gi|219938539 70827 .87 1

Protein expression |: down regulated; Protein expression 1: up regulated; pl: isoelectric point.
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Proteins that participate in cell defense

Evidence exists that some anti-oxidation-related proteins,
such as Cu/Zn superoxide dismutase, an enzyme with
anti-oxidative effects, can reduce peroxide levels, regu-
late active oxygen, remove accumulated peroxide, and
regulate cell signaling and cellular proliferation. In the
ischemia group (at the early stage of spinal cord ische-
mia), Cu/Zn superoxide dismutase expression was down
regulated. Heat shock protein 70, a stress protein, was
up regulated during spinal cord ischemia and hypoxia,
similar to the ischemia group. This may occur as heat
shock protein 70 protects the spinal cord under many
stress conditions®®. For instance, heat shock protein 70
alleviates secondary injury to the spinal cord by alleviat-
ing H,O,-induced damage to mitochondria and inhibiting
the mitochondrial-dependent cell apoptosis pathway.
Studies have demonstrated that heat shock protein 70
expression is up regulated after peripheral nerve injury
and protects neurons from injury, possibly by altering the
cytoskeleton during axonal regeneration. Results from
this study showed that heat shock protein 70 expression
was up regulated in the spinal cord during ische-
mia/reperfusion injury, indicating heat shock protein 70 is
likely to be a key protein in the repair of spinal cord is-
chemia/reperfusion injury.

Voltage-dependent anion channel 1, located in the outer
mitochondrial membrane of all eukaryotic cells and cer-
ebral presynaptic membranes, can regulate the current
direction of a series of anion metabolites and strengthen
outer membrane permeability, playing an important role
in mitochondrial metabolism and cell apoptosis. Evi-
dence exists that voltage-dependent anion channel 1
participates in the process of mitochondrial dysfunction
and neuronal injury. Over-expression of volt-
age-dependent anion channel 1 can produce pathologi-
cal lesions due to an imbalance of Ca®* in the mitochon-
drial matrix and cytoplasm. After spinal cord injury, spinal
cord blood flow progressively decreases, spinal cord
ischemia and hypoxia is aggravated, and there is an
influx of high Ca* levels. After a series of biochemical
reactions, pathological free radicals are produced, lead-
ing to intracellular lipid peroxidation.

Results from this study demonstrated that upregulated
voltage-dependent anion channel 1 expression possibly
leads to the excessive accumulation of Ca** that aggra-
vates spinal cord injury, therefore, voltage- dependent
anion channel 1 may cause delayed spinal cord injury
after ischemia/reperfusion™®™.

Proteins that participate in inflammation

In the ischemia group, we observed up regulation of the
calcium binding proteins calgranuliin B and annexin A1,
which participate in inflammatory reactions to protect
against pathological microorganisms. These proteins are

primarily expressed in the cytoplasm of neutrophilic
granulocytes and monocytes, which migrate to extracel-
lular regions and produce high levels of calcium binding
proteins during inflammation****!. Calgranuliin B and
annexin Al are likely to be key proteins or target proteins
that participate in inflammatory pathways™®*". In the
ischemia/reperfusion group, we observed up regulation
of macrophage migration inhibitory factor which functions
as a pleiotropic protein and participates in inflammatory
and immune responses, regulates the active defense
functions of macrophages, and exerts anti-inflammatory
effects by up regulating anti-inflammatory glucocorticoids.
In addition, we observed down regulation of alphal-acid
glycoprotein, a stable acute-phase reactant that inhibits
neutrophil migration by a nitric oxide-dependent process,
although its biological functions remains poorly under-
stood!*®*9],

Proteins that participate in cell signaling

Calpain is a calcium-dependent, highly conserved pro-
tease. Recent studies demonstrated that calpain partic-
ipates in cytoskeletal protein reforming, cell transfor-
mation and migration, and accelerates cell circulation.
Calcium overloading and calmodulin complex formation
in nerve cells is a pathological mechanism underlying
secondary central nerve injury®® ?°, Results from this
study demonstrated that after ischemia/reperfusion, up
regulated calpain expression causes the opening of cal-
cium channels in nerve cells resulting in an abnormal
increase in intracytoplasmic free calcium. This severe
Ca” overloading can directly influence the activity of
many intracellular metabolic enzymes, causing abnormal
cellular metabolism and injury to cell structures and
functions. Under physiological conditions, calpain binds
to Ca®* to form a Ca** CaM complex. Following spinal
cord injury, Ca®* and calpain increase simultaneously
resulting in high levels of the Ca®* CaM complex. How-
ever, in the sham-surgery group, calpastatin expression
was significantly down regulated, and this loss of calpain
control may be an important pathological factor causing
delayed neurological impairment following ische-
mia/reperfusion.

Taken together, this study identified 23 proteins with sig-
nificant changes in expression levels during the process
of spinal cord ischemia/reperfusion. The proteins were
related to energy metabolism, cell defense, inflammatory
mechanisms, cell signaling, ion channels and metabolic
enzymes.

Following spinal cord ischemia/reperfusion injury, severe
energy supply disorder can occur due to an imbalance of
the energy metabolic pathway. This can inhibit cytoskel-
etal protein conformation, cause formation of abnormal
intracellular structures, and block substance and infor-
mation transfer, which contribute to the pathological pro-
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gression of ischemia/reperfusion. The mechanism of
delayed neurological impairment following spinal cord
ischemia/reperfusion injury requires further study.

MATERIALS AND METHODS

Design
A proteomic study.

Time and setting

Spinal ischemia/reperfusion injury animal models were
established at the Laboratory Animal Center of Jilin
University in China between October and December
2009. Proteomic experiments were conducted at the
Beijing Central Laboratory of Proteomics in China be-
tween May and September 2010.

Materials

Eighteen healthy New Zealand rabbits of either gender,
aged 7 months and weighing 2.3 + 0.4 kg were provided
and raised at 20°C at the Laboratory Animal Center of
Jilin University in China (license No. SCXK-(Ji)
2008-0005). All experimental protocols were in strict ac-
cordance with the Guidance Suggestions for the Care
and Use of Laboratory Animals issued by the Ministry of
Science and Technology of China®.

Methods

Establishment of a rabbit model of spinal cord is-
chemiainjury

Following anesthesia by intraperitoneal injection of 10%
chloral hydrate (0.3 mg/kg), the abdominal aorta was
occluded below the bifurcation of the left renal artery to

induce ischemia at the lumbar segment of the spinal cord.

At the designated time points, the vascular clamp was
closed or open. Under anesthesia, lumbar segments of
the spinal cord were taken and immediately frozen at
~70°C in liquid nitrogen™.

Preparation of protein samples

Spinal cord tissue was shattered after pre-cooling with

liquid nitrogen and then ground under liquid nitrogen flow.

Subsequently, spinal cord tissue was processed with

20 uL/mL cocktail protease inhibitor. After addition of
lysis buffer, the suspensions were homogenized by son-
ication using a Dounce homogenizer in iced water and
then pure water, and centrifuged. The supernatant was
used to determine the protein concentration and then
stored at -80°C.

Protein labeling
The protein sample was adjusted to a final concentration
of 5 mg/mL and adjusted to pH 8.0-9.0. Each sample
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(50 pg, 10 pL) was used for analysis. The gel electro-
phoresis dye was mixed for 30 seconds, centrifuged at
12 000 x g for 30 seconds and left in place at room
temperature for 10 minutes. Then, 0.4 yL dye and 0.6 pL
dimethylformamide were mixed together. Subsequently,
50 ug protein sample was added. Following addition of
sample buffer, the mixture was fully mixed and a hydra-
tion solution was added till the final volume was 450 pL.

Fluorescent two-dimensional gel electrophoresis for
isolation of differential proteins in rabbit spinal cord
tissue

According to a previously described method®®? and fol-
lowing the instructions of Ettan IPGphor 3 Isoelectric
Focusing System, an immobilized pH gradient strip
(3-10 NL, 17 cm; Promega, Madison, WI, USA) was
used for gel equilibration and sodium dodecyl sulfate
polyacrylamide gel electrophoresis. Thereafter, fluores-
cence staining was performed.

Gel scanning and image analysis

Cy2, Cy3, Cy5 dye-labeled images were scanned using
a Typhoon 9410 scanner (Amersham Pharmacia, Cam-
bridge, England) at a wavelength of 488/520 nm,
532/580 nm, and 633/670 nm respectively. All gel images
were analyzed using DeCyder software v5.02 (Amer-
sham Pharmacia, NJ, USA). Changes in each protein
spot were observed at each time point after ische-
mia/reperfusion. Differentially expressed protein spots
were compared and screened.

Mass spectrometry identification and data analysis
Peptide spectra were prepared using in-gel digestion.
Matrix-assisted laser desorption/ionization-time of flight
mass spectrometry (ABI, Foster City, CA, USA) was
performed with a laser power of MS 5000 and MSMS
5500. A GPS software (ABI) was used for retrieval in
NCBI database with the relative accuracy of MS 0.12 Da
and MSMS 0.3 Da. The proteins that were scored > 52 in
differential expression were selected and the confidence
level was set > 95%2.

Statistical analysis

Statistical analysis was performed using SPSS 13.0
software (SPSS, Chicago, IL, USA). A two sample t-test
was used for comparison of differential protein expres-
sion between groups. A value of P < 0.05 was considered
statistically significant.
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