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Research Highlights

(1) We investigated the temporal and spatial changes in the expression of protein disulfide isome-
rase A3, stress-induced-phosphoprotein 1 and heat shock cognate protein 70 in rabbit spinal cords
after ischemia/reperfusion injury.

(2) Motor neurons became more vulnerable than interneurons after spinal cord ischemia/reperfus-
ion injury. Increased expression of protein disulfide isomerase A3, stress-induced-phosphoprotein 1
and heat shock cognate protein 70 could protect neurons against injury.

(3) Hind limb functions were not positively associated with neuronal number within 48 hours after
spinal cord ischemia/reperfusion injury. Edema was most obvious at 12 hours, which was induced
by downregulation of various protein expressions.

(4) Elevating the expression of stress-related protein in neurons could be a new target for preven-
tion and treatment of spinal cord ischemia/reperfusion injury.

Abstract

Spinal cord ischemia/reperfusion injury is a stress injury to the spinal cord. Our previous studies
using differential proteomics identified 21 differentially expressed proteins (n > 2) in rabbits with
spinal cord ischemia/reperfusion injury. Of these proteins, stress-related proteins included protein
disulfide isomerase A3, stress-induced-phosphoprotein 1 and heat shock cognate protein 70. In this
study, we established New Zealand rabbit models of spinal cord ischemia/reperfusion injury by
abdominal aorta occlusion. Results demonstrated that hind limb function initially improved after
spinal cord ischemia/reperfusion injury, but then deteriorated. The pathological morphology of the
spinal cord became aggravated, but lessened 24 hours after reperfusion. However, the numbers of
motor neurons and interneurons in the spinal cord gradually decreased. The expression of protein
disulfide isomerase A3, stress-induced-phosphoprotein 1 and heat shock cognate protein 70 was
induced by ischemia/reperfusion injury. The expression of these proteins increased within 12 hours
after reperfusion, and then decreased, reached a minimum at 24 hours, but subsequently increased
again to similar levels seen at 6—12 hours, showing a characterization of induction-inhibition-induc-
tion. These three proteins were expressed only in cytoplasm but not in the nuclei. Moreover, the
expression was higher in interneurons than in motor neurons, and the survival rate of interneurons
was greater than that of motor neurons. It is assumed that the expression of stress-related proteins
exhibited a protective effect on neurons.

Key Words

neural regeneration; spinal cord ischemia/reperfusion injury; protein disulfide isomerase A3;
stress-induced-phosphoprotein 1; heat shock cognate protein 70; neuron; necrosis; apoptosis;
grants-supported paper; neuroregeneration

Shanyong Zhang, Studying
for doctorate, Attending
physician.

Shanyong Zhang and Dankai
Wu contributed equally to this
article.

Corresponding author:
Xiaoyu Yang, Ph.D.,
Professor, Team of Spine and
Spinal Cord, Department of
Orthopedics, China-Japan
Friendship Hospital of Jilin
University, Changchun
130033, Jilin Province,
China, yangxiaoyu88@
sina.com.

Received: 2013-03-27
Accepted: 2013-07-17
(N201302019)

Funding: This study was
supported by the National
Natural Science Foundation
of China, No. 30872609.

Author contributions:
Zhang SY participated in
experimentation, prepared
the animal model, analyzed
experimental data, and wrote
the manuscript. Yang MG,
Wu DK, Wang JC, Wang YM,
and Wang GX participated in
experimentation, analyzed
experimental data and
performed statistical
analysis. Yang XY was
responsible for the
experimental concept and
design, validation and
guidance of the study. All
authors approved the final
version of the paper.

Conflicts of interest: None
declared.

2225


urvi
Rectangle


Zhang SY, et al. / Neural Regeneration Research. 2013;8(24):2225-2235.

Ethical approval: This study
was approved by the Animal
Ethics Committee, China-
Japan Union Hospital of Jilin
University in China.

Author statements: The
manuscript is original, has
not been submitted to or is
not under consideration by
another publication, has not
been previously published in
any language or any form,
including electronic, and
contains no disclosure of
confidential information or
authorship/patent
application/funding source
disputations.

2226

INTRODUCTION

After surgery, the symptoms of patients with
cervical spinal stenosis, thoracic spinal ste-
nosis, and fracture dislocation of the cervical
and thoracic spine are lessened for a short
period, following which they then become
aggravated. This phenomenon is believed to
be caused by spinal cord ischemia/ reperfu-
sion injury. Spinal cord ischemia/ reperfusion
injury can damage the neuronal function of
the spinal cord. At present, there is no gold
standard for prevention and treatment of
spinal cord ischemia/reperfusion injury™™.
Because of the severe lesion caused by this
injury in patients, studies investigating the
mechanism by which it occurs are particularly
important.

Our previous studies using differential pro-
teomics identified 21 differentially expressed
proteins (n > 2) in rabbits with spinal cord
ischemia/reperfusion injury. Of these 21 pro-
teins, stress-related proteins included protein
disulfide isomerase A3 (PDIA3),
stress-induced-phosphoprotein 1 (STIP1)
and heatshock cognate protein 70 (Hsc70)®.
Previous studies have demonstrated that
heat shock protein (Hsp) 70 has important
protective effects on cerebral, spinal cord
and myocardial ischemia/reperfusion inju-
ries®. STIP1, an important accessory mo-
lecule of Hsp70, coordinates the functions of
Hsp70 and Hsp90 in protein folding™* ™.
STIP1 resists various kinds of stress in
nervous system disease, and exerts effects
on survival and differentiation of neuronal
and glial cells™®™. Hsc70 is an essential
member of the Hsp70 family. A previous
study confirmed that Hsc70 reduced oxida-
tive stress™, removed abnormal proteins,
and was neuroprotective’®*?. Both PDIA3
and Hsp70 function in protein folding and can
resist endoplasmic reticulum stress?*?%,
Spinal cord ischemia/reperfusion injury is a
stress injury to the spinal cord. Thus, it is
important to investigate the changes in
stress-related protein expression after spinal
cord ischemia/ reperfusion injury to deter-
mine the responsible pathological mechan-
isms. This will enable the development of

new strategies for prevention and treatment.

RESULTS

Quantitative analysis of experimental
animals

A total of 36 New Zealand rabbits were
equally and randomly assigned to six groups:
sham surgery group (IORO), 30-minute
ischemia group (I30R0), 30-minute ischemia
6-hour (I30R6), 12-hour (I30R12), 24-hour
(I30R24), and 48-hour (I30R48) reperfusion
groups. The I0RO group only received sur-
gery to expose the abdominal aorta, without
occlusion. In the I30R0, I30R6, I30R12,
I30R24 and I30R48 groups, rabbit abdominal
aortas were blocked for 30 minutes to induce
spinal cord ischemia. Reperfusion for 6, 12,
24 and 48 hours was conducted in the I130R6,
I30R12, I130R24 and I130R48 groups. All rab-
bits were included in the final analysis.

Changes in hind limb function in rabbits
with spinal cord ischemia/reperfusion
injury

After spinal cord ischemia/reperfusion injury,
rabbit hind limb function was inactive and
unresponsive to pain stimulus, revealing
flaccid paralysis. With increased reperfusion
time, movement in bilateral hind limbs
gradually recovered and animals were res-
ponsive to pain stimulus. In the I30R6,
I30R12, 130R24 and I30R48 groups, bilateral
hind limbs displayed weakness in backward
extension, excessive forward protrusion,
lameness and gait instability. In the I130R24
group, one rabbit suffered from inconsistent
hind limb paralysis. Hind limb function grad-
ually improved after spinal cord ische-
mia/reperfusion injury, with the highest level
of function achieved at 24 hours after reper-
fusion, similar to the early stages of spinal
cord ischemia/reperfusion injury. Moreover,
Tarlov’s score was significantly greater than
that at 6 hours after reperfusion (P < 0.05),
and reduced at 48 hours (Figure 1).

Pathomorphological changes in rabbit
spinal cord after spinal cord
ischemia/reperfusion injury
Hematoxylin-eosin staining revealed that in
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the sham surgery group, the structure of the gray and
white matter of the spinal cord of rabbits was intact.
Nerve fibers and intercellular components were un-
iformly distributed. The neuronal membrane was intact.
Abundant Nissl bodies were visible in cytoplasm. Large,
round nuclei, with heterochromatin (weak staining) in
some cells, and clear nucleoli were also observed. Glial

diminished and the number of motor neurons in the 1X
region was significantly reduced. Neuronal nuclei be-
came spindle-shaped, with the presence of noticeable
nuclear deviation. Nuclei were noticeably smaller and
the cytoplasm was darkly stained. A few nuclei were
dissolved, with the presence of vacuole-like neurons
and necrotic neuron remnants (Figure 2E).

cells were uniformly distributed surrounding neurons

(Figure 2A). After spinal cord ischemia, the morphology
of rabbit spinal cord tissue did not alter under a light
microscope (Figure 2B). At 6 hours after spinal cord 30t

a

ischemia/reperfusion, sporadic tiny vacuoles appeared 251

in the spinal cord gray matter, some neurons became 2ol

irregular, there were decreases in the number of 2 el

processes, and some nuclei were pyknotic and irregular.

Cellular swelling and lightly stained cytoplasm are visi- M

ble in Figure 2C. At 12 hours after reperfusion, a large 05

number of vacuoles of different sizes appeared in the 5 : ” : ” : 45

gray matter. Neurons presented with pyknosis, brea-
kage, and dissolution. Cell bodies became small and
deformed and Nissl bodies disappeared. Some neurons
had abundant vacuoles in their cytoplasm. The cytop-
lasm was weakly stained and nuclei were absent. Cell
remnants were apparent after neuronal necrosis, and ) )

h ded by infl linfiltrati mean + SD. ®P < 0.05, vs. 6 hours after ischemia/

the area was surrounded by inflammatory cell infiltration reperfusion (one-way analysis of variance, Tukey-Kramer
(Figure 2D). At 24 hours, the number of vacuoles in the test).

gray matter decreased, the number of neuronal cells

35

o

Tarlov's score
o

o

o

Time after reperfusion (hours)

Figure 1 Bilateral hind limb function (Tarlov’s score) after
spinal cord ischemia/reperfusion injury.

Tarlov scoring ranged from 0 to 4 points. The higher score
indicated better hind limb function. Data are expressed as

30R24 : _necrosis | T30R48 | [\ . Necrosis

Figure 2 Pathomorphology of rabbit spinal cord after spinal cord ischemia/reperfusion injury (hematoxylin-eosin staining, light
microscope x 40; neuron, light microscope, x 400).

Spinal cord edema and neuronal necrosis gradually aggravated after reperfusion. Injury was worst at 12 hours. Edema and
necrosis gradually lessened.

(A) In the sham surgery group, structures of the gray and white matters were normal, and the structure and staining of neurons
were normal.

(B) In the I30RO group, structures of the gray and white matters were normal, and shape and staining of neurons were normal.

(C) In the 130R6 group, widely scattered small vacuoles appeared in the gray matter, some neurons were irregular; the number
of processes reduced; pyknosis and nuclear deviation are shown by black arrows.

(D) In the I30R12 group, the numbers and size of vacuoles increased (black arrow). Neuronal pyknosis, smaller and deformed
cell bodies (red arrow); vacuolar degeneration, lightly stained cytoplasm (green arrow); dissolved nuclei, Nissl body
disappearance, and ballooning and degeneration of the neuron body were observed (yellow arrow).

(E) In the I30R24 group, vacuoles reduced (black arrow). Cell death occurred in some neurons and nuclei dissolved. Lightly
stained cytoplasm (red arrow) was also observed.

(F) In the I30R48 group, vacuoles were further decreased; there was increased neuronal death and inflammatory cell infiltration.
Neuronal pyknosis and cytoplasmic weak staining (black arrow) were visible.
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At 48 hours, vacuoles disappeared, the number of
neurons was reduced, glial cell density increased, and
inflammatory cells infiltrated in gray matter. Neuronal
pyknosis, breakage, dissolution, dark staining of cy-
toplasm, and necrotic neuronal remnants can be ob-
served in Figure 2F.

Gradually reduction in the numbers of motor
neurons and interneurons in the rabbit spinal cord
after spinal cord ischemia/reperfusion injury

At 30 minutes after ischemia, there was no obvious
change in the numbers of surviving motor neurons and
interneurons in the spinal cord (P > 0.05). With in-
creasing reperfusion time, the numbers of survival
spinal cord motor neurons and interneurons gradually
reduced (P < 0.05; Table 1), with the proportion of dead
interneurons being less than that of motor neurons
(Figure 3).

Table 1 Effects of spinal cord ischemia/reperfusion injury
on the numbers of motor neurons and interneurons
(/400-fold visual field)

Group Motor neuron number  Interneuron number
Sham surgery 18.3+2.0 28.4+2.2
130R0O 17.9+1.9 28.7+2.1
130R6 16.2+1.6 26.6+3.2
1I30R12 13.1+2.1 25.6+2.7
130R24 10.3+1.9 24.1+1.8
130R48 10.7+2.4 23.8+2.0

Data are expressed as mean + SD. Motor neuron F =55.91, P <
0.05 (sham surgery, I130R0, I30R6 vs. I30R12, I30R24, 130R48;
I30R12 vs. I30R24, I130R48); interneuron F = 13.90, P < 0.05
(sham surgery, I30R0 vs. I30R12, 130R24, I30R48; I30R12 vs.
130R24, I30R48) (one-way analysis of variance, Tukey-Kramer
test).

Changes in the expression of PDIA3, STIP1 and
Hsc70 in rabbit spinal cord after spinal cord
ischemia/reperfusion injury

In the sham surgery group, PDIA3 and STIP1 were
lightly expressed in gray matter interneurons matter and
anterior horn motor neurons, but negatively expressed
in posterior horn neurons. Hsc70 was lightly expressed
in the cytoplasm of small interneurons in the middle of
the gray matter, but negatively expressed in large neu-
rons of the spinal cord anterior horn. Hsc70 expression
was visible in the nuclear membrane of glial cells. After
spinal cord ischemia alone, no significant changes in
PDIA3 and STIP1 expressions were detected in inter-
neurons of the central part of the gray matter and motor
neurons of the anterior horn. Low expression of PDIA3
and STIP1 was observed in cytoplasm of neurons of the
posterior horn. Hsc70 expression was visible in the
neuronal cytoplasm throughout the spinal cord gray
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matter, and was enhanced in glial cell nuclei. At 6 hours
after reperfusion, PDIA3 and STIP1 expressions were
enhanced in the neuronal cytoplasm of the spinal cord
gray matter, but there was no significant change in
Hsc70 expression.

—&— Motor neuron
—&— Interneuron

30r

25

20

15

Neuron count

10

0 L L L L L )
10RO I30RO  I30R6 I30R12 I30R24 I30R48

Group

Figure 3 Effects of spinal cord ischemia/reperfusion
injury on the numbers of motor neurons and interneurons.

The number change curve of motorneurons and
interneurons. The mortality of interneurons was lower than
that of motorneurons (P < 0.05, chi-square test).

However, Hsc70 expression was increased in glial cell
nuclei and Hsc70 detectable in Schwann cell nuclei in
the white matter. At 12 hours, the expression of PDIA3
and STIP1 were increased in neuronal cytoplasm of the
spinal cord gray matter and in interneurons. The ex-
pression of Hsc70 was decreased in gray matter neu-
rons, but remained high in glial and Schwann cell nuclei.
At 24 hours, the expression of PDIA3, STIP1 and Hsc70
were decreased in anterior horn motor neurons of the
spinal cord gray mater, and reduced in interneurons, but
were still higher in interneurons than in motor neurons.
PDIA3 expression was not detected in posterior horn
neurons. At 48 hours, the expression of PDIA3 and
STIP1 were increased in gray matter neurons. The ex-
pression of PDIA3 was similar to the levels at 6 hours
and the expression of STIP1 was similar to the levels at
12 hours. The expression of PDIA3 and STIP1 were
noticeably increased in interneurons of the central part
of the gray matter. The expression of Hsc70 was in-
creased in the neuronal cytoplasm of gray matter and
was higher in interneurons of the central part of the gray
matter than that in motor neurons of the anterior horn.
The expression of Hsc70 remained high in glial and
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Schwann cell nuclei. The expression of PDIA3 and
STIP1 were not detected in glial cells of spinal cord gray
matter after reperfusion. The expression of PDIA3,
STIP1 and Hsc70 were greater in small interneurons in
the gray matter than that in large motor neurons in the
cytoplasm after reperfusion (Figure 4).

Western blot assay verified the changes in PDIAS,
STIP1 and Hsc70 levels. The expression characteristics
of these three proteins were induction-inhibition-ind-
uction during spinal cord ischemia/reperfusion injury

and were lowest at 24 hours after reperfusion
(Figure 5).

DISCUSSION

Relationship of ischemia/reperfusion time, nerve
function and neuron number

Reece et al ?” confirmed that after 25-30 minutes of
spinal cord ischemia, the damage to nerve function is a
moderate progressive lesion.

Sham surgery 130RO 130R6

STIP1

HSC70

light microscope, x 40; local magnification, x 400).

immunoreactivity. Local magnification reveals neurons.

Figure 4 Expression of protein disulfide isomerase A3 (PDIA3), stress-induced-phosphoprotein 1 (STIP1) and heat shock
cognate protein 70 (Hsc70) in rabbit spinal cord after spinal cord ischemia/reperfusion injury (immunohistochemical staining,

Red arrows show motor neurons of the spinal cord anterior horn; black arrows indicate interneurons; green arrows show glial
cells; orange arrows represent Schwann cells; black triangles indicate the intensity of immunoreactivity. Tawny cytoplasm or
nuclei indicate mild immunoreactivity. Brown staining shows moderate immunoreactivity. Brownish-black or black exhibit severe
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Figure 5 Effects of spinal cord
ischemia/reperfusion injury on the
expression of PDIA3 (PDIA3),
stress-induced-phosphoprotein 1
(STIP1) and heat shock cognate protein
70 (Hsc70) in rabbit spinal cord.

(A) Western blot assay showing the
expression of PDIA3, STIP1 and Hsc70
in the rabbit spinal cord after
ischemia/reperfusion injury.

(B-D) Effects of spinal cord
ischemia/reperfusion injury on the
expression of PDIA3, STIP1 and Hsc70
in rabbit spinal cord, respectively.
Compared with the other groups, the
absorbance values of PDIA3, STIP1
and Hsc70 in the rabbit spinal cord
were significantly lower in the I30R24
group (°P < 0.01, vs. other groups),
showing a characteristic of
increase—decrease—increase.
Intergroup comparison was performed

Tukey-Kramer test.
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In the 130R6, I30R12, I30R24 and I130R48 groups, hind
limb function gradually recovered after consciousness. At
24 hours after reperfusion, hind limb functional recovery
was highest. Subsequently, bilateral hind limb function
deteriorated. Studies have demonstrated that the score of
bilateral hind limb function is not consistent with changes
in the number of motor neurons in the spinal cord anterior
horn in early stages of spinal cord ischemia/reperfusion
injury. This is the reason for the gradual recovery of bila-
teral hind limb function within the first 24 hours.

However, the number of surviving motor neurons in the
spinal cord anterior horn gradually reduced within the
first 24 hours. At 24-48 hours after reperfusion, spinal
cord function worsened further while the number of
motor neurons in the spinal cord anterior horn was not
obviously diminished. Thus, it is assumed that the
spinal cord function is not only associated with neuron
number, but also with neuronal function. After spinal
cord ischemia/reperfusion injury, neurons with normal
morphology can have abnormal function. Kurita et al %!
found that the number of motor neurons in the spinal
cord was significantly positively associated with spinal
cord function after spinal cord ischemia/reperfusion
injury, which is inconsistent with results of this study.
This may be due to different ischemia and/or observa-
tion time periods.

At 6 hours after spinal cord ischemia/reperfusion injury,
sporadic tiny vacuoles appeared in spinal cord gray
matter. At 12 hours, abnormal morphology was apparent.
Abundant gray matter vacuoles of different sizes were
detected in the spinal cord gray matter. With increasing
reperfusion time, the number of gray matter vacuoles
gradually decreased. At 48 hours, the density and size of
the vacuoles recovered to the level at 6 hours. At 12
hours, abundant cavitation suggested that vascular
permeability increased, inflammatory cell infiltration had
occurred, water-electrolyte metabolism was unbalanced,
resulting in gray matter edema and hemorrhage?*3%.

At this time, the spinal cord had severe metabolic dis-
turbances, it could not remove excessive water, and
protein synthesis had decreased.

Temporal and spatial changes in the expression of
PDIA3, STIP1 and Hsc70 in rabbit spinal cord after
spinal cord ischemial/reperfusion injury

Studies suggest that PDIA3 is expressed in interneu-
rons and anterior horn motor neurons in the spinal cord
in the sham surgery group, indicating that PDIA3 is
physiologically indispensable. STIP1 and Hsc70 are

2230

only expressed in interneurons of the control group.
After ischemic stress, the expression of PDIA3, STIP1
and Hsc7 was increased in the cytoplasm of motor
neurons and interneurons. Expression of these was
stronger in interneurons than in anterior horn motor
neurons. Hsc70 was also expressed in glial and
Schwann cell nuclei, but negatively expressed in neu-
ronal nuclei. At 12 hours after reperfusion, the expres-
sion of the three proteins was intensified, following
which they then diminished. Their expression levels
reached the lowest at 24 hours, and subsequently in-
creased. Their reduction was more significant in ante-
rior horn motor neurons than in interneurons. These
three stress-related proteins were possibly expressed
higher in interneurons because the mortality of motor
neurons was higher.

Previous studies confirmed that the ability of interneu-
rons to resist stress injury was stronger than that of
motor neurons, which could possibly be associated that
the ability of interneurons to resist calcium overload,
excitatory amino acid toxicity, and mitochondrial
inhibition'®*%%,

The expression of PDIA3, STIP1 and Hsc70 diminished
at 12 hours after reperfusion, was lowest at 24 hours,
and then increased. These changes were associated
with pathological changes of the spinal cord. At 6 hours,
sporadic tiny vacuoles appeared in spinal cord gray
matter. At 12 hours, abnormal morphology was noticea-
ble, and many vacuoles of different sizes were observed
in spinal cord gray matter. With increased reperfusion
time, the number of gray matter vacuoles gradually di-
minished. At 48 hours, these changes became identical
to those at 6 hours. Vacuolization in the spinal cord gray
matter was associated with an increase in vascular
permeability and a disorder in the water-elec- trolyte
balance. When severe pathological changes appeared in
the spinal cord, these changes would affect the synthesis
of proteins, resulting in a decrease in the expression of
PDIA3, STIP1 and Hsc70. At this time, the wa-
ter-electrolyte balance maintained normal membrane
potential. At 24 hours, when edema in the spinal cord
was lessened, the expression of stress-related proteins
increased. Protein expression at 48 hours became iden-
tical to that at 6-12 hours.

Effects of PDIA3 on spinal cord ischemia/reperfusion
injury

PDIA3 is an important molecular chaperone in the intra-
cavity space of the endoplasmic reticulum, and a key
regulatory substance for correctly protein synthesis and
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maintaining cell function under normal growth condi-
tions®%°. Upregulation of PDIA3 expression was mainly
induced by decreases in intracellular glucose concentra-
tion and oxygen content, protein transport and secretion
defects in endoplasmic reticulum, and an imbalance in
intracellular Ca?* levels®. Immunohistochemistry and
western blot assay revealed that PDIA3 expression was
abundant in neurons in the control group, suggesting that
PDIA3 plays an important role in normal physiological
activities in neurons. Yamauchi et al ®® confirmed that
the vulnerability of anterior horn motor neurons is asso-
ciated with endoplasmic reticulum stress, and that in-
creased PDIA3 expression can maintain correct protein
folding in endoplasmic reticulum, thereby reducing
stress!?%21 24.26.39  After spinal cord ischemia/reperfusion
injury, a large amount of abnormal protein unfolding or
misfolding occurred in neurons. PDIA3 diminished the
accumulation of these mis/unfolded proteins, and pro-
tected neurons against the cytotoxic effect of unfolded
proteins!??% 254941 'yamauchi et al % confirmed that the
number of unfolded protein was higher in anterior horn
motor neurons than that in interneurons after spinal cord
ischemia/reperfusion injury. Thus, the authors assumed
that relative insufficient expression of PDIA3 was a rea-
son for the damage to anterior horn motor neurons. The
high expression of PDIA3 protected neural cells against
scrapie prion- and endoplasmic reticulum
stress-mediated cell apoptosis® **!, and diminished
methamphetamine-mediated oxidative stress*, sug-
gesting a neuroprotective effect of PDIA3. High expres-
sion of PDIA3 in interneurons could promote the high
survival of interneurons by lessening endoplasmic reti-
culum stress after spinal cord ischemia/reperfusion in-

jury.

Effects of STIP1 on spinal cord ischemia/reperfusion
injury

STIP1 coordinates the activities of Hsp70 and Hsp90 in
protein folding™®** *“¢1_ A previous study demonstrated
that Hsp70 has positive protective effects on spinal cord
ischemia/reperfusion injury, reduced abnormal protein
accumulation induced by spinal cord ischemia/reperfu-
sion injury, and induced normal folding of abnormal pro-
teins®”*". STIP1 has an essential interactor effect on
protein folding for Hsp70""*. STIP1 interacts with prion
proteins in cells of the nervous system, contributes to
differentiation and renewal of nerve cells™™, promotes
axonal growth*® *Y and elevates the survival ability of
glial cells™ 3. STIP1 independently regulates retinal cell
differentiation, proliferation and death®®®. In this study,
STIP1 expression increased in neurons after spinal cord
ischemia/reperfusion injury, and its expression was as-

sociated with neuronal survival to some extent. There-
fore, it is assumed that increased expression of STIP1
can inhibit the stress caused by spinal cord ischemia/
reperfusion injury to a certain degree.

Effects of Hsc70 on spinal cord ischemia/reperfusion
injury

Hsc70, a member of the Hsp70 family, protects cells
from physical and chemical injuries™ *® *!. Hsc70 is
steadily expressed in cells and its upregulation has a
positive effect on elevating the tolerance of the heart to
ischemia®. It also plays an important role in adjusting
myocardial immunoreactivity and myocardial function
after ischemia®®. The expression of Hsc70 in nervous
tissue was significantly higher than in other tissues,
where it has been shown to maintain a normal synaptic
function under stress conditions™” ** %71 A previous study
verified that Hsc70 was associated with neuronal survival
during neural tube formation, and Hsc70 was a protective
protein for the neuroepithelium and neural precursor
cells®. Exogenous Hsc70 could resist oxidative stress™®
and reduce traumatic injury-induced neuronal apopto-
sis?. Ischemic preconditioning elevated Hsc70 expres-
sion, blocked neuronal apoptosis, and elevated the to-
lerance of neurons to toxicity caused by excitatory amino
acids. Binding of Hsc70 to caspase 3 also blocked cell
apoptosis via the caspase pathway®”. After cerebral
ischemia, Hsc70 expression is upregulated, indicating
that it has positive effects in the protection and repair of
the injured nervous system!*® %%,

This study demonstrated that interneurons express
Hsc70 under physiological conditions. Hsc70 expression
was significantly increased in interneurons after spinal
cord ischemia/reperfusion injury and could also be de-
tected in motor neurons. Low mortality of interneurons
suggests that Hsc70 has neuroprotective effects on
spinal cord ischemia/reperfusion injury. Hsc70 expres-
sion was detectable in the nuclei of glial cells of the
spinal cord gray matter and white matter Schwann cells
after spinal cord ischemia/reperfusion injury. High ex-
pression of Hsc70 was only observed in the cytoplasm of
neurons. Previous studies showed that Hsc70 accumu-
lates in cell nuclei when cells are subjected to heat and
oxidative stresses’®*®. A large number of abnormal
proteins were detected in the cytoplasm of motor neu-
rons after spinal cord ischemia/reperfusion injury. Hsc70
was greatly consumed because of accessory protein
folding, following which it was translocated into cytop-
lasm, and could not be transported back into nucleit®® *Z.
Because Hsc70 was consumed so greatly, its an-
ti-apoptotic effect was weakened® “. Thus, neuronal
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apoptosis  increased after spinal cord ische-
mia/reperfusion injury®® “?. Abundant levels of Hsc70
translocated into the nuclei of glial cells and Schwann
cells, where it repaired abnormal folded protein, pre-
vented DNA damage, interacted with caspase 3, blocked
apoptosis, and reduced spinal cord ischemia/reperfusion
injury®3,

In summary, the upregulation of PDIA3, STIP1 and
Hsc70 in motor neurons and interneurons can decrease
neuronal death after spinal cord ischemia/reperfusion
injury. Therefore, increasing the expression of stress-
related proteins in neurons could be a new target for the
prevention and treatment of spinal cord ischemia/ re-
perfusion injury.

MATERIALS AND METHODS

Design
A randomized, controlled animal study.

Time and setting

Experiments were performed at the Animal Experiment
Center of Jilin University and Central Laboratory of Chi-
na-Japan Union Hospital of Jilin University in China from
September to December 2012.

Materials

Clean adult New Zealand rabbits of both genders and
weighing 2.5-3.0 kg were supplied by the Center for
Experimental Animal Basic Research, Jilin University,
China (license No. SCXK (Ji) 2010-0006). The protocols
were conducted in accordance with the Guidance Sug-
gestions for the Care and Use of Laboratory Animals,
formulated by Ministry of Science and Technology of
China®. All animals were housed at 22°C in individual
cages, and allowed free access to food and water.

Methods

Establishment of models of spinal cord
ischemia/reperfusion injury

Rabbits were intraperitoneally anesthetized with 10%
chloral hydrate 300 mg/kg. A median incision was made
in the peritoneal cavity, and the abdominal aorta was
dissociated at 0.5 cm inferior to the branch of the left
renal artery. A total of 5 mL heparin (25 U/mL) was in-
jected in blood vessels. After the abdominal aorta was
blocked for 30 minutes, blood flow was restored. Gen-
tamicin 8.0 x 10* U was intraperitoneally injected. The
incision was sutured gradually’®. In the sham surgery
group, the abdominal aorta was exposed for 30 minutes,
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and L; s segments were obtained in vivo. In the I30R0
group, the abdominal aorta was blocked for 30 minutes
with an artery clamp, and the L;_5 segments were ob-
tained in vivo. After establishing models of spinal cord
ischemia/reperfusion injury, an adjustable heating pad
was placed under the animal. They were housed at 22°C
in individual cages with good ventilation. For the rabbits
with defecation disorders, hand compression was used
on the abdomen to accelerate defecation.

Observation of neurological function

In accordance with the modified Tarlov scale®®®, motor
function of the rabbit hind limb was scored by three spe-
cified persons with single-blind method, and the average
score was recorded. 0 = complete paraplegia, 1 = slight
lower limb movement, 2 = hind limb movement, without
the ability to walk or hop, 3 = walk or hop, but with ob-
vious ataxia, 4 = normal gait of hind limb. In the sham
surgery and I30RO groups, the rabbits were sacrificed
when they were not conscious, so their hind limb function
was not scored.

Sample collection

The rabbits in each group were intraperitoneally injected
with 10% chloral hydrate 300 mg/kg. Under deep anes-
thesia, the L; s segments of the spinal cord were washed
in precooled saline at 4°C. Tissues were cut into pieces
on ice cubes. 0.8-cm-long Lz 4 segments of the spinal
cord were immersed in 4% neutral paraformaldehyde for
24 hours, and embedded in paraffin. The remaining
samples were stored at —80°C.

Hematoxylin-eosin staining of rabbit spinal cord
morphology

Cranial, caudal and middle spinal cord was sliced into
5-um-thick sections. The sections were stained with
hematoxylin and eosin, and observed with a light micro-
scope (BX51WI-DPMC; Olympus, Tokyo, Japan). The
number of neurons in Rexed IX layer was considered as
the number of motor neurons. The number of neurons in
Rexed VIl and VIII layers was considered as the number
of interneurons. Three sections of each rabbit were ob-
tained to calculate the average value. The number of
neurons was quantified by two pathologists blind to the
conditions, and the average value was calculated. Neu-
ronal pyknosis, cell body deformation, Nissl body disap-
pearance, dark staining, vacuolization and nuclear dis-
appearance were Vvisible, indicating neuronal death.
Normal staining and the presence of Nissl bodies in cy-
toplasm were considered as surviving neurons'*.

Immunohistochemical staining for the expression of
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PDIA3, STIP1 and Hsc70 in rabbit spinal cord

Spinal cord tissue was dewaxed, hydrated, and sliced
(immersed in xylene and alcohol). The sections were
incubated in 3% H,0O, deionized water for 5—-10 minutes
to block endogenous peroxidase, followed by antigen
retrieval: the sections were placed in citric acid at 98°C,
cooled to room temperature for 30 minutes, and washed
three times with PBS for 5 minutes each. The sections
were incubated in rabbit anti-PDIA3, anti-STIP1 and anti-
Hsc70 polyclonal antibodies (1:150; Beijing Biosynthesis
Biotechnology Co., Ltd., Beijing, China) at 4°C overnight,
followed by 3 x 2 minute washes in PBS. The sections
were incubated in goat anti-rabbit IgG antibody-horse-
radish peroxidase (1:1 000; Beijing Biosynthesis Bio-
technology Co., Ltd.) at room temperature or 37°C for
20-30 minutes, followed by 3 x 2 minute washes in PBS.
The sections were incubated in peroxidase complex at
room temperature for 30 minutes, and washed with PBS,
3 x 5 minutes. The sections were visualized with 3,3'-
diaminobenzidine kit (Santa Cruz Biotechnology, Santa
Cruz, CA, USA). Under the microscope, the cytoplasm
presented with a tawny color. The sections were coun-
terstained with hematoxylin for 1 minute, differentiated
with 1% acidic alcohol, and then terminated by washing
with water. The sections were treated with weak ammo-
nia liquor, washed with distilled water, mounted with
neutral resin, and observed under a microscope
(BX51WI-DPMC; Olympus). Positive results showed
brown or tawny particles, and nuclei were counterstained
blue with hematoxylin.

Western blot assay for the expression of PDIA3,
STIP1 and Hsc70 in rabbit spinal cord

Spinal cord tissue was homogenized with lysis buffer,
supplemented with 0.1 mol/L NaCl, 0.01 mol/L Tris-HCI,
pH 7.5, 1 mmol/L ethylenediamine tetraacetic acid, and
1 pg/mL protease inhibitor. The homogenate was centri-
fuged at 4°C and 10 000 x g for 5 minutes. The super-
natant was stored in 0.5 mL centrifuge tubes in a refri-
gerator at —20°C. Protein concentration was analyzed
using the Bradford method®®. The samples were elec-
trophoresed in a 10% polyacrylamide gel. Protein sam-
ples were boiled in 2.5% sodium dodecyl sulfate and 5%
B-mercaptoethanol. A total of 20 ug protein samples and
markers (MagicMark XP Western Standard; Invitrogen,
Carlsbad, CA, USA) of each group were electrophoresed
at 20 mA for 90 minutes. Electrophoresis buffer con-
tained 25 mmol/L tris(hydroxymethyl)aminomethane,
250 mmol/L glycine and 0.1% sodium dodecyl sulfate.
Proteins on the gel were transferred onto polyvinylidene
fluoride membrane (LC2002; Invitrogen) using trans-
membrane buffer and 10% methanol. The membrane

was incubated with rabbit anti-PDIA3, anti-STIP1, an-
ti-Hsc70, and anti-B-actin  polyclonal antibodies
(1:1 000; Beijing Biosynthesis Biotechnology Co., Ltd.) at
room temperature for 1 hour, washed with PBS, and then
incubated with horseradish peroxidase-labeled goat an-
ti-rabbit IgG (1:1 000; Beijing Biosynthesis Biotechnology
Co., Ltd.) at room temperature for 90 minutes. The sam-
ples were visualized with ECL Plus Kit (Amersham Bios-
ciences, Piscataway, NJ, USA). Absorbance values were
analyzed using NIH ImageJ software (National Institutes
of Health, USA).

Statistical analysis

Data were expressed as mean + SD and analyzed using
SPSS 19.0 software (SPSS, Chicago, IL, USA). Inter-
group differences of neurological score, counting of mo-
tor neurons and interneurons, and quantitative analysis
of western blot assay were compared using one-way
analysis of variance and Tukey-Kramer test. A value of
P < 0.05 was considered statistically significant.
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