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Endoplasmic reticulum stress response in the rat contusive
spinal cord injury model-susceptibility in specific cell types

D Matsuyama, M Watanabe, K Suyama, M Kuroiwa and J Mochida

Study design: Focus group study
Objective: To investigate cell-specific endoplasmic reticulum (ER) stress reactions in contusive spinal cord by evaluating the
expression of the glucose-regulated protein 78 (GRP78) and C/EBP homologous transcription factor protein (CHOP) using
immunohistochemical staining.
Setting: Data were analysed at Tokai University School of Medicine in Japan.
Methods: The authors generated rat spinal cord injury (SCI) models using an IH-Impactor (100 kdyne(LI), 200 kdyne (HI)). Rats
were killed at 1, 3, 5, 7 and 14 days post operation (dpo). Spinal cord sections were prepared and the expression ratio of GRP78 and
CHOP was evaluated in oligodendrocyte precursor cells (OPCs) (NG2þ ), oligodendrocytes (OLs) (APCþ ), neurons (NeuNþ ) and
astrocytes (GFAPþ ) using double immunohistochemical staining. We examined an area 8mm distal from SCI-epicenter.
Results: Compared with the sham group, both injured groups had higher GRP78 expression ratio in contused spinal cord at 1 dpo.
GRP78 expression ratio was highest in GFAPþ cells of both groups, and lowest in NG2þ cells. Although GRP78 was expressed
strongly immediately after SCI in the both groups, increased CHOP expression was observed only in the HI group. The CHOP
expression in NG2þ cells was significantly higher than that observed in GFAPþ cells at 5 dpo.
Conclusion: Although the ER stress response contributes to cell survival in the low-stress SCI conditions, the ER stress response
induces an apoptotic cascade in high-stress SCI conditions. The ER response varies according to cell type, with the highest observed
in astrocytes, and the lowest observed in oligodendrocyte precursor cells.
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INTRODUCTION

Spinal cord injury (SCI) has a major impact on the daily living
activities of patients. The severity of neural damage depends on the
combination of the initial mechanical injury and the subsequent
secondary damage caused by a self-destructive cascade that enlarges
the damaged area.1–3 Free radicals, excitatory amino acids and the
arachidonic acid cascade from injured cell membranes have been
reported as factors related to secondary damage.1,4

Recently, there has been growing interest in protein-modification
disorders related to endoplasmic reticulum (ER) stress during delayed
neuronal cell death in various central nervous system conditions, such
as cerebral ischemia, Alzheimer’s disease, Parkinson’s disease, brain
injury and SCI.5–7 ER stress causes protein-modification blockage,
which spurs the accumulation of abnormal proteins. This
accumulation in turn induces the expression of glucose-regulated
protein 78 (GRP78), which hydrolyses ATP to promote protein
folding.8 Since the accumulation of unfolded proteins leads to
apoptosis, the enhancement of GRP78 is a possible strategy to
inhibit apoptotic cell death following neurotrauma and
neurodegenerative disease.5,9,10 Excessive accumulation of abnormal
proteins leads to the expression of C/EBP homologous transcription
factor protein (CHOP), which is a prominent proapoptotoc protein
of the ER stress response.11,12

Understanding of the precise mechanism of ER stress-
mediated apoptosis in SCI may lead to the development of novel
treatment strategies. In this study, the expression of ER stress response
proteins was immunohistologically examined in the various cell
types of the injured spinal cord, specifically focusing on the ER
chaperone GRP78, which has a protective function in ER stress, and
the transcription factor CHOP, which promotes ER-mediated
apoptosis.12

MATERIALS AND METHODS

Animal population
Male Sprague Dawley rats (age, 8–10 weeks; weight, 280–320 g; n¼ 75) were

procured from Nippon Crea (Kanagawa, Japan). All experiments were

performed according to the approved protocol of Tokai University School

of Medicine Animal Experiment and Research Support Center. The rats

were placed under general anaesthesia through inhalation of 4% isoflurane

and a laminectomy of the 10–11th thoracic levels were performed under

sterile conditions to expose the dura mater. SCI was induced using an

Infinite Horizon SCI device (IH Impactor; Precision Systems & Instru-

mentation, Lexington, KY, USA). Three groups of animals were created: a

low-degree injury group (100 kdyne: LI group), a high-degree injury group

(200 kdyne: HI group)13 and a sham group that received laminectomies

without SCI.
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Immunohistochemical staining
5 rats from each group at 1, 3, 5, 7, and 14 days post-operation (dpo) were

anesthetized and transcardially perfused with 2% paraformaldehyde in 0.1 M

phosphate-buffered saline. The spinal cords were removed, post-fixed over-

night in 2% paraformaldehyde in phosphate-buffered saline, dehydrated for 3

days in sucrose and embedded in optimal cutting temperature compound

(OCT Compound; Sakura Finetek; Japan). Frozen serial continuous sections

with a thickness of 14mm were prepared from an area 8-mm caudal to the

epicenter,14 blocked in phosphate-buffered saline with 5% goat normal serum

and 0.3% Triton-X at room temperature for 1 h and stained overnight at 4 1C

with the following primary antibodies.14

mouse anti-APC (Genetex, Irvine, CA, USA, 1:100, a marker of oligoden-

drocytes), mouse anti-NeuN (Chemicon, Billerica, MA, USA, 1:100, a marker

of neurons), mouse anti-NG2 (Chemicon, 1:100, a marker of OPCs), mouse

anti-GFAP (Abcam, Cambridge, MA, USA, 1:400, a marker of astrocytes),

rabbit anti-GRP78 BiP antibody (Abcam, 1:200) and rabbit anti-CHOP/

GADD153 antibody (Millipore, Billerica, MA, USA, 1:100). Sections were

rinsed in phosphate-buffered saline, and the following secondary antibodies

were applied for 2 h at room temperature: a goat anti-mouse Alexa Fluor 488

(1:800) antibody to label primary antibodies of each cell marker and a goat

anti-rabbit Alexa Fluor 594 (1:800) antibody to label GRP78 and CHOP.

Sections were finalised by staining the nucleus with 40,6-diamino-2-phenylin-

dole (DAPI, VECTA). The stained sections were observed using a confocal

microscope (LSM710; Carl Zeiss, Oberkochen, Germany) and imaging

software (Zen 2009 Lite Edition, Carl Zeiss).

Analysis
We performed manual counting of five adjacent sections for each analysis. To

quantify the GRP78 and CHOP expression ratios, the number of cells with

positive staining of GRP78 or CHOP in the nucleus was counted and was

divided by the total number of nuclei in the dorsal column white matter. To

quantify the GRP78 and CHOP expression ratios in each cell type, the number

of cells double positive for each cell marker and GRP78 or CHOP was counted

and was divided by the total number of cells positive for each cell marker.

Astrocytes, oligodendrocytes (OLs) and oligodendrocyte precursor cells (OPCs)

were examined in the dorsal cord white matter, while neurons were examined in

the anterior horn area. Both ratios were denoted in percentages. Mann–Whitney

U test was applied for statistical analysis. Significance was set at Po0.05.

Statement of ethics
We certify that all applicable institutional and governmental regulations

concerning the ethical use of animals were followed during the course of this

research.

RESULTS

Immunohistochemical staining and cell count
Although the counting of astrocytes, OLs and OPCs in the dorsal cord
was performed without difficulty, the neurons in the dorsal cord were
limited and had poor cytoplasms. We therefore elected to perform the
counting of neurons in the anterior horn, in which cellular integrity
was higher. We observed GRP78 staining in the nucleus and along the
cytoplasm of the dendrites, while CHOP was observed in the cell
nucleus (Figure 1). Double-stained images confirmed GRP78 immu-
noreactivity in the nucleus and the cell cytoplasm. NG2þ cells had
narrower cytoplasmic surfaces than did those of other cell types
(Figure 2). Neurons, OLs and OPCs showed uniform positive CHOP
staining mainly in the nucleus. Granular staining inside the cell
cytoplasm as well as the nucleus was confirmed in astrocytes (Figure 3).

Differences in GRP78 and CHOP expression ratio based on the
degree of SCI
Both the HI and LI groups exhibited a significantly higher GRP78
expression ratio compared with that observed in the sham group at 1
dpo (HI group: 35.32±4.2%, LI group: 27.40±5.5%, sham group:

Figure 1 Immunostaining for GRP78, CHOP, and cellular markers in the injured spinal cord. Representative immunostaining results of the injured spinal

cord from the HI group (200 kdyne), at 5 dpo (nuclear stain in blue, scale bars: 50mm). GRP78 immunoreactivity is localized in the nucleus and

cytoplasm (a, b), while CHOP immunoreactivity is localized in the nucleus (c, d). Double immunostaining for GRP78 and the following cellular markers:

NeuN (e), GFAP (f), APC (g) and NG2 (h). Double immunostaining for CHOP and the following cellular markers: NeuN (i), GFAP (j), APC (k) and NG2 (l).
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11.97±1.35%, P¼ 0.0368), but the differences were not significant
between the HI and LI groups.

GRP78 expression decreased gradually over time from the peaks
observed at 1 dpo in the HI and LI groups. Although the HI group
exhibited a significantly higher ratio compared with the sham group
at 3 dpo, there was no significant difference in the GRP78 expression
ratio between the LI and the sham groups (HI group: 22.22 ±3.15%,
LI group: 19.36±5.00%, sham group: 11.48±4.24%). Significant
differences were not observed between the three groups at 7 dpo and
14 dpo.

In contrast, the CHOP expression ratio increased gradually over
time, from the very low values observed in the LI and HI groups
immediately after injury. There were initially no significant differences
in the ratio between the LI, HI and sham groups initially. Subse-
quently, the CHOP expression ratio increased gradually and both
groups showed a significantly higher ratio compared with the sham
group at 5 dpo and 7 dpo. The HI group exhibited a significantly
higher ratio compared with the LI group at 7 dpo (LI group:

28.32±3.05%, HI group: 18.56±3.30%, P¼ 0.0061). Although the
HI group showed a trend towards a higher ratio compared with the LI
group at the other time points, the differences were not statistically
significant (Figure 4).

Changes in the GRP78 expression ratio in each cell type
Maximum GRP78 expression ratio was observed at 1 dpo in all cell
types, with the exception of NG2þ OPCs, in which the peak was
observed at 3 dpo.

GFAPþ astrocytes exhibited a significantly higher GRP78 expres-
sion ratio in the HI and LI groups at 1 dpo compared with other cell
types (GFAPþ cells in HI group: 46.92±3.76%, Po0.05). Although
the GFAPþ cells showed a statistically higher GRP78 expression ratio
compared to NG2þ cells in the HI group at 3 dpo (GFAPþ cells,
38.20±4.36%, NG2þ cells, 27.38 ±3.03%, P¼ 0.0215), no signifi-
cant differences were observed between cell types in the LI group.
There were no significant differences in the GRP78 expression ratio
between cell types in the LI and HI groups at 5 and 7 dpo. Although

Figure 2 Immunostaining for GRP78 in each cell type. Double immunostaining for GRP78 (red) and the following cellular markers (green) on sections of

the injured spinal cord from the HI group (200 kdyne) at 5 dpo (nuclear stain in blue, scale bars: 10mm): (a) NeuNþ neurons, (b) GFAPþ astrocytes,

(c) APCþ OLs, (d) NG2þ OPCs. NG2þ cells had narrower cytoplasmic surfaces than other cell types. GRP78 staining was observed in the nucleus and

the cytoplasm of dendrites.
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the GRP78 expression ratio in the NG2þ cells was significantly lower
than other cell types at 14 dpo in the HI group, no difference was
observed between cell types in the LI group (Figure 5).

Changes in the CHOP expression ratio in each cell type
The CHOP expression ratio in NG2þ cells of the LI group
was significantly higher than that observed in GFAPþ cells at 5, 7
and 14 dpo with a peak at 7 dpo (NG2: 22.81 ±8.37%, GFAP:
13.73±3.42, P¼ 0.0473).

GFAPþ cells of the LI group exhibited a trend towards lower
CHOP expression ratios compared with other cell types. The CHOP
expression ratio gradually increased after injury in all cell types of the
HI group (Figure 6).

In addition, all cell types of the HI group showed a significantly
higher CHOP expression ratio compared with that observed in the
sham group. However, the difference in the CHOP ratios of GFAPþ
cells in the LI and sham groups did not reach significant levels
(Figure 7).

DISCUSSION

The regeneration of the white matter tracts is extremely important in
the functional prognosis of SCI; therefore, myelination is integral.15,16

Although OPCs that are abundant in the adult spinal cord increase in
number in response to such stimuli as demyelination and other
external injuries,17 sufficient remyelination in not achieved in
contusive SCI models due to differentiation blockage. This is in
contrast to chemical demyelination models in which a replenishment
of the lost OL pool is observed.18 A possible explanation for this
phenomenon is cell death before OPC differentiation. If this is the
case, alleviation of delayed cell death would not only decrease the
spread of secondary damage, but would also improve the OPCs’
survival, amplification and differentiation into OLs, which would lead
to increased remyelination.

Recent studies reported that the ER stress response in the central
nervous system is related to neurodegenerative changes.9,6 Apoptosis
after central nervous system damage occurs through an extrinsic
pathway involving the Fas ligand, an intrinsic pathway through

Figure 3 Immunostaining for CHOP in each cell type. Double immunostaining for CHOP (red) and the following cellular markers (green) on sections of the

injured spinal cord from the HI group (200 kdyne) at 5 dpo (nuclear stain in blue, scale bars: 10mm): (a) NeuNþ neurons, (b) GFAPþ astryocytes,

(c) APCþ OLs, and (d) NG2þ OPCs. Neurons, OLs and OPCs showed uniform positive CHOP staining mainly in the nucleus (a, c, d). Granular staining
inside the cell cytoplasm as well as the nucleus was confirmed in astrocytes (b).
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Figure 5 Comparison of the GRP78 expression ratio between all cell types. The highest GRP78 expression ratio was observed at the acute phase of injury

followed by a gradual declining trend in all cells. GFAPþ cells exhibited a significantly higher GRP78 expression ratio in the HI and LI groups at 1 dpo

compared with other cell types. Data are the mean ± s.d. (n¼5, *Po0.05, **Po0.01).

Figure 4 GRP78 and CHOP expression ratio in contused spinal cord structure injury. The expression ratio of GRP78 was high immediately after injury, but

exhibited a gradual decreasing trend, until there were no significant differences in the ratio between the high-degree injury (HI), low-degree injury (LI) injury

and sham groups after 5 dpo. The CHOP expression ratio increased in the subacute phase of the injuries and was significantly higher in the HI group than

in the LI group at 7 dpo. Data are the mean±s.d. (n¼5, *Po0.05).
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mitochondrial incompetence and the ER stress pathway. The ER stress
response is a process that occurs to alleviate the accumulation of
misfolded proteins in the ER that occurs as a result of cellular stress.
In the ER stress response unfolded proteins are eliminated via three
pathways involving the following factors: protein kinase-like ER
kinase, activating transcription factor 6 and inositol-requiring
kinase. When the unfolded protein response is activated within the
ER in response to various cellular stresses, GRP78 is induced via the
activating transcription factor 6 and IRE1a pathways to break down
and eliminate unfolded proteins.8,10,19

In SCI, the expression of GRP78 has been histologically confirmed
in the damaged tissue of the spinal cord at the acute stage.7,15

It has been suggested that astrocytes have a unique ER stress
response mechanism and a higher degree of response compared with
other cell types.20 In this study, differences in the GRP78 expression
ratio were observed between neurons, OPCs, OLs and astrocytes. The
GRP78 expression ratio in astrocytes in the acute stage of SCI was
significantly higher than that observed in other cell types, which
histologically supports the probability of a stronger ER stress response
mechanism in astrocytes. On the other hand, the peak GRP78
expression ratio in OPCs was significantly lower than that observed
in the other cell types, which suggests weaker ER stress response in
OPCs.

When the ER stress increases, the transcription factor CHOP
induces apoptosis through a mechanism and targets genes that
remain unknown.12 There was no significant difference in the peak
CHOP expression ratio between cell types, although astrocytes
exhibited a trend for the lowest ratio. The CHOP expression ratio
at 7 dpo was significantly higher in the HI group than in the LI group,
which suggests that during the subacute stage of SCI, the expression
of CHOP increases significantly in response to the increasing severity
of SCI.

Recent studies reported that cytoplasmic overexpression of CHOP
might be correlated with non-apoptotic cascades.7,12 In this study,
cytoplasmic CHOP expression was observed only in astrocyte, in
contrast to its nuclear expression in other cell types. Therefore,
astrocytes appear to possess a unique stress response mechanism, that
provides astrocytes with a means to control apoptosis within the
damaged spinal cord.

Although no significant difference in the CHOP expression ratio was
observed between OPCs and astrocytes in a high-damage environment,
the CHOP expression ratio was significantly higher in OPCs than in
astrocytes in a low-damage environment. This suggests that all cell types
are equally susceptible to delayed cell death in cases of severe injury, but
the tendency for delayed cell death is greater for OPCs compared with
astrocytes in cases of less severe injury. Our results indicate that the ER
stress response is weaker in OPCs compared to other cell types,
implying that OPCs are more prone to delayed cell death.

In our previous in vitro study, the survival ratio of cells in an ER
stress environment improved with increased expression of GRP78.7

This was confirmed in our in vitro study in which GRP78 expression
protected cells by preventing the accumulation of unfolded protein in
low-stress situations. However, the effects of GRP78 expression were
insufficient in high-stress environments, and delayed cell death
ensued via CHOP activation. To our knowledge, reports concerning
the ER stress response in different cell types in SCI are limited. Our
study indicates that the ER stress response varies according to cell
types within injured spinal cord: the highest observed in astrocytes
and the lowest observed in OPCs. Further studies are necessary to
clarify ER stress-induced apoptosis, which will hopefully lead to a
novel treatment to abrogate the functional deficit after SCI.

DATA ARCHIVING
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Figure 6 Comparison of the CHOP expression ratio between all cell types. In the HI group, there was no difference observed in CHOP expression in all cell

types. In the LI group, the CHOP expression ratio in NG2þ cells was significantly higher than GFAPþ cells at 5, 7 and 14 dpo. Data are the mean ± s.d.

(n¼5, *Po0.05, **Po0.01).
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