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Abstract Posttraumatic stress disorder (PTSD) is an anxiety
disorder caused by a life-threatening traumatic experience,
which affects a patient’s quality of life and social stability.
The objective of this study was to investigate the change of the
glucose-regulated protein (GRP) 94 and apoptosis-related
caspase-12 expression in medial prefrontal cortex (mPFC) in
rats to determine whether endoplasmic reticulum apoptosis
pathway plays an important role in single-prolonged stress
(SPS), a well-established PTSD animal model, and therefore
to provide experimental evidence to reveal PTSD pathogene-
sis. A total of 120 healthy male Wistar rats were selected for
this study, randomly divided into a normal control group and
SPS groups of 1, 4, 7, 14, and 28 days. Behavioral studies of
the learning and memory capabilities of rats were observed by
using Morris water maze. Morphological changes were de-
tected using transmission electron microscopy (TEM).
Immunohistochemistry, Western blot, and reverse transcrip-
tion polymerase chain reaction (RT-PCR) were used to detect
the expressions of caspase-12 and GRP94 expressions in
mPFC. Our results showed that compared with control
groups, after the SPS exposure, the average escape latency
was prolonged in place navigation test (P<0.05), and swim-
ming time in the third quadrant in spatial probe test shortened.
The morphological change of mPFC in each SPS group bears
typical apoptotic characteristics. The expressions of GRP9%4
and caspase-12 gradually increased on 1 and 4 days, peaked
on 7 days after the SPS exposure, and then decreased. These
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results suggest that SPS exposure can induce apoptotic neu-
rons and a change of caspase-12 and GRP94 expression in the
mPFC, which may be one of the pathogenesis of mPFC
abnormal function in PTSD.
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Introduction

Posttraumatic stress disorder is a severe mental and behavioral
disorder that can develop after exposure to any event that
results in psychological trauma. These symptoms character-
ized by mental disorder and anxiety syndrome may appear
after a few days or months, which even last for years (Frick
et al. 1995; Sherin and Nemeroff 2011). The stress-related
mental disorder is caused by paroxysmal enormous natural
disaster or violent personal assault or threatens and presents
with characteristic symptoms including mental disorder, anx-
iety disorder, intrusive memories, hyperarousal, and persis-
tence avoidance. The clinical symptoms include
reexperiencing of the trauma event (Zhu et al. 2011; Pollice
et al. 2012), flashback, nightmares, and avoidance of people
or places that could relate to the event (Shalev 2002; Harvey
and Bryant 2002; DSM-IV 1994). The pathophysiology of
posttraumatic stress disorder (PTSD) has been widely studied
in neuroscience (Kessler 2000). However, the mechanisms
that cause such atrophy are still elusive. Single-prolonged
stress (SPS) (Shin and Liberzon 2010) was shown to induce
enhanced inhibition of the hypothalamic—pituitary—adrenal
(HPA) axis, which is a putative neuroendocrinological hall-
mark of PTSD (Yehuda 2005), and SPS-exposed rats also
exhibit behavioral abnormalities. Therefore, SPS paradigms
have been extensively applied in the investigation of PTSD.
The pathophysiology of PTSD significantly improved our
understanding of PTSD (Shin et al. 2006; Eckart et al. 2011).
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According to the existing studies, the hippocampus and amyg-
daloid nucleus are all key brain regions for morbidity of
PTSD. A large number of studies have revealed that the
amygdala, hippocampus, and medial prefrontal cortex
(mPFC) are closely related to the occurrence of PTSD. The
existing studies show that mPFC is an important brain func-
tional area. As the executive center of brain function, it will
participate in composition of emotional central loop.
Traumatic injury of mPFC may cause abnormities to patients
in emotional and social behaviors (Damasio et al. 1994). The
mPFC has direct synaptic connections with amygdaloid nu-
cleus, and it is also closely associated with other parts of the
brain. Memory consolidation can be realized through the
interaction between mPFC and amygdaloid nucleus
(Roozendaal et al. 2009). As one of the important emotional
central pathways, mPFC is also listed as the key brain region
of PTSD together with the hippocampus and amygdaloid
nucleus. Studies show that PTSD patients have a smaller
mPFC than normal people in its volume (Hull 2002).
Animal experiment proves that the expression changes of
Bcl-2 and Bax (Li et al. 2013) of mPFC of rats after SPS
stimulation exist and there also exist expression changes of
caspase-3 and caspase-9 (Bing Xiao et al. 2011).

Apoptosis is also called programmed cell death. In recent
years, endoplasmic reticulum stress (ERS) pathway is discov-
ered as another important pathway of apoptosis (Nakagawa
et al. 2000a). When the cell undergoes various kinds of stress
distributed on endoplasmic reticulum (ER) and there are spe-
cific markers of ERS stimulus, ERS will happen. Previous
work from our laboratory shows that rats exposed to SPS
showed an increase in intracellular Ca®" concentration and
in signs of ERS (Wen et al. 2012). Accordingly, ERS that
induced the changes of intracellular Ca** will activate the ER
apoptotic protein caspase-12. Caspase family might play a
role in adjusting and controlling apoptosis and inflammatory
response. Caspase-12 is the specific medium of ERS. The
activated caspase-12 will enter cytoplasm from ER and grad-
ually activate caspase-9 and caspase-3. Glucose-regulated
proteins (GRP) lingering on ER, GRP78, and GRP94 are
stress proteins distributed on ER, and they are specific
markers of ERS (Whitesell et al. 2003a; Chang et al. 2011).

In this study, SPS rats are extensively applied in investiga-
tion of PTSD. We aim to explore the potential mechanism of
GRP94 regulating stress-induced ERS and ER-dependent ap-
optosis in mPFC on the SPS rats.

Materials and Methods
Animals and SPS Model Establishment

Healthy 120 male Wistar rats (Experimental Animal Center of
China Medical University) aged 7 or 8 weeks were used,
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weighing approximately 180 g. Rats were individually housed
at air-conditioned room (22+1 °C and 55+5 % humidity) on a
12-h light/dark schedule with free access to food and water, for at
least 1 week before experiment. Animals were divided randomly
into the normal control group and SPS groups (1, 4, 7, 14, and
28 days). The control group remained in their home cages with
no handling; at the same time, SPS groups were exposed to an
SPS event on the first day. The rats were restrained for 2 h with
plastic bags (immobilization), followed immediately by forced
swimming for 20 min (24+1 °C), rest for 15 min, followed by
drying, and ether anesthesia (until consciousness was lost). The
rats were left undisturbed in their home cages until used for brain
tissue sampling or behavioral study (Takahashi et al. 2006;
Kohda et al. 2007; Wang et al. 2010).

Tissue Preparation

The animals were killed at the end of the experiment. The
mPFC was excised immediately and fixed in 2.5 % glutaral-
dehyde for transmission electron microscopy (TEM); the
brains were snap frozen in liquid nitrogen for RNA and protein
isolation. The animals were perfused through the heart with
4 % (w/v) formaldehyde in phosphate buffer (PB, pH 7.4),
fixed in the same fixative for light microscopy. The normal
control group animals were processed in the same way. Then,
the brains were embedded in paraffin. Sections were cut at
4-um slices in thickness and mounted on glass slides.

Behavior in Rats Detected

As a previously described method, rats in Morris water maze,
navigation test experiment, and spatial probe test are kept in
water temperature (251 °C). Surrounding environment is
quiet and with constant light source. The place navigation test
is carried out for 6 days: records the time from rats put into the
water to climb up the platform in 60 s. A 6-day testing study
was performed as previously described in detail; spatial refer-
ence and working memory deficits were assessed in the water
maze fixation and section making.

Transmission Electron Microscope (TEM)

Glutaraldehyde-fixed mPFC samples were dehydrated with
gradient ethanol and acetone and were embedded with
EPONSI12 epoxy resin. The 70-nm-thick ultrathin sections
were stained with uranyl acetate and lead citrate and were
observed with JEOL1200EX at 100 kV.

Immunohistochemical Analysis to Detect Caspase-12
and GRP%4

Immunohistochemical staining was performed using PV two-
step immunohistochemical detection kit. Caspase-12- and
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GRP94-positive cells were detected using rabbit anti-rat
caspase-12 polyclonal antibody (1:50, Beijing Biosynthesis
Biotechnology Co., Ltd.) and mouse anti-GRP94 monoclonal
antibody (1:200, Beyotime Institute of Biotechnology), re-
spectively. Dewaxed sections were incubated with 3 % hydro-
gen peroxide for 10 min and later repaired in 10-mM citrate
buffer (pH 6.0) by a microwave oven for 10 min. Sections
were treated with 0.3 % Triton X-100 in PBS and 5 % bovine
serum albumin (BSA) to block nonspecific staining, blocked
with dripped 10 % goat serum for 30 min, and incubated with
primary antibody at 4 °C overnight. Finally, 3,30’-diamino-
benzidine was used as chromogen for about 10 min until the
brown color appeared. Slices were then dehydrated and
mounted with neutral balsam. The Image-Pro Plus image
analysis system was used to analyze the average optical den-
sity (OD).

Western Blotting to Detect GRP94 and Caspase-12

Rats were decapitated; immediately, the brains were removed
and placed on an ice-cold dish, and the mPFC according to the
atlas of rats were dissected from the brain tissues. The protein
concentration was determined using Coomassie brilliant blue
method. Each sample was separated by 10 % (w/v) gradient
sodium dodecyl sulfate (SDS)-polyacrylamide gel electropho-
resis (PAGE) and transferred to a PVDF membrane. The
membrane was blocked with 5 % dried skim milk for 2 h
and incubated with rabbit polyclonal antibody anti-caspase-12
(Abcam, 1:500), mouse monoclonal antibody anti-GRP94
(Abcam, 1:500), and mouse monoclonal antibody anti-
GAPDH (Zhongshan Goldenbridge, China, 1:500) at 4 °C
overnight. The membranes were then incubated with the
secondary antibody anti-rabbit IgG-HRP and anti-mouse
IgG-HRP (Zhongshan Golden bridge, 1:2,000) for 2 h at room
temperature. The membranes were detected with enhanced
chemiluminescence (ECL, P0018; Beyotime, China).
Absorbance was measured and analyzed by the Gel Image
Analysis System (Tanon 2500R, Shanghai, China). The levels
were determined by calculating the OD ratio.

Semiquantitative Reverse Transcription-Polymerase Chain
Reaction (RT-PCR) to Detect GRP94 mRNA

Total RNA was isolated from mPFC by Trizol (Invitrogen,
USA), and 1 pg of total RNA was reverse transcribed into
complementary DNA (cDNA) (AM Ver. 3.0, Takara Bio,
Otsu, Japan). The specific primers were synthetized from
Sangon Biotech Company (Shanghai, China). The primer
sequences used for PCR amplification are shown in Table 1.
The PCR products were separated on 2 % agarose gel by
electrophoresis, and the density of each band was analyzed
with the Gel Image Analysis System (Tanon 2500R,
Shanghai, China). The levels of GRP94 messenger RNA

149
Table 1 Primers for GRP94 and f3-actin
Name  Primer Product
size
GRP94 Sense 5'-GAC GGG CAA GGA CAT TAC AAA-3" 362 bp
Antisense 5-CTT CTT CTT CTG CCC CTG CGT
CTG-3’
[-actin  Sense 5'-GTCACCCACACTGTGCCCATCT-3’ 542 bp

Antisens 5-ACACACTACTTGCCCTCACCAC-3'

(mRNA) were normalized by (3-actin mRNA using the ratio
of GRP94 mRNA/{3-actin mRNA.

Statistical Analysis

The results were expressed as means+SD. The differences
between normal control group and SPS groups were analyzed
by one-way analysis of variance (ANOVA) using SPSS 16.0
software. A level of P<0.05 was considered to be statistically
significant.

Results

Changes in Physiological Behavior and Morris Water Maze
Test

Rats in control group showed lively behavior and normal
appetite dense. In contrast, SPS-stimulated rats presented
multiple signs of PTSD, such as being less active, sleepiness,
and loss of restlessness. Furthermore, the results of Morris
water maze (MWM) test are illustrated in Fig. 1. SPS groups
had significantly higher latency spent to find the underwater
platform when compared with normal control group rats
(P<0.05) (Fig. 1a). When the platform was removed from
the pool at day 7 for spatial memory testing, SPS rats had
much less time spent in target quadrant compared with control
group rats (P<0.01) (Fig. 1b).

Morphological Change of Hippocampal Neurons by TEM

To determine SPS-caused apoptosis, as shown in Fig. 2, some
neurons of mPFC in SPS group of rats showed obvious
neuronal ultrastructure changes under the TEM. Neurons
displayed characteristic morphological changes of early apo-
ptosis, including cell shrinkage, nuclear pyknosis, chromatin
condensation, and chromatin gathered along the inside of the
nuclear. Later, stage apoptotic cells were found with liquefied
vacuole, increased vacuole, and notching of the nuclear mem-
brane (Fig. 2b). These included shrunk chromatin in the form
of a set of edges in the nuclear membrane under the crescent-
shaped bodies (Fig. 2c). These changes were not present in
normal control rats (Fig. 2a).
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Fig.1 Results of the MWM test. a Escape latency of two group rats in different test days. b Percentage of swimming time in third quadrant. n=5 for each

group. Asterisk, compared with control group, denotes P<0.05

Immunohistochemical Analysis Results of GRP94

GRP94-positive products were brown granular that were mainly
distributed in the cytoplasm of mPFC neurons. The
immunohistochemical-staining results are shown in Fig. 3a.
Positive immunohistochemical cells showed a weak positive
reaction in normal control group mPFC neurons with a relatively
light staining. After SPS stimulation, the expression of GRP9%4
increased significantly in comparison with that of the normal
control group (P<0.05). The peak of the increase was in 7 days
after SPS. Then, the immunoreactivity was slowly decreased in
14 and 28 days after SPS but is still higher than normal group
(P<0.05). Mean ODs of GRP94 are shown in Fig. 3b.

Immunohistochemical Analysis Results of Caspase-12

After SPS stimulation, caspase-12 was widely distributed
throughout the mPFC, mainly in the cytoplasm, and appeared

Fig.2 Results of the TEM showed morphological changes in the medial
prefrontal cortex neuron. a Normal neuron in control group. b Chromatin

condensation and chromatin gathered along the inside of the nuclear
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as a bufty particle, but in the normal control group, a little
expression could be seen. Evaluation of caspase-12 by immu-
nohistochemical analysis indicated a significant increase in
the SPS model groups compared with the normal control
group (P<0.05). The expression reached its peak 7 days after
the SPS exposure and then decreased 14 days after. The
analysis results are shown in Fig. 4.

Western Blotting Analysis Protein Expression Levels

Western blot was used to detect the protein expressions of
GRP94 and caspase-12 in mPFC of PTSD rats. Molecular
weights of GRP94, caspase-12, and GADPH were 94, 42, and
36 kD, respectively, showing clear bands. The protein expres-
sion in the SPS groups changed over time, which showed a
marked increase compared with that of the control group
(P<0.05). The peak increase occurred in the SPS 7-day

group (Fig. 5).

membrane in SPS groups. ¢ Crescent-shaped bodies in the nuclear mem-
brane in SPS groups. Scale bar indicates 500 nm
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Fig.3 a Presentation of GRP94 expression in medial prefrontal cortex in
each group (X400 magnification). Representative immunohistochemistry
of the following groups: 4 indicates normal control group, B indicates
SPS-1-day group, C SPS-4-day group, D SPS-7-day group, £ SPS-14-

RT-PCR Results of GRP94 mRNA

There were certain expression levels in GRP94 mRNA in
normal rat mPFC neurons (Fig. 6). The levels of GRP9%4
mRNA were normalized with (3-actin mRNA. The expressions
of GRP94 mRNA increased significantly after SPS stimulation
and began to decline on day 14, which are consistent with the
results of immunohistochemistry and Western blot.

Discussion

PTSD is a clinical syndrome with repeated recurrence of
traumatic experience, high vigilance, and persistent avoid-
ance. The patients often have experienced various catastrophic
incidents such as tsunami, earthquake, water flood, and war.
Memory disorder is one symptom of PTSD as well as its
clinical diagnostic criterion (Hoge et al. 2004). Standard ani-
mal model is one of the foundations to carry out research on

day group, F SPS-28-day group. b Mean optical densities of GRP94 are
shown. Data represent the means=SD (n=5, each). Asterisk, composed
with control group, denotes P<0.05. White triangle, composed with SPS
7 days, denotes P<0.05

PTSD. SPS stimulation model established by the experiment
is the method determined at the International PTSD Scientific
Meeting held by the Japanese Ministry of Education in 2005.
It is the acknowledged method of PTSD model at current
stage. Experimental research verifies that rat after SPS stimu-
lation has dysfunction in HPA axle, the animal model has a
change in ethology, activity habit, and memory ability, and its
environmental adaptability reduces, in conformity with clini-
cal manifestation of human PTSD. In this experiment, after
SPS stimulation, the average escape latency period of rat in
Morris water maze (Morris 1981, 2008) is higher when com-
pared with the normal control (P<0.05). Learning and mem-
ory ability of rat in model group decreases with simulating the
memory disorder symptom of PTSD rats. This hints that the
model is successfully copied, which has provided guarantee
for subsequent studies.

The existing studies show that mPFC is an important brain
functional area. The result of MWM in this experiment shows
that mPFC neuronal cell of rat in normal control has a normal
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control  SPS-1day SPS-4day SPS-7day SPS-14day SPS-28day

Fig. 4 The immunohistochemistry for caspase-12 in medial prefrontal
cortex of PTSD rats. a Slight caspase-12 immunoreactivity cells in
normal control group. b Caspase-12 immunoreactivity on SPS-1 day. ¢
Caspase-12 immunoreactivity on SPS-4 days. d Marked caspase-12
immunoreactivity was detected on SPS-7 days. e Caspase-12 tended to

shape and complete nuclear membrane, but after SPS, nuclear
membrane of neuron partly disappears, pyknosis and chroma-
tin were condensed into blocks, and cytoplasm overflows; all
these indicate neuronal apoptosis. Occurrence of neuronal
apoptosis in mPFC will change its structural form, and this
is one of the reasons why mPFC function of rat after SPS is
damaged.

Apoptosis is also called programmed cell death. As is
known at present, the apoptosis process is accompanied by
expression of a series of apoptosis-related genes. There are
early and multiple research on death receptor pathway and
mitochondrion pathway, and they play a very important role in
the process of apoptosis. In recent years, ERS pathway is
discovered as another important pathway of apoptosis. ER
of eukaryotic cell is the major place to process protein and
store calcium in the cell. It is responsible for folding, assem-
bly, and secretion of secreted protein, and it is quite sensitive
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I Caspase12

decrease on SPS-14 days. f Caspase-12 immunoreactivity on SPS-28 days
(x400 magnification). g Quantitative analysis of the average optical
density. Data are represented as mean+SD. Asterisk, composed with
control, denotes P<0.05. White triangle, composed with SPS 7 days,
denotes P<0.05

to changes of internal and external environments. When the
cell undergoes various kinds of stimulus from internal and
external sources, physiological function of ER will be disor-
dered, and ERS will happen. The inducements cover calcium
loss or calcium overload in ER, cell hypoxia, nutrition defi-
ciency, pH change (Bernales et al. 2006), etc. Present research
considers that dysfunction of ER may be the important cause
for diseases including degenerative disease of nervous system,
hepatopathy, cardiovascular disease, and inflammatory im-
mune response (Lin et al. 2000).

Caspase family might play a role in adjusting and control-
ling apoptosis and inflammatory response. Caspase-12 is the
specific medium of ERS (Nakagawa et al. 2000b). Increase of
caspase-12 expression only happens during ERS (Bernales
et al. 2006). Shibata et al. (2003) discovered in the temporary
infarction model of the rat’s middle cerebral artery that
TUNEL-positive cell and caspase-12-positive cell coexisted
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Fig. 5 a Western blot analysis for GRP94 and caspase-12 in medial
prefrontal cortex. b The quantification of Western blot analysis for
GRP94/GADPH and caspase-12/GADPH is shown. Data are represented
as the mean+SD (n=5, each). Asterisk, composed with control group,
denotes P<0.05. White triangle, composed with SPS 7 days, denotes
P<0.05

in nerve cells. All these materials proved that activation of
caspase-12 is the key signal of triggering ER apoptosis. The
activated caspase-12 will enter cytoplasm and act on caspase-
9 and Caspase-3. Activation of caspase-12 is related to

Fig. 6 RT-PCR was used to
detect changes in the mRNA
expression of GRP94. a RT-PCR
for GRP94 in medial prefrontal
cortex of PTSD rats. b The quan-
tification of RT-PCR for GRP94

a
300bp

500bp

is shown. Data are represented as 500bp
the mean+SD (n=5, each).
Asterisk, composed with control, 800bp
denotes P<0.05

b

mRNA expression of GRP94/8 -actin

increase of free Ca®" concentration in cytoplasm (Nieves and
Moreno 2007; Sreedhar et al. 2004). Strong stress may cause
high expression of glucocorticoid receptors (GR) in mPFC,
and high expression of GR will promote internal flow of Ca**
(Furay et al. 2008). Yu Wen et al. (2012) proved the abnormal
expression of Ca>*-CaM-CaMKII« pathway in mPFC. As an
inducement of ERS, the change of Ca>* concentration might
be one of the reasons for the rise of early expression of
caspase-12 1 day after SPS. In this experiment, results of
immunological histological chemistry (IHC), Western blot,
and RT-PCR of rat after SPS all show that caspase-12 starts
to rise after 1 day, reaches the peak value after 7 days, and then
decreases gradually. This indicates that SPS triggers ERS of
mPFC neuron and apoptosis of mPFC.

After SPS stimulation, ERS, dysfunction of ER and the
subsequent unfolded protein response (UPR) will affect pro-
tein assembly and secretion. With deepening of the study,
more and more UPR-related proteins have been discovered.
GRP lingering on ER, GRP78, and GRP94, distributed pro-
teins on ER, are specific markers of ERS (Whitesell et al.
2003b). Under normal condition that is low expression of
GRPY4, its distribution and expression are both controlled
by cell cycle. In normal control of this experiment, a few
positive cells of GRP94 can be seen in immunohistochemical
results, and the results of Western blotting and RT-PCR ex-
periments also indicate weak expression of protein in normal
control. After 1 to 28 days of SPS, both immunohistochemical
and Western results show that expression of GRP94 is higher
than that in normal control; it continues to rise gradually and

M control SPS1d SPS4d SPS7d SPS14d SPS28d

GRP94

B-actin

I GRPY4

control SPS-1day SPS-4day SPS-7day SPS-14day SPS-28day
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reaches the peak value after 7 days. This shows that after ERS,
the unfolded protein and misfolded protein will activate UPR
pathway, induce expression of UPR target gene, increase
transcription of chaperonin GRP94 (Patil and Walter 2001),
and trigger endogenous protective mechanism of ER.
Therefore, at the early stage of stress, GRP94 will increase.
This is a reaction of the cell to try to get through the dangerous
period.

At the early stage of ERS, UPR will induce redistribution
of chaperonin. A large number of chaperonins and caspase-12
will form compounds to stop apoptosis. However, apoptosis
will be the cause for ERS to consume a large amount of
GRPY4.

The variation trends of GRP94 and caspase-12 expressions
are almost the same in this experiment. They all rise gradually
after SPS, reach the peak on 7 days, and then decrease grad-
ually. This phenomenon might be caused by block of protein
synthesis after ERS. Synchronous peaks of these two show
that a balance is reached between apoptosis and cellular tol-
erance controlled 7 days after SPS.

In conclusion, ER apoptosis might be one of the pathologic
reasons for PTSD injury. UPR triggered by ER apoptosis
pathway of mPFC in SPS-PTSD rat is the adaptation to
prevent the organism from undergoing greater damages, but
this might also be one of the pathologic reasons for volume
decrease and cortical atrophy of mPFC in PTSD patients.
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