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Abstract Previous studies revealed that patients with post-
traumatic stress disorder (PTSD) have a smaller than normal
medial prefrontal cortex (mPFC), and PTSD rats [single
prolonged stress, (SPS)] have an increased mPFC neuron ap-
optosis, which are related to the severity of PTSD symptoms.
Three signalling pathways [protein kinase RNA-like endo-
plasmic reticulum kinase (PERK), activating transcription fac-
tor 6 (ATF6), and inositol-requiring enzyme 1 (IRE1)] in the
endoplasmic reticulum (ER) play a critical role in resisting
apoptosis. The aim of this study was to investigate whether
the three branches of ER signalling are involved in SPS-
induced mPFC neuron apoptosis. We used transmission elec-
tron microscopy (TEM) to detect morphological changes in
ER and fluorescence spectrophotometry to detect the concen-
tration of intracellular calcium in mPFC. We used molecular
biological techniques to detect the expression levels of three
branch signalling pathways of ER: phosphorylated PERK (p-
PERK)/phosphorylated eukaryotic translation initiation factor
2A (p-elF2a), ATF6a/X-box binding protein 1 (XBP1), and
IRE1a. In addition, the ER molecular chaperone 78-kDa glu-
cose-regulated protein (GRP78) and the ER-related apoptosis
factors caspase family and Bax also were examined.
Apoptosis neurons were detected by terminal
deoxynucleotidyl transferase deoxyuridine triphosphate nick
end labeling. The results showed that the concentration of
calcium in mPFC was increased in SPS rats. Using TEM,
we found that mPFC neurons in SPS rats showed an expanded
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ER and chromatin margination. The increased expressions of
p-PERK/p-elF2a, ATF6a/XBP1, and IRE1 in response to SPS
were also observed, although the degrees of increase were
different. In addition, the protein and mRNA expression of
GRP78 was increased in SPS rats; the upregulation of ER-
related apoptosis factors and apoptosis neurons after SPS
stimulation was observed. These results suggested that the
three signalling pathways of unfolded protein response were
involved in PTSD-induced, ER-dependent apoptosis in
mPFC.
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Introduction

Post-traumatic stress disorder (PTSD) is one of the most com-
mon mental disorders that may develop after exposure to a
serious life-threatening trauma. PTSD shows four characteris-
tic symptoms: re-experiencing of the traumatic event, numb-
ness, negative alteration in cognition and mood, and symp-
toms of avoidance and hyperarousal (American Psychiatric
Association 2013). The symptoms can occur from a few days
to years after the traumatic event. Using neuroimaging tech-
niques (Frick et al. 1995; Sherin and Nemeroff 2011), re-
searchers have found abnormal brain function and structure
in patients with PTSD, and some studies have shown that
patients with PTSD have a smaller medial prefrontal cortex
(mPFC) volume and less activation during traumatic script-
driven imagery (Hull 2002). The reports suggested that less
activation of mPFC plays a key role in the developmental
process of PTSD.

In our laboratory, a single prolonged stress (SPS) model rat
was used to mimic PTSD. The SPS animal model was
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proposed by Liberzon (Liberzon and Martis 2006) and in-
cludes three stages: restraint stress, forced swim, and ether
exposure. Our team found in previous studies (Wang et al.
2009; Zhang et al. 2012) that SPS changed the behaviours of
rats, decreased corticosterone levels in their plasma, and
enhanced negative feedback causing reduced hypothalamic—
pituitary—adrenal(HPA) axis activity, which are hallmarks of
the behaviour and neuroendocrinology of patients with PTSD.
In recent years, our research group (li et al. 2013; Zhao et al.
2014) has focused on mPFC of SPS rats, and we have found
increased apoptosis of neurons and changes in the endoplas-
mic reticulum (ER) of mPFC in SPS rats. The ER changes
included changed expression of ER resident proteins and dis-
turbed calcium homeostasis, which may be related to mPFC
neuroapoptosis (Zhao et al. 2014; Wen et al. 2015). However,
the exact role of ER in the neuroapoptotic process in the
mPFC during PTSD remains poorly understood.

ER, as a key intracellular organelle, is responsible for the
maintenance of calcium homeostasis and the synthesis and
folding of proteins (secretion and cell surface proteins). The
ER environment is strategically important for correct protein
synthesis. Calcium disorders can lead to accumulation of
misfolded or unfolded proteins. The accumulation of
misfolded proteins leads to altered neuronal connectivity and
even neuronal death (Soto 2003; Han et al. 2013; Majd et al.
2015), which have been related to several neuron-related dis-
eases such as Alzheimer's disease, Parkinson's disease, and
PTSD. A complex, three-pronged response [protein kinase
RNA-like endoplasmic reticulum kinase (PERK), activating
transcription factor 6 (ATF6) and inositol-requiring enzyme 1
(IRE1)], called the unfolded protein response (UPR), has been
found to correct aberrant folding in higher eukaryotes (Mesitov
et al. 2013). UPR acts to restore ER homeostasis through up-
regulating the expression of ER molecular chaperone proteins
(e.g. 78-kDa glucose-regulated protein [GRP78], calreticulin),
which increases the probability of correct folding.

In mammals (Harding et al. 2000; Yoshida et al. 2001;
Chen and Brandizzi 2013), PERK, ATF6, and IRE1 are the
three ER transmembrane proteins and are also the ER stress
sensors that respond to the accumulation of unfolded proteins
in the ER lumen. GRP78, an ER molecular chaperone, plays a
key role in the process of UPR. First, it controls the start of
UPR through association and dissociation with ER stress sen-
sors. Second, it promotes correct folding of proteins to de-
crease ER load. Third, it interacts with ER localized pro-
caspase-7 to control the start of the ER-related apoptotic path-
way (Reddy et al. 2003). When cells are in a state of ER stress,
GRP78 will dissociate from these sensors, leading to their
activation. Activated PERK phosphorylates eukaryotic initia-
tion factor 2o (p-elF2a), which inhibits protein translation
(except for ATF4) to decrease the ER load (Mitsuda et al.
2011). However, the activation of ATF4 is preferentially trans-
lated upon the phosphorylation of elF2a. ATF4 regulates the
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genes involved in amino acid metabolism and redox homeo-
stasis. During conditions of ER stress (Yoshida et al. 2001),
ATF6 translocates from ER to the Golgi, where it is processed
by sites 1 and 2 proteases, thereby releasing the N-terminal
transcriptional regulatory domain into the cytoplasm. The
transcriptional regulatory domain of ATF6 translocates to the
nucleus to regulate the gene expression of ER stress effectors
such as X-box binding protein 1 (XBP1) and GRP78. Among
these processes, IRE1 also dissociates from GRP78 and
becomes autophosphorylated, and the activation of IRE1 is
known to be an unconventional endoribonuclease that can
excise a 26-nucleotide intron from XBP1 mRNA, resulting
in a frame shift of reading codons in the XBP1 mRNA and
the translation of active transcription factor XBP1s. Thus,
activation of PERK, ATF6, and IRE1 initiates an ER-to-
nucleus intracellular signalling cascade collectively termed
as UPR. The most salient feature of the UPR is to increase
the transactivation function of a gamut of basic leucine zipper
transcription factors such as ATF6, ATF4, and XBP1. Once
activated, these transcription factors coordinate transcriptional
induction of ER chaperones and genes involved in
ER-associated degradation to enhance the protein-folding
capacity of the cell and decrease the unfolded protein load of
ER, respectively.

The activation of the three-signal pathway restores the im-
paired function and structure of ER. However, when ER ho-
meostasis cannot be restored, the proapoptotic process is in-
duced by releasing pro-caspase-7 from GRP78 (Reddy et al.
2003), leading to caspase-7 activation, which promotes the
activation of proapoptotic Bcl2 family members such as Bax
(Ranganathan et al. 2006; Fu et al. 2007). Bax is localized to
ER in addition to mitochondria (Zong et al. 2003), and ER
apoptotic caspase-12 activation is Bax-dependent. Rao et al
found, in an in vitro study, that caspase-12 activation was
dependent on caspase-7 (Rao et al. 2001), and this process
may occur through Bax (Lin et al. 2014). Activated caspase-
12 enters the cytoplasm from ER, gradually activates caspase-
3, and eventually leads to neuroapoptosis. Given the central
role of ER, three signalling pathways switch from prosurvival
to prodeath signalling. The aim of the present study was to
investigate whether ER stress and UPR in mPFC neurons are
involved in PTSD-induced apoptosis by examining ER mor-
phology, the PERK/ATF6/IRE1 ER signalling pathway, the
ER molecular chaperone GRP78, and the ER-related apopto-
tic proteins caspase-7, Bax, caspase-12, and caspase-3.

Material and Methods
Animals

All the experimental procedures of this study complied with
Guidance Suggestions for the Care and Use of Laboratory
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Animals laid down by the Ministry of Science and
Technology of the People’s Republic of China and also ap-
proved by Institutional Animal Care. The Experimental
Center of China Medical University provided 40 Wistar rats
(n=20/group, males, weights 180-200 g). Before the start of
experiments, the rats were pair-housed in cages with enough
food and water for 7 days. Animal houses have air entrance
and air handing facilities, which maintain a room temperature
(23+2 °C) environment with 55+5 % humidity. The animal
houses were maintained on a 12-h light-dark cycle (lights on
08:00 am).

Grouping and Single Prolonged Stress (SPS) Animal
Model of PTSD

In this experiment, we assigned rats into a control group and
an SPS group (7 days after the SPS procedure) randomly. The
rats in the SPS group were exposed to the SPS procedure after
a 7-day quiescent period. The control rats were left in the
home cage during the SPS procedure. There are three stages
(restraint stress, forced swimming, and ether exposures) in the
SPS procedure (Ding et al. 2010). For restraint stress, rats
were restrained for 2 h inside a clear plastic bag. The size of
the bags was almost as big as the body of rats. In order to make
sure the rats were able to breathe freely, a hole was made in
each bag. For forced swimming, after restraint stress, they
were immediately placed in a clear acrylic cylinder filled
two thirds with water (24+2 °C temperature) and forced to
swim for 20 min. The acrylic cylinder had 500 mm height and
240 mm diameter. Then the rats were allowed to rest for
15 min. For ether exposures, the rats were exposed to ether
until unconsciousness after rest, and then placed into the ani-
mal house without disturbing.

Morris Water Maze Test (MWM)

The MWM test, based on the classic Morris Protocol, was
used to assess spatial memory performance (Morris 1984)
and detect whether the SPS model of PTSD was successful.
The experiment includes hidden platform tests and a probe
test. The platform was placed in the first quadrant. The first
5 days consisted of hidden platform tests: the rats were placed
in a quadrant facing the wall of the pool and allowed to find
the target platform (2 cm below the surface) within 120 s. If
the rat found the target platform, it was allowed to stay on the
platform for 20 s. If not, experimenters had to guide them to
find the target platform. Each rat was tested by the 120-s
training test (with 20-s intervals) four times every day. We
recorded the movement track of each rat. On the 6th day, the
Probe Test was performed as follows: the target platform was
removed in this test, and the rat was placed in the third quad-
rant. We recorded the swimming time that the rat spent in the
first quadrant. The ratio of swimming time in the first

quadrant/total time was the index used for capability of the
rat's spatial memory.

Tissue Preparation

The rats of each group (control group and SPS group) were
decapitated after anesthesia with urethane (50 mg/kg, i.P.).
Then whole brains were removed and placed in a dish of
crushed ice immediately. The brain was cut perpendicularly
according to the Rat Brain Atlas. The dissected mPFC
(bregma 2.2 mm and 3.7 mm) was frozen in liquid nitrogen
immediately and then stored at —80 °C for preparation of
western blot and PCR.

Preparation of Sections

The rats of each group were anesthetized (urethane, 50 mg/kg,
i.P.) until sense of pain disappeared, then transcardially per-
fused through the ascending aorta with 300 mL preheated
(37 °C) 0.9 % saline solution and 300 mL of 4 % paraformal-
dehyde [PFA, dissolved in 0.1 M phosphate buffer saline
(PBS)] respectively. Whole brains were rapidly removed to
4 % PFA at 4 °C for 6 h. The brains were immersed in 30 %
sucrose solution for 3 days. The brains were frozen in liquid
nitrogen. The frozen brain tissue was cut into 14-um thick
sections on a cryostat and stored at —20 °C preparing for the
immunohistochemistry and immunofluorescence techniques.

Detection of Free Calcium in mPFC Cells

The rats were decapitated after anesthesia with urethane; their
brains were removed immediately. According to the Rat Brain
Atlas, the mPFC (bregma 2.1 mm and 3.7 mm) was dissected.
The cell suspension of mPFC was prepared by a routine
method, and the concentration of the cell suspension was
109-1010/L. The cell suspension was incubated with
1 mmol/L fura-2-acetoxymethy ester (Fura-2/AM)
(Beyotime Institute of Biotechnology, Haimen, China) for
35 min and the concentration was measured with a
spectrofluorometer.

Assessing the ER and Nucleus Morphological Changes
in the mPFC Using Transmission Electron Microscopy
(TEM)

After anesthesia with urethane, the rats were perfused through
the ascending aorta with 300 mL preheated (37 °C) 0.9 %
saline solution, then perfused with a solution of 4 % parafor-
maldehyde and 2.5 % glutaraldehyde in PBS. The removed
mPFC were immersed in 2.5 % glutaraldehyde (0.1 M PBS,
pH 7.4) with shaking for 6 h at 4 °C. The tissues were washed
by 0.1 M PBS then cut into blocks (1 mm wide, 5 mm long,
and 1 mm thick). The blocks were immersed in 1 % osmium
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tetroxide for 2 h at 4 °C then rinsed in distilled water and
dehydrated in graded series of ethanol (20-100 %) and pro-
pylene oxide. Following infiltration with Epon 812, the blocks
were placed at 65 °C (48 h) for polymerization. After poly-
merization, the blocks were cut into ultra-thin sections by
diamond knives. The ultra-thin sections were collected on
copper grids. We used 4 % uranyl acetate and Reynolds lead
citrate to stain the ultra-thin sections. A transmission electron
microscope (JEM-1200EX; JEOL, Tokyo, Japan) was used to
observe the sections (10 sections/each mPFC).

Immunofluorescent Assay for p-PERK, ATF6a, and Irela

After washing with PBS (three times, 5 min each), the tissue
sections were treated with 5 % bovine serum albumin (BSA)
in 0.1 M PBS at 37 °C for 30 min. Tthen the sections were
incubated with I antibody (p-PERK, immuway, China, 1:200;
ATF6a, Santa Cruz, CA, USA, 1:300; IRE1a, Santa Cruz, CA,
USA, 1:200) in 2 % BSA-PBS overnight at 4 °C. After wash-
ing with PBS, the sections were incubated with II antibody
(FITC-conjugated rabbit anti-p-PERK polyclonal antibody,
Boster, China, 1:100; FITC-conjugated mouse anti-ATF6a an-
tibody, Boster, China, 1:100; Cy3-conjugated goat anti-IREla
antibody, Boster, China, 1:100) for 2 h at 37 °C. After washing
with PBS, slices were mounted with glycerin and observed
using a fluorescence microscope (LSM 510 Meta, Zeiss,
Oberkochen, Germany) with a x40 objective. Meanwhile, in
order to assess nonspecific staining, a few sections were incu-
bated in PBS instead of primary antibody in each experiment.

Western Blot to Detect the Expression
of p-PERK,p-elF2a, GRP 78, XBP1, and Apoptosis
Factors

The protein fraction (50 pg/lane) extracted from prepared
mPFC tissue was separated by 8 %, 10 %, or 12 % (w/v)
SDS-PAGE (gradient sodium dodecyl sulfate-
polyacrylamide gel electrophoresis) and then electroblotted
to a PVDF membrane (Millipore, Bedford, MA, USA) using
a semi-dry blotting apparatus (Bio-Rad, USA). The mem-
branes was blocked with 5 % dried skim milk in TBST
(Tris-Buffered Saline, Tween-20) and incubated with I anti-
body (anti-p-PERK, rabbit, Immuway, 1:500; anti-p-e[F2c,
rabbit, Immuway, 1:500; anti-XBP1, mouse, Stanta Cruz,
CA, USA, 1:500; anti-GRP 78, mouse, Santa Cruz, CA,
USA, 1:500; anti-Caspase 7/12/3, mouse, Santa Cruz, CA,
USA, 1:500; anti-Bax, mouse, Santa Cruz, CA, USA, 1:500;
anti-GAPDH, Santa Cruz, CA, USA, 1:1000) overnight at
4 °C and II antibody (Boster Biological Technology Ltd.,
1:1000) for 2 h at RT. The membrane was washed with
TBST, and then the protein expression was identified using
enhanced chemiluminescence (ECL; Amersham Pharmacia
Biotech, Buckinghamshire, UK). A gel image analysis system
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was used to analyze the bands and record the OD value. At
last, we calculated the ratio of OD (target protein/GAPDH) as
the data, which was analysed using SPSS software.

Total RNA Extraction and PCR

RNA Extraction We used Trizol Kit (D312 LOT B2402-1,
TaKaRa Bio, Japan) to extract the total RNA from prepared
mPFC tissue according to the manufacturer’s instructions and
the RNA purity was detected by measuring the ratio of
A260/A280 (1.8-2.0).

RT-PCR The total RNA was reverse transcribed into cDNA,
which was amplified using an RNA PCR Kit (AM Ver.3.0,
Takara bio, Otsu, Japan). The specific GRP78 primer was
designed and synthesized by Sheng Gong Biological
Engineering Technology (Shanghai, China), and the sequence
of each gene is shown in Table 1. The amplification profile of
GRP78 included: (1) denaturation at 94 °C for 4 min, (2) 30
additional cycles at 94 °C for 30 s and then 40 s at 57 °C,
72 °C for 40 s, and (3) extension at 72 °C for 10 min. The
amplification profile of GAPDH included: (1) denatureion at
94 °C for 2 min, (2) 30 additional cycles at 95 °C for 30 s and
then 40 s at 57 °C, 72 °C for 40 s, and (3) extension at 72 °C
for 5 min. The PCR products were separated on 1.5 % agarose
gel by electrophoresis, the density of each band was analyzed
using a gel image analysis system (Tanon 2500R, Shanghai,
China). The mRNA levels of GRP78 were normalized by
GAPDH.

Quantitative Real-Time PCR (QT-PCR) The total RNA of
mPFC was reverse transcribed into cDNA using PrimerScript
RT reagent Kit (Perfect Real Time, TAKARA, Japan). The
quantitative real-time PCR was performed using SYBR®
Premix Ex Taq™ II (Perfect Real Time). The genes of
XBP1 and GAPDH were amplified and detected on the
LightCycler 480 (Roche) of the China Medical University
Experiment Center. The primers of XBP1 and GAPDH,
shown in Table 1, were designed and synthesized by Sheng
Gong (Shanghai, China). All measurements were in triplicate
in a single assay. The fold change of the XBP1 gene was
calculated by the comparative Ct method, and the fold change
was the data of real-time PCR.

Statistical Analysis of Date

All data were analyzed by IBM SPSS 19.0 software. All data
were expressed as mean+SEM and analyzed by one-way
analysis of variance (ANOVA), When P <0.05, we considered
that the data of the two groups had statistical significance.
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Table 1 The sequence of primers

Gene Forward primer Reverse primer Product
length
GRP78 5'-CTACGAAGGTGAACGACCCC -3"  5- ATTTCTTCAGGGGTCAGGCG-3"  219dp
XBP1 5-GTGCGGACTTTACCAGGTGTG -3"  5'-GCGGGGAGGAGAGAAAGAA -3'  94dp
GAPDH  5-ACTTTGGCATCGTGGAAGGG-3' 5-ACTTGGCAGGTTTCTCCAGG -3'  264dp

Results
Morris Water Maze Test

The Morris water maze (MWM) test was used to detect
whether the SPS animal model was successful in detecting
the rats’ behavioral changes. Figure 1 shows the results of
the MWM test. The results show that the SPS rats swam a
farther distance to find the target platform under water in com-
parison with the control group rats (Fig. 1a, b). SPS rats spent
less time swimming in the platform quadrant as a percentage
of'total time than rats in the control group (P <0.05) (Fig. 1c).
The results show that SPS exposure changed the rats’
behavior.

Increased Free Calcium Level in mPFC Cells of SPS Rats

Figure 2 shows the results of analysis of the intracellular free
calcium levels in all groups (control group and SPS group).
These results show that the levels of intracellular free calcium
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Fig. 1 The results of the MWM test. a 3D photo of tracked movements
of rats in the control group, target platform with arrow. b 3D photo of
tracked movements of rats in the SPS group, target platform with arrow. ¢
The percentage of time in target quadrant (%) in MWM test (n =10, F
(1, 19)=103.282). Statistical analysis was based on one-way
ANOVA. ¥*P<0.001 versus the control group

in the mPFC neurons in the SPS groups were increased com-
pared with the control group (P< 0.05) (Fig. 2). The results
also show that SPS disturbed calcium homeostasis in mPFC
neurons, which may have been caused by the imbalance of ER
homeostasis, increasing the generation and accumulation of
misfolded protein in ER.

SPS Changed the Morphology of Endoplasmic Reticulum
in mPFC Neuron

Transmission electron microscopy (TEM) was performed
to analyze the ER morphological changes in neurons in
the mPFC of rats (control group and SPS group). As
shown in Fig. 3, the mPFC neurons in the control rats
exhibited normal morphology (Fig. 3a). Compared with
neurons in control group rats, some neurons in the mPFC
of SPS rats (Fig. 2b) exhibited pronounced dilation of the
ER lumen, which was a characteristic change of ER mor-
phology in states of ER stress. The expanded volume is
indicated by the star in Fig. 3b. Researchers (Romisch
2005; Xu et al. 2005) previously reported that the expan-
sion of ER volume is a necessary adjustment in response
to increased accumulation of misfolded proteins induced
by SPS.

PERK Branch of Unfolded Protein Response was
Activated

In cells, the UPR was a protective response against ER stress.
The PERK branch signal is one of three branch signals of the

[ *
350 -

200 -

The level of free Calcium
[nmo/L]

Control SPS

Fig.2 The changes in intracellular calcium (Ca2+) levels (nmol/L). Data
represent the means +SD (n =6 for each group). Statistical analysis was
based on one-way ANOVA (n=6, F(1,11)=328.58), *P<0.001 vs. the
control group
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control SPS
Fig. 3 TEM images of the mPFC in the two groups. TEM images of the
mPFC. a Normal control mPFC neuron, displaying abundant
endoplasmic reticulum (arrow). The nucleus (star) is large and round,
density of chromatin is uniform. b mPFC neuron of SPS group rat. The
expanded volume of ER (arrow) and chromatin margination in nucleus
(star) are shown. bar=300 nm

UPR. Some researchers (Bell et al. 2016; Harding et al. 2000)
have reported that the PERK-dependent pathway plays a key
role in the UPR. In the PERK signalling pathway, PERK is a
protein kinase of elF2a, and the activity of PERK (p-PERK)
phosphorylates elF2a (p-elF2a), reducing general protein
synthesis to decrease the ER load. p-PERK and p-elF2a
are markers of activation of the PERK branch. The results
of immunofluorescence experiments (Fig. 4a and b) to
detect p-PERK showed that its expression was increased
in SPS groups compared with the control group. The pro-
tein expression of p-PERK was significantly increased in
the SPS group in comparison with the control group,
which is consistent with the results of the immunofluores-
cence assay. In addition, in comparison with the control
group, the protein expression of p-elF2a, the downstream
of PERK-dependent pathway, was also increased in the
SPS group (Fig. 4d). Together, these results show that
SPS-induced ER stress promoted PERK autophosphoryla-
tion, resulting in increased protein or immunofluorescence
levels of p-PERK and p-elF2a in mPFC.

ATF6a Branch of Unfolded Protein Response Were
Activated

ATF6a, a transmembrane protein, was thought to be primarily
responsible for gene transcription regulation of UPR. We used
an immunofluorescence assay to detect ATF6a. The results for
ATF6a are shown in Fig. 5a and b. Figure 5a and b show that
ATF6a was present in the control rats and demonstrated dif-
fused cytoplasmic localization, whereas SPS rats had an ob-
vious increase of ATF6a immunofluorescence compared with
control group rats. This suggested that ATF6a was activated in
response to SPS. ATF6a was activated by ER stress induced
by SPS through cleavage from the membrane and moved to
the nucleus, leading to increased mRNA expression of XBP1
(Haze et al. 1999; Yoshida et al. 2001). Thus, we detected
mRNA expression of XBP1 by quantitative reverse transcrip-
tion polymerase chain reaction (RT-PCR), and the expression
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of XBP1 was normalized to the mRNA level of GAPDH from
the same specimen. The results of analysis of mRNA expres-
sion of XBP1 are shown in Fig. 5d. We found that mRNA
expression of total XBP1 was upregulated after SPS. All of
these results suggest that the ATF6a-dependent pathway was
activated by SPS.

IRE1a Branch of Unfolded Protein Response Were
Activated

The IREla-dependent signalling pathway was the third
branch of UPR studied. Using an immunofluorescence
assay, we explored the expression of IREla immunofluo-
rescence in mPFC. As shown in Fig. 6a and b, IREla im-
munofluorescence was present in the normal control group
and mainly showed diffuse cytoplasmic localization. The
results of analysis of IREla immunofluorescence are
shown in Fig. 6¢c. We found that the intensity of IREla
immunofluorescence was increased in mPFC neurons after
stimulation by SPS. Upon ER stress, activated ATF6a in-
creased the expression of XBP1 mRNA; however, XBP1
mRNA is cleaved by activated IRE1, which then generates
the spliced form of XBP1 (XBP1s), which generates the
activated XBP1s that is considered a marker of UPR
(Yoshida et al. 2001; Yoshida et al. 2006). To confirm
whether SPS induced the activation of XBP1, we examined
the protein expression of XBP1 by Western blotting. The
Western blot analysis results for XBP1 are shown in
Fig. 6d. Figure 6d shows that XBP1lu was constitutively
expressed in mPFC neurons as a 29 kDa protein in the
normal group. The active form XBP1 was a 50 kDa protein
(XBP1s). The results of this analysis (Fig. 6e) show that
SPS rats had decreased protein expression of XBP1u and
increased protein expression of XBP1s in mPFC compared
with the control group, which suggests that XBP1 was
activated by IRE1a.

Expression of ER Molecular Chaperone GRP78 was
Upregulated

Western blotting and RT-PCR were used to detect the expres-
sion of GRP78 in protein and mRNA levels in mPFC neurons
of SPS rats. The molecular weights of GRP78 and GADPH
were 78 kDa and 36 kDa, respectively. The results for GRP78
are shown in Fig. 7. The protein expression of GRP78 in the
SPS group showed a marked increase compared with that of
the control group (Fig. 7a and b). In addition, the RT-PCR
results of GRP78 showed an increase in total transcript levels
of GRP78 in mPFC (Fig. 7c and d). In control rats, very low
mRNA levels of GRP78 were detected; however, SPS rats had
amarked increase of GRP78 mRNA expression. These results
were consistent with those of Western blot analysis and
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Fig. 4 The expression results of
p-PERK and p-elF2a in mPFC.
a-b The p-PERK expression in
mPFC by The immunofluescence
staining (bar =150 pum): a control
group; b SPS group. The
quantitative analysis (mean
optical densities, n=15, F(1,
29)=154.342) of p-PERK positive
cells detected by
immunofluoresence staining is
shown in ¢ The protein expression
of p-PERK and p-elF2a detected
by immunoblot assay is shown in
d The analysis result of protein

expression of p-PERK detected Control

by western blot assay (n=6, F (1, (o]
11)=112.64) is shown in e The Z
analysis result of protein g
expression of p-eIF2a detected by k]
western blot assay (n=6, F (1, £ 5 *
11)=49.316) is shown in f Data 8=
represents the means + SD. All g A
data were analysed using one-way S =105
ANOVA. *P<0.001 versus the 5%
trol =
controt group ﬁ 0 Control SPs
=
=
e
=
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= R
225
Y05
g A E
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288 ,
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suggested that SPS triggered increased GRP78 in protein and
mRNA levels.

Increased Apoptosis and Upregulation
of Apoptosis-Related Factor Expression

Terminal deoxynucleotidyl transferase deoxyuridine triphos-
phate nick end labelling (TUNEL) was used to detect apopto-
sis in mPFC of all groups (control and SPS groups), and the
results are shown in Fig. 8. The nucleus of apoptosis-positive
cells was seen as brown particles on microscopy. Figure 8
shows that the control group had a small amount of
apoptosis-positive cells and a lighter color. However, the
amount of apoptosis-positive cells was obviously increased,
and the colour of the brown particles became deeper in the
mPFC of SPS rats in comparison with the control group,
which suggested the existence of mPFC apoptosis in SPS rats.
In addition, TEM results showed that SPS rats had chromatin

SPS group
d
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margination in the nucleus (Fig. 3), which represents the mor-
phological changes of apoptotic neurons, consistent with the
increased apoptosis in neurons (Fig. 8).

In our experiments, we proved that SPS induced ER stress
and activated the three branches of UPR. However, prolonged
or serious stress induced increased accumulation of misfolded
proteins, which exceeded the capability of UPR to deal with,
leading to the activation of ER pathway apoptosis. We
detected the protein expression of ER-related apoptosis
factors (caspase-7, Bax, caspase-12, and caspase-3) by
Western blot assay. These Western blot analysis results
demonstrate that the protein levels of caspase-7, Bax,
caspase-12, and caspase-3 were markedly increased
(Fig. 9), suggesting that ER-related apoptosis factors
were activated by SPS and revealing signs of ER
stress-induced apoptosis. All of these results indicate
that ER stress and ER-related apoptosis factor activation
contribute to SPS and SPS-induced apoptosis.
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Fig. 5 The expression results of
ATF6a in mPFC. a—b The ATF6a
expression in mPFC by
immunofluescence staining
(bar=50 pum): a control group; b
SPS group. The quantitative
analysis (mean optical densities,
n=15,F(1,29)=78.607) of
ATF6a positive cells detected by
immunofluoresence staining is
shown in ¢ The analysis result of
XBP1 mRNA expression is
shownind (n=3,F (1,
5)=284.476). Data represent the
means + SD. All data were
analysed using one-way ANOVA.
*P<0.05 versus the control

SPS group
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Fig. 6 The expression results of IREla and XBP1lin mPFC. a-b The shown in d. The analysis result of protein expression of XBP1 detected
IREla expression in mPFC by The immunofluescence by western blot assay [XBPls: n=6, f (1, 11)=18.264; XBPlu: n=6,
staining(bar =50 um): a control group; b SPS group. The quantitative F(1,11)=22.177] is shown in e. Data represents the means = SD. All data
analysis (mean optical densities, n=15, F(1, 29)=46.444) of IREla were analysed using one-way ANOVA. *P<0.05 versus the control
positive cells detected by immunofluoresence staining is shown in c. group

The protein expression of XBPldetected by western blot assay is
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Fig. 7 The expression results of

GRP78 in mPFC. a The protein

expression of GRP 78 detected by

western blot assay. b The analysis a
result of protein expression of

control

-

SPS

GRP78 detected by Western blot

assay (1=6, F (1, 11)=103.609). GRP 78
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Discussion severity of clinical symptoms. Consistent with this, in recent

PTSD is mental disorder often associated with behavioural
symptoms, psychiatric comorbidity, and diminished quality
of life (Klein et al. 2009). Its main clinical symptom charac-
teristics are reexperiencing of traumatic events through flash-
backs and nightmares, numbness, negative alteration in cog-
nition, and mood and avoidance behaviours (DSM 5th, 2013).
Using brain imaging methods, researchers (Frick et al. 1995;
Shin et al. 2004) have identified changes in brain function and
structure as characteristics of PTSD that are associated with

TUNEL assay
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C
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Fig. 8 Apoptotic cells in the mPFC by TUNEL staining, a control group,
b SPS group, ¢ number of apoptotic cells in mPFC (n=15, F (1,
29)=416.743). Data are expressed as mean=+SD. One-way ANOVA
was used for analysis.*P <0.001 versus to the control group

studies researchers have found a smaller hippocampus volume
in PTSD. Dysfunction of the hippocampus affects contextual
memory, and higher activation of the amygdala decreases the
inhibition of the fear response (Morey et al. 2015). mPFC
(Arruda-Carvalho and Clem 2015) is thought to exert a
top-down regulatory influence on the amygdala, and dysfunc-
tion of mPFC may affect the connectivity between mPFC and
amgydala, which is linked to amygdala dysfunction. In
particular, mPFC is a higher-order structure that regulates
the function of the amygdala and the hippocampus
(Zelikowsky et al. 2014). With use of neuroimaging
techniques, research on veterans with PTSD showed a failed
mPFC activation (Bremner 2007), and morphometric magnet-
ic resonance imaging studies have demonstrated that patients
with PTSD have a smaller mPFC than healthy persons. In
some studies, researchers have found that the activation and
volume of mPFC are inversely related to the severity of PTSD
symptoms (Bremner 2007; Zelikowsky et al. 2014). All of this
evidence suggests a strong relationship between mPFC atro-
phy and the development of PTSD. Using TEM and TUNEL,
our group (Ding et al. 2010; Han et al. 2013; li et al. 2013;
Zhao et al. 2014; Li et al. 2015; Yu et al. 2014) found in-
creased apoptosis of neurons in the mPFC of SPS model rats,
which mimicked behavioural abnormalities and neuroendocri-
nological changes of PTSD. Previous studies showed that
neuron apoptosis in mPFC can be induced by SPS, which
may be a reason for mPFC dysfunction. In our experiments,
we assessed the success of the SPS model using a behavioral
test (the MWM), and, as shown in Fig. 1, SPS decreased the
rats’ ability to find the target in the MWM.

We found three apoptosis pathways: a death receptor sig-
nalling pathway, a mitochondria-induced signalling pathway,
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Fig. 9 The protein expression of a b
ER-related apoptosis factors in 2

. . @ control
mPFC. a The protein expression control SPS % —
of ER-related apoptosis were Pro-Caspase 7 [ e | -38KDa ) - * SPS
detected by Western blot assay. b ] E 15
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the control group

and an ER-induced signalling pathway. The ER stress-
induced signalling pathway has been described in recent stud-
ies, and it is thought to play an important role in cell fate
because it mediates not only cell death through crosstalk of
the other two apoptosis pathways (Volgyi et al. 2015), but also
survival of cells through UPR, which can decrease the gener-
ation of misfolded proteins and promote correct protein fold-
ing. ER is a locus of folding and post-translational maturation
of almost all secreted proteins and membrane proteins. In
addition, ER serves as a calcium store and plays important
roles in intracellular calcium homeostasis, energy metabolism,
and redox homeostasis. ER homeostasis is essential for cellu-
lar activities and survival. However, alterations in calcium or
accumulation of misfolded proteins both lead to a condition
called ER stress. Some ER ultrastructural research has shown
pronounced dilation of the ER lumen in response to ER stress
(Romisch 2005; Xu et al. 2005), which was reflective of mor-
phological changes in the process of ER stress. In our study,
we found increased calcium levels and larger ER lumen vol-
ume in SPS rats’ mPFC in comparison with the control group,
both of which suggested SPS-induced ER stress in mPFC
neurons. In our previous studies, the ER stress and UPR were
also been observed in the hippocampus and amygdala (Han
et al. 2013; Xiao et al. 2015), all changes that may alter con-
nectivity of amygdala-hippocampus-mPFC, which may be in-
volved in the process of PTSD.

Three branches of UPR (PERK, ATF6, and IRE1) were
activated against ER stress and restored ER to its normal state
by increasing ER molecular chaperone proteins such as
GRP78 involved in several neurological diseases, such as
Alzheimer's disease and Parkinson's disease (Rao et al.
2002). The results of our research showed that the protein
and immunofluorescence levels of p-PERK and p-cIF2a were
both increased in the mPFC of SPS rats. The PERK branch of
UPR transduces both prosurvival as well as proapoptotic sig-
nals following the accumulation of unfolded or misfolded
proteins in ER. SPS-increased calcium dysfunction caused
ER stress, leading to GRP78 dissociated from the N-
terminus of PERK and inducing dimerization and
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autophosphorylation of PERK at T981 (p-PERK) (Kebache
etal. 2004), which was the reason for the increased expression
of p-PERK. p-PERK can promote phosphorylation of elF2a at
S51 (p-elF2a) (Harding et al. 1999; Raven et al. 2008), which
causes upregulation of p-elF2a. In eukaryotes (Merrick 2004),
the elF2a protein with GTP-dependent start site recognition is
vital to translation initiation. p-eIF2a inhibited translation ini-
tiation by blocking the exchange of guanidine diphosphate
bound to elF2a. p-PERK and p-elF2a are key proteins of
PERK-independent pathways against ER stress. Our experi-
mental results showed that the protein and immunofluores-
cence levels of p-PERK and p-elF2a were both increased in
the mPFC of SPS rats, resulting of SPS-induced calcium dis-
order, which suggested that the PERK branch of UPR was
activated against SPS-induced ER stress. p-PERK/p-elF2a
pathway signalling can diminish accumulation of misfolded
proteins in ER through inhibition of translation initiation, de-
creasing ER load. Jiang et al reported on the activation of the
PERK/eIF2a signalling pathway against ER stress-induced
apoptosis in hepatocytes (Jiang et al. 2015). In other studies,
researchers have also reported that inhibition of p-PERK and
p-elF2a increased apoptosis (Chang et al. 2002; Gao et al.
2015), consistent with their prosurvival effect.

In our present study, we found that the expression of ATF6a
and XBP 1 in immunofluorescence or mRNA levels in mPFC
neurons was increased after SPS exposure. It is well known
that ATF6a is another typical ER stress transducer and that
activation of the ATF6a signalling pathway involves complex
steps of proteolytic translocation (Yoshida et al. 2001;
Hashida et al. 2012). ER stress activated and increased the
expression of ATF6a, which resulted in increased expression
of ATF6a. Following the activation of the ATF6a pathway, the
active nuclear form of ATF6a was transported into the nucleus
and increased mRNA expression of XBP1 to deal with the ER
stress, which is consistent with our finding that mRNA ex-
pression of XBP1 was upregulated in mPFC neurons in SPS
rats.

SPS rats had increased expression of IREla, XBP1, and
GRP78 as determined by immunofluorescence, protein, and
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mRNA levels. IREla, with both an endoribonuclease and a
serine/threonine kinase domain (Kaufman et al. 2002), was
the third ER transducer protein. Similarly to PERK and
ATF6a, IREla was activated after becoming dissociated from
GRP78 in the presence of accumulation of misfolded proteins
in ER. The activation of IREla splices XBP1 mRNA using
the RNase domain, leading to the generation of the active
transcription factor XBP1s, which enhances the expression
of UPR target gene GRP78, confirming our results that the
mRNA and protein expression of GRP78 were upregulated in
mPFC neurons in response to SPS. Both the inhibited transla-
tion initiation by the p-PERK/p-elF2a signalling pathway and
increased UPR target protein expression induced by IRE1 and
ATF6a signalling pathways are essential for decreasing ER
load of accumulation of misfolded proteins induced by SPS.

The PERK, ATF6, and IRE1 pathways not only promote
ER adaptation to misfolding, but also switch survival signal-
ling to proapoptotic signalling when ER stress is prolonged or
severe. We also detected ER-related apoptosis factors such as
caspase-7, Bax, Caspase-12, and caspase-3, and the experi-
mental results showed a markedly increased expression of
these factors in the SPS rats’ mPFC, which suggested that
SPS induced the ER-related apoptotic pathway. In normal
cells, GRP78 binds not only to three ER stress sensors, but
also to apoptosis factor pro-caspase-7 (Reddy et al. 2003). In
conditions of ER stress, GRP78 dissociated from the
PERK/ATF6a/IRE1 pathways, and activated them to copy
with accumulation of misfolded proteins; however, when the
misfolded proteins accumulated beyond the capability of
UPR, GRP78 dissociated from pro-caspase-7 in ER, leading
to activation of caspase-7, which is consistent with our obser-
vation that the protein expression of caspase-7 in the mPFC of
SPS rats increased. Activated caspase-7 can promote the acti-
vation of Bax in ER (Fu et al. 2007; Ranganathan et al. 2006),
leading to ER apoptosis-related activation of caspase-12 (Lin
etal. 2014). The activated caspase-12 will enter the cytoplasm
from ER, gradually activate caspase-3, and eventually lead to
neuroapoptosis.

Conclusions

In the present study, we found changes in expression levels of
PERK, ATF6a, and IRE1, indicating that three ER pathways
participate in SPS-induced apoptosis. The increase in the
expression of GRP78 and the caspase family suggests that
activation of three pathways initiates ER stress-induced
apoptosis and neuronal protection.
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