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Abstract Autophagy, or type II programmed cell death, plays a
crucial role in many nervous system diseases. However, few
studies have examined the role of autophagy in post-traumatic
stress disorder (PTSD), and the mechanisms underlying PTSD
are poorly understood. The objective of this research was to
explore the expression of three important autophagy-related pro-
teins, Beclin-1, microtubule-associated protein 1 light chain 3
(LC3), and p62/SQSTM1 (p62), in the medial prefrontal cortex
(mPFC) of an animal model of PTSD to identify changes in
autophagic activity during PTSD pathogenesis. PTSD was in-
duced in rats by exposure to a single-prolonged stress (SPS). The
Morris water maze was used to assess cognitive changes in rats
from the SPS and control groups. Transmission electron micros-
copy (TEM) was employed to observe mPFC morphological
changes. Immunohistochemistry, immunofluorescence, and
Western blotting techniques were used to detect expression of
Beclin-1, LC3, and p62 in themPFC. TheMorriswatermaze test
results showed that the escape latency time was increased and
that the percent time in the target quadrant was decreased in the
SPS group compared with that in the control group. Numerous
visible autolysosomes in mPFC neurons were observed using
TEM after SPS stimulation. Compared with that in the control
group, the expression of Beclin-1 and the LC3-II/I ratio signifi-
cantly decreased at 1 day, then increased and peaked at 7 days,

and slightly decreased at 14 days after SPS stimulation, whereas
the converse was found for p62 expression. In conclusion, dys-
regulation of autophagic activity in the mPFCmay play a crucial
role in PTSD pathogenesis.
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Introduction

Post-traumatic stress disorder (PTSD) is a serious mental and
behavioral disorder caused by exposure to catastrophic or life-
threatening trauma. PTSD is characterized by a number of
neuropathological features including hypothalamic–pitui-
tary–adrenal (HPA) axis dysregulation, abnormal serotonin
levels, and noradrenergic dysfunction (Bailey et al. 2013;
Pratchett et al. 2011; Mellman et al. 2009; Hughes and Shin
2011). Typical symptoms of PTSD include re-experiencing
trauma, avoidance, numbing, and negative mood (American
Psychiatric Association 2013; Pollice et al. 2012). These
symptoms may appear a few days, months, or even several
years after the trauma, which seriously affects the patient’s
quality of life (Sherin and Nemeroff 2011). PTSD has
attracted increasing attention in the fields of psychiatry and
psychology due to the complex physical and behavioral out-
comes (Meng et al. 2016). Over the last few decades, re-
searchers worldwide have been committed to studying the
pathogenesis of PTSD. However, the precise cellular and mo-
lecular mechanisms underlying PTSD remain unclear.

Programmed cell death is classified as apoptosis or autophagy
based on morphological characteristics. Autophagy is character-
ized by the presence of membrane bilayers that wrap around
cytoplasmic material and organelles to form autophagosomes,
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which then fuse with lysosomes to form autolysosomes that me-
diate degradation (Longatti et al. 2010). Basal levels of autoph-
agy have pleiotropic functions, generally function during cell
growth and development and, most importantly, regulate cellular
homeostasis in all eukaryotes by degrading long-lived proteins,
misfolded proteins, and subcellular organelles (Yamamoto and
Yue 2014; Xie and Klionsky 2007; Fleming et al. 2011).
Autophagy is involved in the pathophysiology of many diseases
including cancer, heart disease, aging, immune disorders, and
neurodegenerative diseases (Lee et al. 2009; Rangaraju et al.
2010; Yang et al. 2015). Presently, the autophagic process is
known to be mediated by a series of autophagy-related (Atg)
proteins, including Beclin-1 and microtubule-associated protein
1 light chain 3 (LC3), which play crucial roles in the autophagic
process from yeast to mammals (Chen and Klionsky 2011).
Beclin-1 is the mammalian homolog of yeast Atg6 and is essen-
tial for recruitment of other Atg proteins during the early stages
of autophagy (Rami et al. 2008; Carloni et al. 2008). LC3 is the
mammalian homolog of yeast Atg8 that forms LC3-I (cytosolic
form) and LC3-II (membrane-bound form). During the autoph-
agic process, cytosolic LC3-I is formed by newly synthesized
LC3β, followed by combination with phosphatidylethanolamine
to produce membrane-bound LC3-II. Membrane anchoring of
LC3-II is necessary for autophagosome formation, and levels
of LC3-II closely correlate with the number of autophagosomes
(Jiang andMizushima 2014; Narendra et al. 2010). Autophagy is
a fast and dynamic process that is also referred to as autophagic
flux. An increase or decrease in the expression of Atg proteins
might indicate that autophagic activity increased or decreased at a
specific point in time. However, the absence of autophagosome
lysosomal fusion or changes in lysosomal activity might also
result in abnormal expression of Atg, whereas autophagic flux
might not completely be activated or inhibited at this point
(Sahani et al. 2014). p62/SQSTM1 (p62), a multiubiquitin-
chain-binding protein encoded by SQSTM1, participates in two
protein degradation pathways: the ubiquitin–proteasome system
(UPS) and autophagy (Weidberg et al. 2010). p62 directly inter-
acts with LC3 through the LC3-interacting region (LIR) and is
sequestered into autophagosomes for degradation; thus, the most
well-known autophagic substrate p62 can be used to further
evaluate autophagic flux by measuring the declining levels
(Sahani et al. 2014). Recent studies have shown that autophagy
plays an important role in many nervous system diseases such as
ischemic brain damage, Alzheimer’s disease (AD), Parkinson’s
disease (PD), and cerebral trauma (Sheng et al. 2010; Nixon et al.
2005; Clark et al. 2008). However, there are few studies regard-
ing autophagy in PTSD, and the mechanisms underlying PTSD
are not clearly understood.

The medial prefrontal cortex (mPFC) is an important part
of the limbic system, which includes the amygdala, hippocam-
pus, and hypothalamus. Numerous studies have shown that
the mPFC directly interacts with and forms strong synaptic
interconnections with the amygdaloid region, hippocampus,

and other brain regions and is closely associated with regula-
tion of emotion, behavior, and especially memory
(Roozendaal et al. 2009; Giustino and Maren 2015). Recent
studies have also shown that ventral hippocampus (vHPC)–
mPFC afferent pathways are critical for the encoding and
updating of spatial cues during spatial working memory
(Spellman et al. 2015; Gibson andMair 2016). mPFC neurons
are highly sensitive to stress- and anxiety-like behaviors; dys-
function and abnormal activity of the mPFC appears in many
stress-related mental illnesses such as depression and anxiety
disorders (Moghaddam and Jackson 2004; Chaudhury et al.
2013). Many magnetic resonance imaging studies have indi-
cated that mPFC volume is significantly decreased and that
gray matter density is also decreased in PTSD patients com-
pared with that of unaffected individuals; furthermore, these
clinical studies showed a significant correlation between
mPFC volume and the severity of PTSD symptomatology
(Williams et al. 2006; Wang et al. 2016; Boccia et al. 2016).
Single-prolonged-stress (SPS)-exposed rats, an established
animal model that has been extensively applied in PTSD stud-
ies, exhibit HPA-axis dysfunction and abnormal behavior
(Ding et al. 2010; Yehuda 2005). In previous studies, we dis-
covered that neuronal apoptosis induced mPFC atrophy in
SPS-exposed rats. These results indicate that changes in the
structure and function of mPFC neurons are closely related to
the neuropathology of PTSD (Zhao et al. 2014; Yu et al.
2014). Research has also provided evidence that autophagy
and apoptosis utilize a number of common cellular and mo-
lecular regulatory mechanisms or signaling pathways (Oral
et al. 2016). We, therefore, suspect that neuronal autophagy
may be associated with changes in the morphology and func-
tion of the mPFC and may play an important role in the path-
ogenesis of PTSD.

In the present study, we sought to monitor ultrastructural
changes and changes in the expression of Beclin-1, LC3, and
p62 in the mPFC of SPS-exposed rats using transmission
electron microscopy (TEM), immunohistochemistry, immu-
nofluorescence, and Western blotting analysis to investigate
the dysregulation of autophagic activity in the mPFC as a
pathogenic mechanism for PTSD.

Materials and Methods

Animals and SPS Model Establishment

Seventy-five healthy male Wistar rats (180–200 g body
weight) were provided by the Department of Laboratory
Animals at China Medical University. Rats were housed with
free access to food and water (23 ± 2 °C, 55 ± 5% humidity,
and 12-h light/12-h dark cycle). All rats were randomly divid-
ed into either the control group or one of the SPS groups (1, 4,
7, and 14 days), with 15 rats in each group. Rats of the control
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group remained in home cages with no handling. On the first
day, rats of the SPS groups were restrained for 2 h with a
plastic container (immobilization) and exposed to a forced
swim stress (24 ± 1 °C) for 20 min with a 15-min rest, follow-
ed by drying and ether anesthesia (consciousness was lost).
Following SPS, the rats were fed routinely. The study protocol
was reviewed and approved by the Ethics Committee of China
Medical University.

Morris Water Maze Test

The Morris water maze was used to assess the learning and
spatial memory performance of rats in the control group and
the 7 days after the SPS. Briefly, a test lasting 5 consecutive
days with four trials on each day was performed. The rat was
placed in the water facing the wall of the pool, with the drop
location changing for each trial, and allowed 120 s to locate
the submerged platform, where it was allowed to remain for
20 s. If the animal failed to find the platform within 120 s, it
was guided gently onto the platform and allowed to stay there
for 20 s. The time taken to locate the platform (escape latency
time, ELT) was noted as the acquisition index or an index of
their learning capabilities. The spatial probe test was used to
evaluate spatial memory on the sixth day. In the spatial probe
test, the platform was removed, and the rats were given a
probe test of the spatial location. The movement track of each
rat was recorded by the computer. The percentage of time
spent in the target quadrant was calculated as an index for
spatial memory capabilities.

Section Preparation

Under anesthesia, six rats per group were transcardially per-
fused with pre-cooled saline and then perfused with 4% para-
formaldehyde (PFA) in 0.1 M phosphate-buffered saline
(PBS) through the left ventricle. The whole brain was re-
moved and immersed in 30% sucrose solution after post-
fixation in 4% PFA at 4 °C and then frozen in liquid nitrogen.
Serial frontal sections of the brain tissue were cut at 15-μm
thickness on a Leica CM3050S cryostat and stored at −20 °C
in preparation for immunohistochemistry and immunofluores-
cence staining.

Transmission Electron Microscope

Under anesthesia, four rats per group were transcardially per-
fused with 4% PFA and 2.5% glutaraldehyde in 0.1 M PBS
through the left ventricle, following which the mPFC
(interaural 5.90 to 5.14 mm, between bregma 2.1 and
1.34 mm) was fixed in 2.5% glutaraldehyde in 0.1 M PBS.
After washing with 0.1 M PBS, the mPFC was cut into blocks
measuring approximately 1 mm wide, 5 mm long, and 1 mm
thick. The blocks were post-fixed in 1% osmium tetroxide,

rinsed in distilled water several times, dehydrated, then placed
in propylene oxide, and finally polymerized in pure Epon 812.
Then, 70-nm-thick ultrathin sections were cut on an ultra-
microtome using diamond knives, collected on copper grids,
and stained with 4% uranyl acetate and Reynolds lead citrate.
A minimum of 10 sections from each mPFC were observed
under TEM (JEM-1200EX; JEOL, Japan).

Double Immunofluorescence Staining

After being washed with PBS three times, the sections
were treated with 5% bovine serum albumin (BSA) and
0.3% Triton X-100 in PBS for 30 min to block nonspe-
cific staining at room temperature, followed by washing
with PBS three times. For double immunofluorescence
staining of Beclin-1 with glial fibrillary acid protein
(GFAP) or NeuN and LC3 with GFAP or NeuN, sections
were incubated with a mixture of a rabbit anti-Beclin-1
polyclonal antibody (Santa Cruz, USA; 1:500) and either
a mouse anti-GFAP polyclonal antibody (Santa Cruz,
USA; 1:500) or a mouse anti-NeuN polyclonal antibody
(Abcam, British; 1:1000) or incubated with a rabbit anti-
LC3 polyclonal antibody (Santa Cruz, USA; 1:500) and
either a mouse anti-GFAP polyclonal antibody (Santa
Cruz, USA; 1:500) or a mouse anti-NeuN polyclonal an-
tibody (Abcam, British; 1:1000) at 4 °C overnight, respec-
tively. After washing with PBS three times, the sections
were incubated with a Cy3-conjugated secondary anti-
body (Boster Biotechnology, China; 1:200) and fluoresce-
in isothiocyanate (FITC) secondary antibody (Boster
Biotechnology, China; 1:100) for 2 h at room temperature,
washed, and observed using a Nikon 80i fluorescence
confocal microscope. A few sections were incubated in
PBS instead of a primary antibody as the negative control
in every experiment. The fluorescent intensity was ana-
lyzed using the MetaMorph/DPIO/BX41 morphology im-
age analysis system. The LC3 punctate was analyzed as
previously described (Wang et al. 2013); the number of
green punctate in each field of view was observed under
the confocal microscope and was analyzed using the
MetaMorph/DPIO/BX41 morphology image analysis sys-
tem. Five slides were randomly selected from each group,
and five random fields were included in each slide.

Immunohistochemical Staining

Immunohistochemical staining was performed using the immu-
nohistochemical SABC method. Sections were treated with
0.3% Triton X-100 in PBS and 5% BSA to block nonspecific
staining, blocked with dripped 10% goat serum for 30 min, and
incubated with a rabbit anti-p62 polyclonal antibody (Santa
Cruz, USA; 1:500) at 4 °C overnight. Following washing with
PBS, the sectionswere incubatedwith a secondary antibody anti-
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rabbit IgG-HRP (Boster Biotechnology, China; 1:1000) for 2 h at
room temperature. Finally, DAB was used as a chromogen for
approximately 10 min until the brown color appeared. Slices
were then dehydrated and mounted with neutral balsam. Five
slides were randomly selected from each group, and five random
fields were included in each slide. The optical density (OD) of
positive cells in each field was recorded, and the average of the
OD in each field was recorded and analyzed using the
MetaMorph/DPIO/BX41 morphology image analysis system.

Western Blotting

Five rats per group were anesthetized and then decapitated,
and the whole brain was quickly removed and placed in an
ice-cold dish. ThemPFC (interaural 5.90 to 5.14mm, between
bregma 2.1 and 1.34 mm) was dissected according to the atlas
by cutting perpendicularly, immediately frozen over liquid
nitrogen and stored at −80 °C for Western blot analysis.
After thawing, the mPFC was lysed using radio immunopre-
cipitation assay (RIPA) lysis buffer with protease inhibitor in
an ice-cold dish, and the protein concentration of the lysate
was measured using the Coomassie brilliant blue method.
Each sample was separated by using 12% (w/v) gradient so-
dium dodecyl sulfate (SDS)-polyacrylamide gel electrophore-
sis (PAGE) and transferred to a PVDF membrane. The mem-
brane was blocked with 5% dried skim milk for 2 h and incu-
bated with a rabbit anti-Beclin-1 polyclonal antibody (Santa
Cruz, USA; 1:500), rabbit anti-LC3 polyclonal antibody
(Santa Cruz, USA; 1:500), and rabbit anti-p62 polyclonal an-
tibody (Santa Cruz, USA; 1:500) at 4 °C overnight. The mem-
branes were then incubated with the secondary antibody, anti-
rabbit IgG-HRP (Boster Biotechnology, China; 1:2000), for
2 h at room temperature. The signals on the membranes were
detected with enhanced chemiluminescence (ECL;
Amersham Pharmacia Biotech, UK). To confirm equal protein
loading, the same blots were incubated with antibodies specif-
ic for glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

(Santa Cruz, USA; 1:1000). The OD of Beclin-1, LC3-I, LC3-
II, p62, and GAPDHwas analyzed on the Gel Image Analysis
System (Tanon 2500R, China).

Statistical Analysis

All statistical analyses were performed using SPSS 17.0 soft-
ware. The results were expressed as the mean ± SD. The
Morris water maze test was analyzed by two-tailed indepen-
dent Student’s t test. The differences between the control
group and the SPS groups were compared and analyzed by
one-way analysis of variance followed by Tukey’s post hoc
test. A level of P < 0.05 was considered to be statistically
significant.

Results

Morris Water Maze Test Results

The ELT decreased from day 1 to day 5 in the control and SPS
groups; however, day 1–5 ELTs were significantly higher in
the SPS group than in the control group (Fig. 1). Spatial mem-
ory testing showed that the percent time in the target quadrant
in the control and SPS groups was 52.38 ± 5.22 and
24.65 ± 4.15%, respectively. There was a statistically signifi-
cant difference between the control and SPS groups.

TEMAnalysis of theMorphological Changes in themPFC
Neurons

TEM was used to confirm neuronal autophagy and was per-
formed in both the control and SPS groups. As depicted in
Fig. 2, some mPFC neurons exhibited varying degrees of ul-
trastructural changes at 7 days after stimulation. A few visible
autolysosomes appeared in the neuronal cytoplasm in the
group tested 7 days after SPS (the SPS 7-day group) but were
nearly absent in the control group.

Immunofluorescent Staining Results

Representative graphs of Beclin-1 immunofluorescent stain-
ing are shown in Fig. 3a–e. Beclin-1 was observed in the
cytoplasm. In comparison with that of the control group, the
fluorescence intensity of Beclin-1 in the mPFC was decreased
at 1 day, increased at 4 days, and peaked at 7 days after SPS
stimulation. Quantitative analysis revealed significant differ-
ences in the fluorescence intensity among the five groups.
Moreover, to determine the types of cells that expressed
Beclin-1 in the mPFC after SPS stimulation, we compared
the localization of Beclin-1 immunoreactivity (ir) with the
localization of markers of different cell types. NeuN is a mark-
er of mature neurons; GFAP is a marker of glial cells.

Fig. 1 ELT of control and SPS group rats on the 5 test days. n = 5 for
each group. Asterisk, compared with the control group, denotes P < 0.05
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Confocal microscopy analysis showed that Beclin-1-ir was
primarily found in neurons, and only a few GFAP-ir cells
exhibited Beclin-1-ir in the control group and the SPS 7-day
group. Representative graphs are shown in Fig. 4.

Previous studies have described LC3 punctate structures
that represent isolated membranes and/or autophagosomes
by immunofluorescent staining. In this study, the distribution
of LC3 puncta in the mPFC was monitored by confocal mi-
croscopy. As revealed in Fig. 5a–b, LC3 was mainly distrib-
uted in the cytoplasm, and the distribution of specific LC3
puncta was observed in the cytoplasm. The mean fluorescence
intensity of LC3 increased, and more LC3 punctate appeared
in the SPS 7-day group compared to that in the control group
(Fig. 5c–d). We also explored colocalization of LC3-ir and
NeuN/GFAP-ir using confocal microscopy. The results
showed that LC3-ir was mainly found in neurons of the con-
trol and the SPS 7-day group. Colocalization of LC3 and
NeuN increased as the number of LC3-ir-positive cells in-
creased. By contrast, we found only a few GFAP-ir cells that
exhibited LC3-ir in the control and the SPS 7-day group.
Representative graphs are shown in Fig. 6.

Immunohistochemical Staining Results

p62-positive structures were brown and granular and were
mainly distributed in the cytoplasm (Fig. 7a–e). One day after
SPS stimulation, expression of p62 significantly increased
compared with that in the control group. Immunoreactivity
slowly decreased from 4 to 14 days after SPS stimulation
and remained lower than that in the control group. The mean
optical densities of p62 expression are shown in Fig. 7f.

Western Blotting Analysis Results

Immunofluorescent staining identified changes in LC3 ex-
pression, but it detected expression of full-length LC3 and
reacted with both LC3-I and LC3-II.We usedWestern blotting
analysis to detect the different molecular weight bands of
LC3-I and LC3-II and to definitively demonstrate autophagy.
The molecular weights of Beclin-1, LC3-I, LC3-II, p62, and
GAPDH were 60, 18, 16, 62, and 36 KD, respectively.
Compared with that of the control group, the protein expres-
sion of Beclin-1 and the LC3-II/LC3-I ratio (LC3-I/GAPDH

Fig. 2 Representative TEM graphs showing morphological changes in
mPFC neurons. Bar = 200 nm, Bar = 100 nm. a Control group. b ,c SPS
7-day group.White arrowhead denotes autolysosomes (autophagosomes

that have fused with lysosomes, which are characterized by membranous
structures that wrap around heterogeneously dense materials)

Fig. 3 Beclin-1 expression in the
mPFC by immunofluorescence
staining (magnification, ×400).
Bar = 20 μm. a Control group. b
SPS 1-day group. c SPS 4-day
group. d SPS 7-day group. e SPS
14-day group. The quantitative
analysis of Beclin-1 expression is
shown in (f). Asterisk, compared
with the control group, denotes
P < 0.05. White triangle,
compared with the SPS 1-day
group, denotes P < 0.05. Black
triangle, compared with the SPS
7-day group, denotes P < 0.05
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and LC3-II/GAPDH) decreased at 1 day, increased at 4 and
7 days, and slightly decreased at 14 days after SPS stimula-
tion. Simultaneously, we observed that changes in the p62
expression levels were inversely related to Beclin-1 and the
LC3-II/LC3-I ratio (LC3-I/GAPDH and LC3-II/GAPDH)
during the experiment period (Fig. 8).

Discussion

Use of a standard animal model is the foundation for
performing experimental research on PTSD. The 2005

International PTSD Scientific Conference identified rats
induced by SPS stimulation as one of the standard
PTSD models, and numerous experimental studies have
verified that symptoms in the SPS-stimulated rat model
correlate well with clinical manifestations in human
PTSD (Kohda et al. 2007). Briefly, rats of the SPS rat
model have HPA-axis dysfunction and exhibit abnormal
behavior, memory, and environmental adaptability
(Yehuda 2005; Khan and Liberzon 2004). In the present
study, we found that, in SPS-stimulated rats, the ELT
was increased, and the percent time in the target quad-
rant was decreased in the Morris water maze test. All of
these results reflect an impairment in learning ability

Fig. 4 Double
immunofluorescence staining for
Beclin-1 and NeuN/GFAP in the
mPFC in the control and the SPS
7-day group (magnification,
×400). Bar = 20 μm. a–f control
group. g–l SPS 7-day group.
Expression of Beclin-1 (in green)
and NeuN/GFAP (in red) is
observed at the mPFC. The
yellow color is produced due to
the overlapping of red and green,
indicating that Beclin-1-ir was
primarily found in neurons, and
only a few GFAP-ir cells
exhibited Beclin-1-ir in the
control group and the SPS 7-day
group
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and spatial memory, indicating that SPS stimulation suc-
cessfully induced PTSD in a rat model.

Autophagy is also known as type II programmed cell death,
which is characterized by autophagosome formation and fusion
with lysosomes to form autolysosomes. The results of the TEM
experiments in this study showed that some mPFC neurons had
varying degrees of ultrastructural changes and that a few visible
autolysosomes appeared in the neuronal cytoplasm, indicative of
neuronal autophagy in the mPFC 7 days after SPS stimulation.
By contrast, these changes were nearly absent in the control
group. The process of autophagy is rapid, which allows the
autophagosomes to be observed a few minutes after induction,
and the autolysosomes disappear after 2 h (Wu et al. 2014). A
few autophagosomes or autolysosomes were observed by TEM
in this study, which may be related to the transient nature of
autophagy and the autophagic level. In a previous study by us,
autophagosomes/autolysosomes with a double-membrane vesi-
cle were also observed in hippocampal cells 7 days after SPS,

and they are important for causing functional damage to neurons
(Wan et al. 2016). Therefore, abnormal neuronal autophagy in
the mPFC may be one of the reasons why mPFC atrophy and
dysfunction are present in SPS-exposed rats. Visualization of
autophagosomes (or membrane bilayers, autolysosomes) by
TEM is the gold standard for the demonstration of autophagy,
whereas levels of Beclin-1 and LC3 are still regarded as reliable
and potential indicators of autophagic activity (Jiang and
Mizushima 2014; Wang et al. 2015). A brain injury study
showed that Beclin-1 levels increased at 4 h post-injury and
peaked at 1 week at the site of injury mainly in neurons and
astrocytes, suggesting that overexpression of Beclin-1 was im-
portant for autophagy (Diskin et al. 2005). A cerebral hypoxia–
ischemia (HI) experimental study showed that Beclin-1 levels
increased from 4 to 72 h post-injury and decreased after 72 h
in both Beclin-1-positive neurons and glial cells at the later HI
time points (Carloni et al. 2008). However, many studies
concerning neurodegenerative diseases (such as AD,

Fig. 5 The expression of LC3 in mPFC was monitored by
immunofluorescence staining (magnification, ×400). Bar = 20 μm. a
Control group. b SPS 7-day group. LC3 staining in green and nucleus
staining in blue, and LC3 punctate are visible (white arrow). c The
quantitative analysis of LC3 expression. d The proportion of specific

LC3 punctate per field of view was quantified. Asterisk, compared with
the control group, denotes P < 0.05. White triangle, compared with the
SPS 1-day group, denotes P < 0.05. Black triangle, compared with the
SPS 7-day group, denotes P < 0.05
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Parkinson’s disease, and Huntington’s disease) have shown
autophagy dysregulation and a significant reduction in
Beclin-1 levels (Lucin et al. 2013; Son et al. 2012).
Interestingly, our study showed that Beclin-1 levels decreased
at 1 day after SPS stimulation, increased from 4 to 7 days, and
slightly declined at 14 days after SPS using immunofluores-
cence and Western blotting techniques. Differences in intra-
cellular Atg levels and cell types observed in this study com-
pared to that observed in other studies may be due to differ-
ences in the types of diseases or the use of different time points
(Rangaraju and Notterpek 2011).

As a Bcl-2 homology-3 (BH3)-only protein, Beclin-1 can
directly interact with other antiapoptotic multidomain proteins
such as Bcl-2 or Bcl-XL via the BH3 domain (Maiuri et al.
2007). The biological effects of Bcl-2 have largely been at-
tributed to its effect on apoptosis; however, Bcl-2 functions
not only as an antiapoptotic protein but also as an anti-
autophagy protein (Pattingre et al. 2005). Under normal phys-
iological conditions, Beclin-1 binds to Bcl-2 (or potentially to
other Bcl-2 family members) to form a Beclin-1–Bcl-2 com-
plex, which acts as a regulator to ensure that autophagic levels
remain within a homeostatic range. Beclin-1 separates from

Fig. 6 Double
immunofluorescence staining for
LC3 and NeuN/GFAP in the
mPFC in the control and the SPS
7-day group (magnification,
×400). Bar = 20 μm. a–f control
group. g–l SPS 7-day group. High
expression of LC3 (in green) and
NeuN or GFAP (in red) is
observed in the mPFC. The
yellow color is produced due to
the overlapping of red and green,
indicating that LC3-ir was
primarily found in neurons, and
only a few GFAP-ir cells
exhibited LC3-ir in the control
group and the SPS 7-day group
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the Beclin-1–Bcl-2 complex and binds to class III phos-
phatidylinositol kinase or Vps34 (which is associated with
the myristoylated, membrane-anchored kinase, Vps15) during
amino acid deficiency, injury, stress, etc. (Levine et al. 2008).
The lipid kinase activity of the multiprotein Beclin-1/Vps34
complex converts phosphatidylinositol into PI3K, which is
involved in the nucleation of pre-autophagosomal structures,
activates the lipid kinase Vps34, and thereby induces autoph-
agy (Pattingre et al. 2005). Accordingly, one of the mecha-
nisms by which Bcl-2 inhibits autophagy involves either

antagonism of another undefined action of Beclin-1 that is
necessary for autophagy or disruption of Beclin-1/hVps34
complex formation (Shimizu et al. 2004). Our research team
previously described the relationship between Bcl-2 expres-
sion and apoptosis in mPFC neurons in PTSD rats. The pre-
vious study showed that expression of Bcl-2 in the mPFC
gradually increased at 1 day after SPS stimulation, peaked at
4 days, and began to decline at 7 days through immunohisto-
chemistry, Western blotting, and RT-PCR analysis (data not
shown) (Li et al. 2013). We speculate that the abnormal

Fig. 7 Representative immunohistochemistry of p62 expression in the
mPFC in each group (magnification, ×400). Bar = 50 μm. a Control
group. b SPS 1-day group. c SPS 4-day group. d SPS 7-day group. e
SPS 14-day group. fThe quantitative analysis of p62 expression.Asterisk,

compared with the control group, denotes P < 0.05. White triangle,
compared with the SPS 1-day group, denotes P < 0.05. Black triangle,
compared with the SPS 7-day group, denotes P < 0.05

Fig. 8 Western blot analysis for
Beclin-1, LC3-I, LC3-II, and p62
in the mPFC. The quantification
of the Western blot analysis for
LC3-I/GAPDH, LC3-II/GAPDH,
Beclin-1/GAPDH, LC3-II/LC3-I,
and p62/GAPDH is shown.
Asterisk, compared with the
control group, denotes P < 0.05.
White triangle, compared with the
SPS 1-day group, denotes
P < 0.05. Black triangle,
compared with the SPS 7-day
group, denotes P < 0.05
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expression of Beclin-1 in the mPFC was correlated with the
Bcl-2 levels after SPS stimulation. In addition, Beclin-1 ex-
pression can also be influenced by other factors such as PI3K,
TSC1/2, and PTEN (Dodson et al. 2013).

Beclin-1 plays a central role in the early stage of autophagy
(membrane source formation), and membrane-bound LC3-II
is essential for the extension of the autophagosome mem-
brane. LC3 punctate structures are consistent with the pres-
ence of autophagic vesicles visualized by TEM (Itakura and
Mizushima 2011). In the present study, the distribution of LC3
puncta in the mPFC was observed using immunofluorescent
staining, and the LC3-II level was measured by Western blot-
ting. The proportion of LC3 puncta and the LC3-II/I ratio
(LC3-I/GAPDH and LC3-II/GAPDH) changed over time in
this study, which is consistent with changes in Beclin-1 ex-
pression during the experimental period. Changes in Beclin-1
levels, LC3 puncta, and the LC3-II/I ratio indicated that levels
of autophagy were decreased in the mPFC at 1 day after SPS
stimulation and increased at 4, 7, and 14 days. Our confocal
microscopy results showed that Beclin-1-ir and LC3-ir were
primarily found in neurons, and only a few GFAP-ir cells
exhibited Beclin-1-ir and LC3-ir in the control group and the
SPS 7-day group. These results suggested that autophagy was
mainly concentrated in mPFC neuronal cells under normal
physiological conditions and was sensitive to SPS stimulation.

p62 is involved in autophagolysosome-mediated degrada-
tion in the autophagy–lysosomal pathway, and p62 expression
negatively correlates with autophagic activity (Kim et al.
2014). Therefore, p62 is an important autophagic substrate,
and the expression levels are closely related to autophagic flux.
p62 has been reported to be able to directly bind to Bcl-2 to
disturb the Bcl-2 and Beclin-1 interaction, thereby affecting au-
tophagy through the Bcl-2- and Beclin-1-mediated pathway
(Zhou et al. 2013). Immunohistochemistry and Western blotting
analysis showed an increase in p62 levels at 1 day that gradually
decreased at 4, 7, and 14 days after SPS stimulation, suggesting
that the p62 levels synchronously change with alterations in the
expression of Beclin-1 and the LC3-II/I ratio. These results fur-
ther confirm that autophagic flux in the mPFC was inhibited at
1 day after SPS stimulation and was then activated from 4 to
14 days. Moreover, the multifunctional protein p62 is associated
with several neurodegenerative disorders, such as frontotemporal
lobar degeneration and AD, and is frequently found in protein
inclusions or neurofibrillary tangles (Caccamo et al. 2016). The
p62 expression correlates with the level of total tau protein and
the phosphorylation of tau protein, which could influence cogni-
tive function (Kuusisto et al. 2002). In this study, p62-positive
structures were mainly distributed in the cytoplasm, and the ex-
pression changed during the experimental period. An abnormal
p62 level might be one of the potential molecular mechanisms
for impaired learning and memory function in PTSD.

As mentioned previously, basal levels of autophagy are
crucial for maintaining intracellular homeostasis under

physiological conditions. Theoretically, autophagy can func-
tion during both protective and threatening effects under var-
ious physiological or pathological conditions (Larsen and
Sulzer 2002). The present study demonstrates that changes
in autophagic activity in the mPFC appear to be a response
to SPS stimulation and may play an important role in the
pathogenesis of PTSD. Apoptosis and autophagy all play cru-
cial roles in mPFC atrophy and dysfunction in SPS-exposed
rats. The processes of the regulation of apoptosis and autoph-
agy are very complex and are modulated by some of the same
molecular mechanisms or factors. Cross-talk between autoph-
agy and apoptosis during the process of programmed cell
death has recently attracted more attention and deserves fur-
ther investigation in PTSD research.

In conclusion, dysregulation of autophagic activity in the
mPFC might be one of the pathologic mechanisms leading to
PTSD and might also explain why morphological changes
and functional disorders occur in the mPFC of PTSD patients.
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